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Abstract Common industrial lubricants include natural

and synthetic hydrocarbons and perfluoropolyethers

(PFPEs), where the latter is widely used in commercial

applications requiring extreme operating conditions due to

their high temperature stability and extremely low vapor

pressure. However, PFPEs exhibit low electrical conduc-

tivity, making them undesirable in some nanotechnology

applications. Ionic liquids (ILs) have been explored as

lubricants for various device applications due to their

excellent electrical conductivity as well as good thermal

conductivity, where the latter allows frictional heating

dissipation. Since they do not emit volatile organic com-

pounds, they are regarded as ‘‘green’’ lubricants. In this

article, we review the different types of ILs and their

physical properties responsible for lubrication. We also

discuss their suitability as lubricants, since the long-term

performance of ILs as lubricants may be affected by issues

such as corrosion, oxidation, tribochemical reactions, and

toxicity. We present nanotribological, electrical, and

spectroscopic studies of IL films along with conventional

tribological investigations, recognizing that understanding

the tribological performance at various length scales is a

crucial step in selecting and designing effective lubricants.
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1 Introduction

Advances in nanotechnology have resulted in the devel-

opment of new materials and devices, which contain fea-

tures in the micron and nanometer scales, and require

interfaces possessing low adhesion, friction, and wear.

Examples of the commercial nanotechnological applica-

tions that have been developed over the past two decades

where micro-/nanoscale tribological performance is

important include magnetic hard disks, magnetic tapes,

micro-/nanoelectromechanical systems (MEMS/NEMS),

the micromirror components of commercial digital light

processing (DLP) equipment, and the drive mechanism of

the green laser used in microprojectors [1–7]. For example,

adhesion is the major cause of the failure of accelerometers

used in automobile air bag triggering mechanisms and the

micromirrors in the DLP [8–10]. Wear has been found to

compromise the performance of NEMS-based atomic force

microscopy (AFM) data storage systems [11, 12].

In order to improve tribological performance, liquid

lubricants are applied onto the surfaces of the devices

mentioned above. The ideal liquid lubricant should be

molecularly thick, easily applied, able to chemically bond

to the micro/nanodevice surface, insensitive to environ-

ment, and highly durable [13–15].

1.1 Lubricant Types

Traditionally, liquid lubricants are classified as either nat-

ural organic or synthetic organic [1, 4]. Natural organic

lubricants include commonly used oils such as animal fats,

shark oil, whale oil, mineral oils, and vegetable oils.

Mineral (or petroleum) oils, which include straight paraf-

fin, branched paraffin, naphthene, and aromatic oils, are the

most widely used lubricants in this category.
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Synthetic organic lubricants were initially developed in

response to the needs of the aviation industry for lubricants

that are capable of withstanding greater temperature

extremes. The main classes of synthetic lubricants include

synthetic hydrocarbons, chlorofluorocarbons, esters, sili-

cones, silanes, polyphenyl ethers (PPE), and perfluoro-

polyethers (PFPEs). PFPEs are among the most widely

used synthetic organic lubricant for applications requiring

extreme operating conditions due to its high temperature

stability and extremely low vapor pressure. The major

applications of PFPEs are as oils for high-vacuum appli-

cations, hydraulic fluids, gas turbine engine oils, and

magnetic hard disks and tapes [1].

1.2 Ionic Liquids

Ionic liquids (ILs), of more recent interest, and the main

focus of this article, are synthetic liquids that contain a

positive ion (cation) and a negative ion (anion), where one

or both of the ions are organic compounds [16, 17]. The ILs

were initially developed for use as electrolytes in batteries

and for electrodeposition [16, 18]. However, recent appli-

cations have geared these compounds as environmentally

friendly solvents for chemical synthesis (‘‘green chemis-

try’’) where these liquids are used as substitutes for con-

ventional organic solvents. Other applications include

supercritical fluids, active pharmaceutical ingredients, as

well as heat transfer fluids [18–21]. ILs have been investi-

gated over the last decade for lubrication applications [17,

22–32]. Similar to PFPEs, ILs exhibit high temperature

stability, low vapor pressure, and desirable lubrication

properties. The main difference between PFPEs and ILs is

that while the former is electrically insulating, the latter can

be considered as electrically conducting. Relative to PFPEs,

the higher thermal conductivity of ILs enables them to

dissipate heat during sliding more effectively [33, 34]. This

correlation between the electrical and thermal conductivi-

ties is analogous to the Wiedemann–Franz law for metals

[35]. ILs do not emit volatile organic compounds, making

them ‘‘green’’ lubricants. From the commercial standpoint,

some of the common ILs are cheaper than PFPEs by a factor

of two or so, providing further motivation for evaluating the

suitability of ILs as lubricants. However, there are potential

disadvantages on the use of ILs as lubricants, such as their

potential to corrode the substrate (the material that the

lubricants are applied to), as well as the formation of

decomposition by-products that could be corrosive, flam-

mable or toxic. A list of the advantages and disadvantages

on the use of ILs as lubricants is presented in Table 1.

1.3 Objectives

The objectives of this article are as follows. The first main

objective is to review the chemical composition and physical

properties of ILs, and discuss their suitability as lubricants.

The second main objective is to review selected tribological

and electrical studies performed at macro- to nanoscales,

which, in combination with spectroscopic analysis, lead to

proposed lubrication mechanisms for IL lubrication.

2 Background on ILs

In this section, we describe the composition and properties

of ILs, and discuss their advantages and disadvantages as

lubricants.

2.1 Composition of ILs

An IL is a synthetic salt with a melting point below 100 �C.

A room temperature ionic liquid (RTIL) is a synthetic

molten salt with melting points at or below room

Table 1 List of advantages and disadvantages of ionic liquids as lubricants

Advantages Disadvantages

Customization of chemical and physical properties through selection

of cation and anion

Research on tribological properties is very diffused due to the

diversity of available ILs

Some ILs (esp. those with hydrophobic anions) are chemically

stable

Some ILs are moisture-sensitive, leading to potential

decomposition issues

Low vapor pressure prevents the emission of toxic fumes Generation of toxic by-products (esp. ILs with halogen anions)

may corrode surface

Most ILs are non-flammable Some decomposition products generated during heating may

be flammable or combustible

ILs do not emit volatile organic compounds

(‘‘green’’ lubricants)

Environmental toxicity of ILs still largely unknown

Electrically conductive

High thermal conductivity

Low cost compared to conventional synthetic organic lubricants
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temperature. One or both of the ions are organic species. At

least one ion has a delocalized charge such that the for-

mation of a stable crystal lattice is prevented, and the ions

are held together by strong electrostatic forces. As a result

of the poor coordination of the ions, these compounds are

liquid below 100 �C or even at room temperature [27].

2.1.1 Cations

The number of combinations of anions and cations, which

can be used to produce ILs, is in the range of one million.

Typical cations, the general structures of which are shown

in Fig. 1a, include imidazolium, pyridinium, ammonium,

phosphonium, and sulfonium ions. In Fig. 1a, R stands for

an organic group [34, 36]. It should be noted that the

organic substituents are usually different from each other,

i.e., R1 = R2 = R3 = R4, further increasing the potential

number of available IL cations. To further illustrate the

diversity of potential cations, examples of dications and

trications are also shown in Fig. 1a. Compounds containing

dications and trications have two and three anions,

respectively, in order to maintain electrical neutrality. The

presence of repeat units in the multivalent cations will

affect its interactions with the substrate, and hence the

tribological performance of the IL as a whole.

2.1.2 Anions

Typical anions are shown in Fig. 1b. It includes the

halogen anions, nitrate, perchlorate, tetrafluoroborate,

hexafluorophosphate, bis(trifluoromethanesulfonyl) amide

(‘‘triflamide’’), and toluene-4-sulfonate (‘‘tosylate’’) [17,

34]. Anions can also be multivalent. The anions are usually

classified based whether the anion tends to be hydrophilic

or hydrophobic. This will greatly affect the tendency of the

IL to form bonds to the substrate that it is deposited on, as

well as its propensity for chemical reactions such as

hydrolysis. For instance, hydrophilic anions such as BF4
-

and PF6
- have a greater tendency to react with the sub-

strate (for example, in metals and ceramics with surface

active oxides and hydroxyl groups), but these anions also

tend to be susceptible to chemical degradation reactions

[31]. Therefore, the properties of the anion can greatly

influence the tribological performance of the IL.

2.2 Properties of ILs

As an example, Table 2 lists the physical, thermal, and

electrical properties of a commercially available IL,

1-butyl-3-methylimidazolium hexafluorophosphate, and its

properties are compared to the PFPE lubricant Z-TET-

RAOL [27]. Both liquids can be regarded as high-perfor-

mance liquids, having extremely low vapor pressures, high

viscosity and suitability for extreme thermal conditions

(both liquids decompose at *300 �C and above). The

electrical conductivity (or resistivity) is the main property

that distinguishes the two liquids. Unlike conventional

lubricants that are electrically insulating, ILs can minimize

the contact resistance between sliding surfaces because

they are electrically conducting, making them suitable

Fig. 1 Chemical structures of

common monovalent, divalent,

and trivalent IL cations, and

common monovalent and

divalent IL anions
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lubricants for various electrical applications [12]. These

liquids can also be used to mitigate arcing, which is a cause

of electrical breakdown in sliding electrical contacts. In

addition, ILs have high thermal conductivity which helps to

dissipate heat during sliding [33]. As shown in Table 2, the

specific heat (and to an extent, the thermal conductivity) of

the IL is much better than the PFPE.

2.3 Lubrication Mechanisms of ILs

Aside from the physical properties described above, ILs

present a unique combination of characteristics which

make them attractive as lubricants for various material

sliding pairs. In the boundary lubrication regime, where a

thin lubricant film is present, the polar nature of ILs

facilitates physical adsorption. This is known to be the

main mechanism for the observed low friction and wear

during the sliding of metal–metal, metal–ceramic, and

ceramic–ceramic pairs under moderate sliding conditions

[1, 3–5]. Under harsh sliding conditions, some IL anions

have the tendency to decompose leading to the formation

of scratch-resistant surface films such as B2O3, BN, FeF2,

and FeF3 [22–24, 44]. In instances where the surface is

reactive (e.g., Mg alloys, silica surfaces), the anions in ILs

can exhibit stronger chemical adsorption interactions with

the available ions and other surface active groups such as

oxides and hydroxides, or the IL could decompose, with

the new species forming surface films [29, 45].

In polymers, it has been shown that ILs can act as

suitable lubricants as well. ILs have been shown to reduce

the coefficient of friction and wear of polyamide 6 (PA 6)

when applied either topically or mixed with PA 6 pellets

during the injection molding process [46]. In the latter case,

the mixing of the IL with the bulk PA 6 led to a decrease in

the glass transition temperature of the polymer. The

observed improvement in tribological properties (relative

to PA 6 with no added IL) was attributed to the IL plas-

ticizing the polymer during processing. In polymer–cera-

mic nanoparticle composites, the addition of ILs affects the

morphology and agglomeration tendency of the nanopar-

ticles, which then lead to the decrease in friction and wear

on the surface [47].

Ionic liquids can also reduce friction and wear in the

hydrodynamic and mixed hydrodynamic/boundary lubri-

cation regimes. When used as additive to water for the

lubrication of silicon nitride surfaces, certain ILs have been

shown to minimize wear by reducing the running-in period.

The presence of the IL may promote the creation of an

electric double layer, formed by the negatively charged

Si3N4 surface attracting the IL cations to the deposit on the

surface. The electric double layer can lead to a reduction of

the coefficient of friction due to an improvement in the

load carrying capacity of the lubricant [25, 48].

2.4 Issues on the Applicability of ILs as Lubricants

The main issues concerning the suitability of ILs as lubri-

cants are the following: IL causing corrosion on the substrate

surface, oxidation of the IL, the occurrence of tribochemical

reactions at the sliding interface, and toxicity of ILs and their

degradation by-products. Corrosion has been correlated to

the chemical compositions of either the cation or the anion.

For instance, Bermudez and Jimenez [49] reported that the

chain length of the cation substituent influences corrosion.

For ILs with the 1-alkyl-3-methylimidazolium cation, the

Table 2 Physical, thermal, and electrical properties of BMIM-PF6

and Z-TETRAOL

1-Butyl-3-

methylimidazolium

hexafluorophosphate

(BMIM-PF6)

Z-TETRAOL

Cation C8H15N2
? –

Anion PF6
- –

Molecular weight (g/mol) 284a 2300b

Tmelting (�C) 10c –

Tdecomposition (�C) 300c *320b

Density (g/cm3) 1.37a 1.75b

Kinematic 281a (20 �C) 2000b (20 �C)

Viscosity (mm2/s) 78.7d (40 �C)

Pour point (�C) \-50e -67b

Specific heat (J/g K) 1.44f (25 �C) *0.20b (50 �C)

Thermal conductivity

at 25 �C (W/m K)

0.15g *0.09b

Dielectric strength

at 25 �C (kV/mm)

– *30b

Volume resistivity

(X cm)

714h *1013 b

Vapor pressure at 20 �C

(Torr)

\10-9 5 9 10-7 b

Wettability on Si Moderatec –

Water contact angle on Si 46� (untreated) 54� (untreated)

39� (partially

bonded)

83� (partially

bonded)

41� (fully bonded) 88� (fully bonded)

Miscibility with

isopropanol

Totala –

Miscibility with water Noneh –

a [37]
b [38]
c [34]
d [39]
e [40]
f [41]
g [42]
h [43]
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presence of short alkyl groups increases surface polarity,

which in turn increases the wear and corrosion susceptibility

of the aluminum and steel surfaces that they investigated.

The chemical composition of the anion has also been

experimentally observed to influence the propensity of the

IL toward detrimental chemical reactions. Corrosion was

found to be prevalent on metal substrates coated with fluo-

rine-rich ILs, e.g., ILs where the anion is tetrafluoroborate or

hexafluorophosphate. In this case, the anion is moisture-

sensitive and may hydrolyze to generate hydrofluoric acid

[32, 50]. To date, two approaches have been demonstrated to

reduce corrosion. One way is through the selection of anions

that are more hydrophobic in order to reduce hydrolysis.

Caporali et al. [51] investigated an IL with the relatively

more hydrophobic bis(trifluoromethanesulfonyl) amide

anion coated on AZ91D magnesium alloy, where they found

that the corrosion rate of Mg is negligible at room temper-

ature. However, as shown in Fig. 2, this protection from

corrosion is limited, as they observed that the corrosion rate

(in the form of crevice corrosion) is appreciable at elevated

temperatures (200 �C). The second corrosion reduction

strategy is the incorporation of anti-corrosion additives such

as benzotriazole (BTA), which has been demonstrated by

both Liu et al. [52] and Yu et al. [53] as a viable method in

preventing metal surface corrosion. In both cases, corrosion

reduction was attributed to the formation of surface pro-

tective films such as Cu2O, [Cu(–C6H5N3)], FeF2, FeF3,

Fe3O4, and FePO4. Scanning electron micrographs showing

the corrosion protection as a function of the added BTA is

shown in Fig. 3.

The oxidation of ILs with the imidazolium cation and

bis(trifluoromethanesulfonyl) amide anion has been

reported by Minami et al. [54]. Subjecting the ILs to

heating at 200 �C in air for 1000 h led either to the for-

mation of solid deposits or the transformation of the IL

into a dark liquid, both of which indicating advanced

Fig. 3 Scanning electron micrographs of worn bronze surfaces lubri-

cated with 1-ethyl-3-hexylimidazolium hexafluorophosphate with BTA

as additive. Images from top to bottom represent increasing amounts of

added BTA: a no BTA added, b 0.05%, c 0.5%, and d 2% [52]

Fig. 2 Crevice corrosion on the surface of AZ91D magnesium alloy

immersed in 1-butyl-3-methylimidazolium bis(trimethylsulfonyl)

imide at 200 �C for 30 days [51]
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thermal oxidation. This was mainly attributed to the scis-

sion of the C–N bond due to the decomposition of the

imidazolium cation [31, 54].

The occurrence of tribochemical reactions on IL-coated

steel surfaces during tribotesting has been observed

through surface analysis techniques such as X-ray Photo-

electron Spectroscopy (XPS), Time-of-flight Secondary Ion

Mass Spectroscopy (TOF-SIMS), and Mössbauer spec-

troscopy [22, 23, 31, 40, 55–57]. Tribochemical reactions

in the presence of ILs resulted in the formation of protec-

tive films (such as FeF2, FeF3, FePO4, FeS, and B2O3) on

the worn steel surface, which is mostly regarded as bene-

ficial due to the observed lowering of the coefficient of

friction and improved wear resistance. An example of XPS

spectra demonstrating the formation of protective films is

shown in Fig. 4 [22]. Figure 4a is the Boron 1s spectra of

neat 1-methyl-3-hexylimidazolium tetrafluoroborate on

Au. Figure 4b and c are spectra of wear scars in the sliding

area of sialon against steel and sialon against Si3N4,

respectively, both lubricated with 1-methyl-3-hex-

ylimidazolium tetrafluoroborate. The protective film BN

was observed on sialon/steel, while B2O3 and BN were

detected on the sialon/Si3N4 surfaces. However, the for-

mation of a surface film may have an adverse effect as

well. In the case of 1-ethyl-3-methylimidazolium tetra-

fluoroborate on steel, Philips et al. [57] reported that the

formation of FeF2 on the surface led to degradation of the

IL and visual confirmation of corrosion. This is attributed

to the FeF2 acting as a Lewis acid site that can act as a

catalyst of lubricant degradation, which in turn, leads to

substrate corrosion.

Potential toxicity of ILs could arise due to its decom-

position. Swatloski et al. [58] challenged the perceived

‘‘greenness’’ of ILs by pointing out that ILs containing the

hexafluorophosphate anion can hydrolyze in contact with

moisture. This results in the release of toxic volatile

compounds such as HF and POF3, which are known to

damage materials such as steel and glass. This has led to

the development of anions such as octylsulfate

(C8H17SO4
-), which aside from being halogen-free, is

resistant to hydrolysis up to 80 �C [30, 59]. Cations have

also been identified as potentially toxic. It was reported that

ILs containing the imidazolium cation have toxicity levels

comparable to common manufacturing chemicals such as

ammonia and phenol [60]. This is a concern since as shown

in Fig. 1a, the imidazolium cation is a typical component

of ILs. Therefore, these observations on reactivity and

toxicity should be considered in the selection of an IL

lubricant for a given application.

Having discussed the issues that may affect the suit-

ability of ILs as lubricants, emerging efforts on combining

ILs with other materials should be noted. Carbon nanotubes

(CNT), both single-walled and multi-walled types, have

been pursued as an IL additive, and an improvement in the

tribological properties was reported [61, 62]. Another route

is by combining ILs with conventional oils. Through syn-

thetic techniques, ILs can be attached to conventional

lubricants such as phosphazenes and PFPEs [32, 48, 63].

Omotowa et al. [48] reported the synthesis of phosphazene/

IL hybrids, where organic groups containing the ammonium

or pyridinium cations were attached to the phosphazene

ring, leading to multivalent cations (5–8 cations on each

molecule). These novel molecules, which are designed as

additives, enhance the solubility of ILs in conventional

(nonpolar) lubricants, as well as improve the miscibility of

organic oils in aqueous environments.

3 Lubrication Using ILs

We now review selected tribological and electrical studies

on monocationic and dicationic ILs, and discuss proposed

chemical bonding mechanisms that account for the lubri-

cating properties of ILs. Initial tribological studies on ILs

were mainly conventional tribology testing (ball-on-disk,

four-ball configuration, etc.) of various material pairs

commonly used in machinery, e.g., steel/steel, steel/Al,

steel/SiO2, steel/sialon, sialon/Si3N4, and the like [22–24,

44, 55]. Figure 5 is an example of ball-on-disk test results

for steel/steel contact showing that the ILs used, namely,

1-ethyl-3-hexylimidazolium-bis(trifluoromethylsulfonyl)-imide

and 1-ethyl-3-hexylimidazolium tetrafluoroborate (abbre-

viated as L-F206 and L-B206, respectively, in Fig. 5) had

comparable coefficient of friction, but superior wear

Fig. 4 Boron 1s XPS spectra showing a neat 1-methyl-3-hexylimi-

dazolium tetrafluoroborate on Au, b sliding of sialon against steel

lubricated with 1-methyl-3-hexylimidazolium tetrafluoroborate leads

to the formation of BN protective film, and c sliding of sialon against

Si3N4 lubricated with 1-methyl-3-hexylimidazolium tetrafluoroborate

leads to the formation of B2O3 and BN films [22]
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resistance compared to the conventional lubricants X-1P

(a phosphazene type lubricant) and an unidentified PFPE

[55]. Ball-on-disk studies have also been made on various

ILs coated on various silicon surfaces, such as surface-

modified silicon (hydroxyl and amino-terminated surfaces),

polysilicon, SiO2, and Si3N4, where it was found that longer

alkyl chains in the cation and the hydrophobic anions exhibit

desirable tribological properties [64, 65]. Bermudez and

coworkers reported pin-on-disk results on the application of

ILs as lubricants for various polymers and polymer com-

posites, such as those based on polystyrene, polycarbonate,

and polyamides [46, 47]. As a result of these investigations, a

good understanding exists on the macroscale tribological

behavior of ILs on a wide range of materials.

Modeling studies have also been conducted in an effort to

understand the interactions between ILs and the substrate

where it is applied. In Fig. 6, an example of semi-empirical

modeling of the interactions between a hydroxylated silicon

surface and the IL 1-methyl-3-hydroxypropylimidazolium

chloride is presented [66]. In this particular case, the cat-

ion contains a –CH2OH group as a substituent in the

imidazolium ring, which forms a complex with the silicon

surface. Changing the nature of the side groups has an effect

on the thermodynamic properties, as well as the calculated

coefficient of friction. The calculated enthalpy of complex

formation became more negative (indicating increased

bonding between the silicon and the IL) and the coefficient of

friction decreased as the substituent was varied in the fol-

lowing order:–CH2OH [ –CN [ –CH3 [ –COOH [66].

Experimental and modeling studies on IL films trapped

(confined) between two surfaces provide a glimpse of their

morphology, viscosity, and shear properties, which has

implications on their use as nanodevice lubricants. From

surface force apparatus (SFA) studies, Perkin et al. [67]

measured shear forces and concluded that the irregular

structure of the ions is responsible for the observed low

shear stresses in ILs compared to organic liquids and

hydrocarbon lubricants. Relative to bulk viscosity values,

Ueno et al. [68] reported a 1–3 order of magnitude increase

in the viscosity of ILs during confinement as measured by

the SFA. Since ILs are electrically conductive, the vis-

cosity response of confined ILs under an applied external

electric field is also of interest. Xie et al. [69] observed that

the viscosity of IL films increases with increasing strength

of the applied electric field. This is attributed to the

alignment of the cation side chains in the direction of the

electric field. In modeling studies, molecular dynamics

(MD) simulations have shown that IL films confined

between rigid planar surfaces are capable of forming

mesoscopic structures (or mesophases) composed of cat-

ion/anion clusters and of neutral regions formed by the

cation side groups [70]. The formation of mesophases for

may affect the viscosity and account for the tribological

properties of confined ultrathin IL films. In another MD

simulation study, Mazyar et al. [71] investigated the effect

of ILs on the adhesion and friction of self-assembled

monolayers (SAM) on SiO2, where they found that the IL

can possibly replace an area of the SAM damaged during

sliding, thus improving the tribological properties.

Fig. 5 a Coefficient of friction and b wear volume of steel/steel

contacts lubricated with the ILs 1-ethyl-3-hexylimidazolium-bis(tri-

fluoromethylsulfonyl)-imide and 1-ethyl-3-hexylimidazolium tetra-

fluoroborate (abbreviated as L-F206 and L-B206, respectively)

compared with the conventional lubricants X-1P and an unidentified

PFPE lubricant at 20 �C [55]

Fig. 6 Semi-empirical modeling of interactions between a hydrox-

ylated silicon surface and the IL 1-methyl-3-hydroxypropylimidazo-

lium chloride, C7H13N2OCl [66]
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Bhushan et al. [27] evaluated the commonly available IL

1-butyl-3-methyl-imidazolium hexafluorophosphate (abbre-

viated as BMIM-PF6, Merck, Germany) deposited on Si(100)

wafers using AFM techniques, which was found to exhibit

improved friction and wear properties compared to conven-

tional lubricants. A summary of the properties of BMIM-PF6

relative to the conventional PFPE lubricant Z-TETRAOL,

typically used in magnetic hard disk drives [1], is presented in

Table 2. Both BMIM-PF6 and Z-TETRAOL films were

evaluated as untreated, partially bonded (by heating at 150 �C

for 30 min after dip coating), and fully bonded (thermal

treated and washed). The effect of thermal treatment is of

interest because it influences the amount of mobile and

immobile lubricant molecules, which in turn affects the ability

of the lubricant film to form a meniscus. The tendency toward

meniscus formation leads to stiction and influences the degree

of bonding with the substrate, affecting durability.

The durability of IL films on various metal and ceramic

substrates has been investigated from the standpoint of film

formation (wettability) and film removal (friction and

wear), where it was found that certain cations and anions

cause ILs to exhibit improved wetting, friction reduction,

and wear resistance properties [27]. In general, ILs exhibit

better wettability on noble metal and ceramic surfaces than

on non-noble metal surfaces [34]. The flat imidazolium

cation shows poorer wettability compared to bulkier cat-

ions such as ammonium and sulfonium. Among salts with

the imidazolium cation, the presence of longer organic side

chains lead to a reduction of the coefficient of friction. An

anion effect is also observed, where oxygen-rich anions

show better substrate wettability and lower wear compared

to other imidazolium salts.

The electrical properties of lubricated films are of interest

because during sliding, charge buildup may occur on the sur-

face, which could have an adverse effect on micro/nanodevices

performance. The AFM can be configured to measure the

change in electrical properties, and has been used to examine

the change in the surface potential and contact resistance after

sliding experiments [27, 29]. Aside from determining the

occurrence of either charge dissipation or buildup, the results

of these experiments can also be used to examine the extent of

wear damage on the surface after sliding.

Dicationic ILs are of interest for tribological studies

because the presence of long organic chains in their cat-

ions may promote favorable interactions with the sub-

strate as well as improved organization of the molecular

chains. Some dicationic ILs are thermally stable up to

400 �C [72]. The adhesion and friction properties of two

dicationic IL films on Si(100) substrate, based on the

imidazolium cation and the bis(trifluoromethanesulfonyl)

amide (or ‘‘triflamide’’) anion, were studied by Palacio

and Bhushan [29] and their properties were com-

pared to the conventional monocationic IL BMIM-PF6.

The dicationic ILs used were 1,10-(pentane-1,5-diyl)bis

(3-hydroxyethyl-1H-imidazolium-1-yl) di[bis(trifluoro-

methanesulfonyl) amide)] (abbreviated as BHPT) and 1,

10-(3,6,9,12,15-pentaoxapentadecane-1,15-diyl)bis(3-hydroxy-

ethyl-1H-imidazolium-1-yl) di[bis(trifluoromethanesulfonyl)

amide)] (abbreviated as BHPET) [73]. Their chemical

structures are shown in Fig. 7. These compounds have

been applied on single-crystal Si(100) (phosphorus doped)

with a native oxide layer on the surface using the dip

coating technique. The films were heat-treated at 150 �C

for 30 min after dip coating, such that they were partially

bonded [27].

Atomic force microscopy experiments were also performed

by Palacio and Bhushan [29] at various humidity and tem-

perature conditions in order to investigate the effect of the

environment on the nanolubrication properties of these ILs.

Macroscale friction and wear experiments using the ball-on-

flat tribometer and wear at ultralow loads using an AFM were

carried out. Fourier Transform Infrared (FTIR) spectroscopy

and XPS were used to determine the chemical species that

affect intermolecular bonding and also to elucidate the effect of

the environment on the IL film surface in the case of FTIR data.

A review of the work on the tribological properties of

monocationic and dicationic ILs using the AFM follows.

3.1 Monocationic IL properties

In this section, nanotribological data on BMIM-PF6 and

Z-TETRAOL (for comparison) are presented [27–29].

3.1.1 Nanotribological Studies

Bhushan et al. [27] compared the nanotribological properties

of BMIM-PF6 to a conventional PFPE, Z-TETRAOL.

Fig. 7 a Chemical structures of the BMIM-PF6, BHPT, and BHPET

molecules and b chemical structure of the Z-TETRAOL molecule

(adapted from [29])
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Figure 8a is a summary of the adhesive force and coefficient

of friction measurements on the IL, relative to Z-TETRAOL

and Si(100). The adhesive force was observed to decrease in

the following order: untreated [ partially bonded [ fully

bonded. This mobile fraction on the untreated sample facil-

itates the formation of a meniscus, which increases the tip–

sample adhesion. The adhesive force is highest in the

untreated coating since it has the greatest amount of the

mobile fraction among the three samples. Conversely, the

sample with no mobile lubricant fraction available (fully

bonded) has the lowest adhesive force.

A different trend is observed in the coefficient of friction

(l) data. Both the fully bonded and partially bonded

samples have lower l values compared to the uncoated

silicon. Friction forces are lower on the latter, implying that

the mobile lubricant fraction present in the partially bonded

samples facilitates sliding of the tip on the surface. How-

ever, l values for the untreated samples are higher than the

data for the heat-treated coatings. Due to the lack of

chemical bonding, the interaction of the lubricant to the

substrate is weakened and dewetting can occur. Water and

lubricant molecules are more likely to form a meniscus as

the tip approaches the surface. This provides greater

resistance to tip sliding, leading to higher coefficient of

friction values. It is worth noting that comparable results

were obtained by other groups who performed AFM-based

adhesion and friction measurements on untreated IL films

on silicon [74–78]. The role of meniscus formation in the

adhesive and friction forces obtained for the uncoated Si

and the untreated, partially bonded and fully bonded

lubricant-coated Si surfaces is depicted in the schematic at

the lower portion of Fig. 8a [27].

Figure 8b contains plots of the coefficient of friction as a

function of the number of sliding cycles at 70 nN normal

load. Only a small rise in the coefficient of friction was

observed for both Z-TETRAOL and the BMIM-PF6 sur-

faces, indicating low surface wear. In the case of untreated

Z-TETRAOL, a crossover is observed, where the coeffi-

cient of friction increases from its initial value and exceeds

the l of silicon after a certain number of cycles. This is

attributed to the transfer of lubricant molecules to the AFM

tip and the interaction of the transferred molecules with the

lubricant still attached on the Si substrate, which will

increase the friction force.

3.1.2 Nanoscale Electrical Studies

Since the measurement of electrical properties such as

surface potential and resistance can be used to monitor

charge buildup as well as the extent of the wear region on

the surface, the study by Bhushan et al. [27], where AFM-

based electrical properties mapping in conjunction with

nanoscale wear tests was conducted, is now reviewed. In

this study, a diamond tip was used to create 5 9 5 lm2

Fig. 8 a Summary of the

adhesive force and coefficient of

friction and b durability data

after 100 cycles for BMIM-PF6

at room temperature (22 �C)

and ambient air (45–55% RH).

Data for the uncoated Si and

Z-TETRAOL are shown for

comparison. Schematic in

a shows the effect of chemical

bonding treatment and meniscus

formation between the AFM tip

and sample surface on the

adhesive and friction forces [27]
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wear scars at a load of 10 lN. Figure 9a is a bar plot

summarizing the average surface potential change on the

tested area of the IL- and PFPE-coated surfaces, relative to

unlubricated Si surface. In general, the samples containing

the mobile lubricant fraction (i.e., untreated and partially

bonded surfaces) exhibit a lower surface potential change

compared to the fully bonded sample, which only has

immobile lubricant molecules. This is attributed to lubri-

cant replenishment by the mobile fractions, which can

occur in the untreated and partially bonded samples [79].

From Fig. 9a, it is also observed that the change in surface

potential is generally lower in the IL coatings compared to

the Z-TETRAOL coatings and the uncoated silicon. This

indicates that any built-up surface charges arising from the

wear test were immediately dissipated onto the conducting

ionic lubricant coating surface. In the case of Z-TETRAOL

and the uncoated silicon, the charges remained trapped in

the test area, since both these materials are insulators.

Based on these findings and previous observations [79–81],

a considerable surface potential change will be observed on

the wear region when: (1) the lubricant has been fully

removed from the substrate; (2) the native SiO2 layer has

been abraded from the surface; (3) wear has caused sub-

surface structural changes; and (4) charges build up as they

are unable to dissipate into the surrounding material.

The average change in the contact resistance of the wear

region relative to the untested area is summarized in

Fig. 9b. The fully bonded BMIM-PF6 has appreciable

contact resistance increase in the wear region. Since silicon

is a semiconductor, it has much higher resistance compared

to the surrounding IL. The resistance increase in the worn

area implies that the substrate is exposed after the wear

test. Partially bonded films did not get worn out from the

substrate after the test, as evidenced by the lack of contact

resistance change in the tested area. The untreated

Z-TETRAOL-coated surfaces exhibited an observable

resistance change, while BMIM-PF6 did not. This can be

correlated to the durability data in Fig. 8b, where the

untreated Z-TETRAOL sample exhibited an increase in the

friction force with time due to transfer of lubricant mole-

cules to the tip. Easier lubricant removal means that the

diamond tip can cause substrate wear much sooner, leading

to the observed resistance increase in the tested area.

However, the resistance image does not provide a clear

contrast between Z-TETRAOL and the newly exposed

substrate since both materials have high resistance values.

3.1.3 Conventional Tribological and Electrical Studies

In order to compare friction and wear properties on the

nanoscale with that on the macroscale, conventional ball-

on-flat tribometer experiments were conducted on the same

samples [27]. Images and profile traces of the wear scars

are shown in Fig. 10a. The coefficient of friction and

number of cycles to failure are summarized in Fig. 10b.

The partially bonded BMIM-PF6 shows comparable dura-

bility to its Z-TETRAOL counterpart. The nanoscale data

presented in Fig. 8 can be compared to l values obtained

from ball-on-flat (Fig. 10b). The l values of the untreated

lubricant samples obtained by using AFM are lower than

the l obtained from the ball-on-flat tests. This is attributed

to the difference in the length scales of the test techniques.

An AFM tip simulates a single asperity contact while the

conventional friction test involves the contact of multiple

asperities present in the test system [3–5]. With regard to

wear, the interface contact of the AFM and ball-on-flat

techniques is different from each other. In an AFM, the

contact stress is very high (since the contact area in AFM is

much smaller compared to that of the ball-on-flat experi-

ment) such that material can be displaced more easily. For

a ball-on-flat test, the ball exerts a lower pressure on the

surface, and the coating is in a confined geometry. As a

consequence, displacement of the coating is not as easy as

in AFM, leading to enhanced wear resistance.

Macroscale contact resistance obtained from ball-on-flat

tribometer testing is shown in Fig. 11, along with the

corresponding coefficient of friction data. For the IL film,

the initial resistance is slightly lower than that of uncoated

Fig. 9 a Bar chart showing average surface potential change for

various BMIM-PF6 coatings and b bar chart showing average contact

resistance change for various BMIM-PF6 coatings. In both cases, data

for Z-TETRAOL and uncoated Si are shown for comparison [27]
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Fig. 10 a Optical images and height profiles taken after 20 cycles and b summary of the coefficient of friction and number of cycles to failure

from ball-on-flat tests on various BMIM-PF6 coating. Data for the uncoated Si and Z-TETRAOL are shown for comparison [27]
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Fig. 11 Contact resistance and

coefficient of friction after ball-

on-flat tests for 100 cycles on

various BMIM-PF6 coatings.

Data for the uncoated Si and

Z-TETRAOL are shown for

comparison [27]
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silicon, confirming their conductive nature. For the

Z-TETRAOL samples, the contact resistance is about the

same magnitude as the uncoated silicon. But for the con-

ducting IL, an increase in resistance corresponds to an

increase in the coefficient of friction, indicating wear of the

lubricant and exposure of the silicon substrate, similar to

observations in the nanoscale. These results are consistent

with the adhesion, friction, and surface potential results

with regard to wear detection and wear protection coming

from the mobile and immobile lubricant fractions [27].

The durability data and trends for the IL obtained by

using a steel ball shown in Fig. 11 are somewhat compa-

rable to the trends in Fig. 10, which was measured by using

a sapphire ball. In Fig. 11, the partially bonded samples

still show the best durability, and in this case, the

Z-TETRAOL films consistently took longer to fail com-

pared to BMIM-PF6, as indicated by the point where the

jump in the coefficient of friction is observed. This can be

accounted for from the wetting properties of ILs on dif-

ferent surfaces. It has been observed that ILs have a ten-

dency to wet nonmetal surfaces (e.g., Si3N4, SiO2, and

glass) better than conventional metal surfaces (such as

440C, M50, and 52100 steel) [27]. Less wettability could

lead to less lubricant retention at the interface. This

material wetting effect is possibly more significant for the

IL than in Z-TETRAOL, but nonetheless, the durability of

the partially bonded BMIM-PF6 is still close to its

Z-TETRAOL counterpart, such that ILs are still viable

lubricants comparable to PFPEs.

3.2 Dicationic IL Films

In this section, nanotribological data on BHPT and BHPET

are presented. Data on BMIM-PF6 and uncoated Si(100)

are also presented for comparison [29].

3.2.1 Nanotribological Studies

Palacio and Bhushan [29] investigated the nanotribological

properties of dicationic liquids relative to a monocationic

liquid and uncoated Si through AFM studies. Figure 12a is

a summary of the contact angle (with deionized water),

adhesive force, and coefficient of friction (l) measure-

ments for the coated and uncoated samples performed at

ambient temperature and humidity conditions (22 �C and

50% RH, respectively). The data shown in the bar plots are

the averages of three measurements and the error bars

represent ±1r. BHPT is the least hydrophilic as it has the

highest contact angle (81�) among the three IL coatings.

For comparison, the water contact angles of BMIM-PF6

and BHPET are 39 and 59�, respectively. The BHPT

coating also exhibited the greatest reduction in the coeffi-

cient of friction relative to the uncoated surface. The high

contact angle of BHPT leads to minimal meniscus forma-

tion between the tip and surface, leading to a large drop in

the nanoscale friction force. In addition, BHPT has a pentyl

chain which links the two imidazolium cations. This chain

can orient the cation molecules on the substrate, thereby

facilitating tip sliding on the film surface. In contrast, the

polyether chain of BHPET is susceptible to interactions

with water molecules which can promote (instead of min-

imize) meniscus formation. The BMIM-PF6 film also

exhibited a reduction in the adhesive force and coefficient

of friction. This comes from the combination of mobile and

immobile lubricant fractions. Immobilization of this IL is

Fig. 12 a Summary of the contact angle, adhesive force and

coefficient of friction and b durability data after 100 cycles for

BMIM-PF6, BHPT and BHPET coatings at room temperature (22 �C)

and ambient air (45–55% RH). Data for uncoated Si are shown for

comparison. The error bars in a represent ±1r based on three

measurements performed [29]
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possible as a result of the thermal treatment, which pro-

motes the reaction between the hexafluorophosphate anion

with the hydroxyl groups present on the silicon substrate

surface [27, 29, 82].

Wear tests were conducted using an AFM by Palacio

and Bhushan [29] by monitoring the change in the friction

force on a 2-lm line for 100 cycles. Figure 12b shows

representative data focusing on the wear of the lubricant

film on the substrate. The l value of the BHPT film

changed minimally during the duration of the experiment,

which indicates that the film was not being worn after 100

cycles. On the other hand, the BMIM-PF6 and BHPET

samples exhibited a gradual increase in l, which means

that these films could be undergoing some wear and that

their interaction with the silicon substrate is weaker com-

pared to that of BHPT.

The effect of the environment [relative humidity (RH)

and temperature] on the nanotribological properties was

studied by Palacio and Bhushan [29]. The influence of RH

on adhesion and friction is summarized in Fig. 13. In

general, the adhesive force increases with the RH. The

condensed water in the humid environment facilitates

meniscus formation between the tip and sample and higher

adhesive forces. Since Si(100) is hydrophilic, it readily

adsorbs water molecules. For the three ILs, an increase in

the adhesive force is also due to increased water adsorp-

tion. This comes from attractive electrostatic interactions

(ion–dipole forces) between the individual ions and water

molecules.

Water adsorption affects the observed coefficient of

friction as a function of the RH. In Si, the coefficient of

friction is uniform at 10–50% RH, then decreases at 70%

RH. The adsorbed water at higher humidity can lead to the

formation of a continuous water layer separating the tip and

sample surface, which can act as a lubricant. Although the

adhesive force increases, the reduction in interfacial

strength accounts for the slight decrease of the coefficient

of friction at the highest range of humidity level examined.

However, the presence of more water molecules at higher

humidity has an opposite effect on the IL surfaces, where

the coefficient of friction increases with humidity. The

attractive ion–dipole forces between the ions and water are

amplified at higher humidity because more water mole-

cules are available. A greater attractive force between tip

and surface leads to greater resistance to sliding and a

higher coefficient of friction. This is observed on both the

monocationic (BMIM-PF6) and the dicationic (BHPT

and BHPET) IL-coated surfaces. For BHPET, polar inter-

actions between water and the oxygen atoms in the poly-

ether (C–O–C) chain is possible and increases the

water adsorption to the surface. This could account for the

larger rise in the coefficient of friction in the BHPET

sample from 50 to 70% RH, compared to BMIM-PF6 and

BHPT [29].

The effect of temperature on the adhesion and friction

properties of the ILs is summarized in Fig. 14. The adhe-

sive and friction forces were measured from 22 to 125 �C.

As shown in Fig. 14, the increase in test temperature leads

to a decrease in the adhesive force and the coefficient of

friction. The decrease in the adhesive force at higher

temperatures is observed in all the samples, while the

corresponding drop in the coefficient of friction is seen

only for BMIM-PF6, BHPET, and the silicon substrate. At

higher temperatures, the surface water molecules are

Fig. 13 Influence of the RH on the adhesive force and coefficient of

friction for unlubricated and lubricated tapes at 22 �C [29]

Fig. 14 Influence of temperature on the adhesive force and coefficient

of friction for uncoated and coated Si samples at 50% RH air [29]
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desorbed, leading to the decrease in both the adhesive and

friction forces. A reduction in the viscosity at higher

temperatures can also facilitate the decrease in the friction

force [13]. In BHPT, the coefficient of friction was not

adversely affected as the test temperature was increased.

This implies that at ambient humidity conditions, the

BHPT film does not adsorb a large amount of water mol-

ecules. Moreover, this also implies that the BHPT surface

has weak interactions with surface water molecules, such

that friction force during sliding is not very much affected

[29].

3.2.2 Nanoscale Electrical Properties

Figure 15 is a summary of the average contact potential

change after the wear tests conducted by creating

5 9 5 lm2 wear scars with a diamond tip, where the height

and surface potential maps were imaged afterward. A

change in the surface potential in the wear region is

observed when the following occur: the lubricant has been

fully removed from the substrate, the native SiO2 layer has

been abraded from the surface, wear has caused subsurface

structural changes, and charges build up as they are unable

to dissipate into the surrounding material [27, 29]. As

expected, the uncoated Si exhibited the greatest amount of

wear (as evidenced by debris buildup around the edge of

the wear test region) and highest increase in the surface

potential. The surface potential image for BHPET film also

showed an increase, indicating that the film was worn out

after the test. This was not seen on tests with the BMIM-

PF6 and BHPT samples. The surface potential change

could be absent in the test area if the lubricant was not

removed completely, indicating that these two samples

have a stronger interaction with the silicon substrate

compared to BHPET.

Figure 16 shows a summary of the average contact

resistance change after the wear test. As shown in Fig. 15,

a significant change is observed in the wear region of the Si

and BHPET samples. There is also a small amount of

localized contact resistance increase in the BMIM-PF6

sample. These results are consistent with the cycling test

presented in Fig. 12b, where the films are in this order of

decreasing durability: BHPT [ BMIM-PF6 [ BHPET.

3.2.3 Conventional Tribological Studies

In order to compare friction and wear properties at the

macroscale and the nanoscale, conventional ball-on-flat

tribometer experiments were conducted by Palacio and

Bhushan [29] on the same samples. The average coefficient

of friction data are summarized in Fig. 17. All of the

lubricated samples are reported to have less wear scars as a

Fig. 15 a Surface height and surface potential maps after wear tests

and b bar chart showing average surface potential change for BMIM-

PF6, BHPT, and BHPET coatings. Data for uncoated Si are shown for

comparison. The error bars represent ±1r based on three measure-

ments performed [29]
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result of the ball having to displace the lubricant before

damaging the silicon surface. A reduction in the coefficient

of friction arising from application of the lubricant film is

observed, which are consistent with the nanoscale adhe-

sion, friction and wear results.

The coefficient of friction values of the lubricant sam-

ples obtained by using AFM are lower than those obtained

from the ball-on-flat tests. As indicated earlier, this is

attributed to the difference in the length scales of the test

techniques. An AFM tip simulates a single asperity contact

while the conventional friction test involves the contact of

multiple asperities present in the test system. With regard

to wear, the interface contact of the AFM and ball-on-flat

techniques is different from each other such that one cannot

expect both tests to show the same trend. On an AFM, the

tip stress is very high such that material can be displaced

more easily. For a ball-on-flat test, the tip exerts a lower

pressure on the surface, and the coating is in a confined

geometry.

3.3 Spectroscopic Analysis and Proposed Mechanisms

for IL Lubrication

3.3.1 FTIR Spectroscopy

Figure 18 is a summary of the FTIR spectra obtained for

the different IL-coated samples, along with the uncoated

Si substrate [29]. The observed peaks are labeled with the

chemical bonds which they correspond to. In the case of

the Si substrate (with a contact angle of 40�) exposed to

water molecules in the ambient, no peaks are observed.

C–H stretching vibrations in the coated samples are

observed at the 600–800 cm-1 range. For BHPET, the

strong peak at *1060 cm-1 is for the C–O–C vibration,

which is prominent due to the presence of the polyether

chain in its cation. This peak overlaps with the C–O

Fig. 16 a Surface height and contact resistance maps after wear tests

and b bar chart showing average contact resistance change for

BMIM-PF6, BHPT, and BHPET coatings. Data for uncoated Si are

shown for comparison. The error bars represent ±1r based on three

measurements performed [29]

Fig. 17 Summary of the coefficient of friction from ball-on-flat tests

on uncoated and coated Si samples. The error bars represent ±1r
based on three measurements performed [29]
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vibration, which is present in BHPT as the terminal pri-

mary alcohol (C–OH). In BMIM-PF6, a peak appears in

this range due to rocking vibrations of the methyl (CH3)

substituent. The peak at 1500–1600 cm-1 comes from the

C=N vibrations, which is common to all three ILs since

they are all based on the imidazolium cation. However, it

is not observed in BHPT as the C=N vibrations may be

weak. The wide peak at 3600–4000 cm-1 was attributed

to hydrogen bonding, possibly due to water molecules

adsorbed on the surface [29, 83]. This is present in

BMIM-PF6 and in BHPET but not in BHPT. This

accounts for the much lower contact angle of BMIM-PF6

and BHPET (39 and 59�, respectively) compared to

BHPT (81�). This implies that the surface of BHPT is

more hydrophobic compared to either BMIM-PF6 or

BHPET, which is consistent with the observed low

coefficient of friction for BHPT [29].

3.3.2 XPS

The XPS spectra for the uncoated Si samples have prom-

inent peaks corresponding to Si and O, while the IL-coated

samples contain peaks corresponding to Si, C, O, and F

[29]. The high resolution, best-fit XPS spectra are shown in

Fig. 19 for the Si 2p, C 1s, O 1s, and F 1s electrons. The

peaks are labeled with the corresponding chemical bonds,

which pertain to either the silicon substrate or groups found

on the IL molecule. One noteworthy exception is the

presence of peaks at approximately 292 eV, which con-

firms the presence of CF2 on the surface. This indicates the

immobilization of the BHPT and BHPET ILs, which

occurs by the reaction of the anion with the hydroxyl

groups present on the silicon surface [29].

3.3.3 Proposed Lubrication Mechanisms

Figure 20 is an interpretation of how the IL cations interact

with the silicon substrate [29]. For the monocationic

BMIM-PF6, only weak interactions between the imidazo-

lium ring and the silicon surface are expected. This is

similar to the proposed mechanism by Nainaparampil et al.

[26], where the imidazolium cation was considered as

mobile, while the anion is the species responsible for

attachment to the silicon substrate.

However, for the dicationic ILs, multiple cation

attachment schemes are possible. In BHPT, the hydroxyl

groups attached to the imidazolium cation at the ends of the

chain provide a means for strong H-bonding interactions

with active sites on the silicon surface. As shown in

Fig. 20, either one (case 1) or two (case 2) hydroxyl groups

can create this bond. The second case is particularly

desirable because if the two hydroxyl groups are bonded

(i.e., not exposed to the surface), they are not available to

interact with water molecules in the ambient, leading to a

reduction in the adhesion and friction forces, as well as

enhanced wear resistance [29].

In BHPET, these hydroxyl group attachment schemes

are also applicable. However, the additional mechanism

of intramolecular hydrogen bonding can also take place

(case 3). This is not as desirable as the second case

because it depletes the available chain ends with hydroxyl

groups which can bond to the silicon surface. The inter-

action of the lubricant film with the silicon substrate is

weakened, and water molecules can displace the lubricant

from the substrate. In addition, the polyether chain that

links the two cations contains five oxygen atoms in each

chain. These oxygen atoms can also form H-bonds with

Fig. 18 FTIR spectra of

uncoated and coated Si samples.

The chemical bonds (or species)

were listed above the spectra to

indicate the possible bonding

modes that correspond to the

observed peaks [29]
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the water molecules in the ambient. This can account for

the large difference in the friction properties between

BHPET and BHPT. While the application of the BHPT

film has lowered the coefficient of friction of the silicon

surface, the BHPET film did not have a similar effect due

to the molecular interactions described above. This

interpretation of lubricant–substrate interaction is corrob-

orated by the adhesion and friction data at varying

humidities and temperatures, as well as the FTIR spectra.

Both BMIM-PF6 and BHPET have large peaks in their

FTIR spectra that correspond to H-bonds of water mole-

cules, which is consistent with the observed sensitivity of

their adhesion and friction to the change in humidity and

temperature. Meanwhile, BHPT does not have the afore-

mentioned peak, and its adhesion and friction properties

appear to be less sensitive to water molecules compared

to the other two ILs [29].

Figure 21 is a schematic showing the interaction of the

anions with the silicon substrate. As mentioned previously,

XPS spectra indicate immobilization of the IL, which

occurs through the reaction of the anion with the hydroxyl

groups on the substrate surface. In BMIM-PF6, the O

attaches to P, while in BHPT and BHPET (which have the

same anion), the O bonds to C. Since the reactions involve

the creation of new covalent bonds, this implies that the

anions of the ILs investigated are more strongly attached to

the substrate compared to the cations, which are chemically

adsorbed [29].

Based on the macro- and nanoscale friction and wear

measurements, the ILs show strong potential as lubricants

Fig. 19 High-resolution (deconvoluted) XPS spectra for Si 2p, C 1s, O 1s and F 1s reveals the different binding environments present on the

surface of uncoated and coated Si samples (adapted from [29])
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for nanodevice applications. Aside from their inherent

properties, such as their desirable thermal and electrical

conductivity, and ‘‘greenness’’ (depending on the choice of

IL), ILs exhibit desirable tribological properties, which are

even superior to PFPEs in some instances.

4 Outlook

Ionic liquids are desired as lubricants due to their electrical

conductivity, thermal conductivity, and ‘‘green’’ properties.

Recent studies have shown that some ILs can match or

even exceed the tribological behavior of high-performance

lubricants such as PFPEs. This favorable behavior is

attributed to the polar nature of ILs, enabling them to

physically or chemically adsorb or react to the substrate

surface, as well as form wear-resistant surface protective

films during sliding.

The main issues concerning the use of ILs as lubricants

include corrosion, thermal oxidation, tribochemical reac-

tions, as well as toxicity. These issues can be resolved or

minimized through the incorporation of anticorrosion

Fig. 20 Schematic for the

attachment of the cations of

a BMIM-PF6, b BHPT, and

c BHPET to the silicon substrate

[29]

Tribol Lett (2010) 40:247–268 265

123



additives, as well as the careful selection of cations and

anions, which involves a full characterization of its

chemical and physical properties and the consideration of

potential decomposition or reactivity mechanisms.

Since electrical conductivity is the main characteristic

that distinguishes ILs from conventional high-performance

lubricants, additional studies relating tribological and

electrical behavior of various IL-substrate systems are

needed in order to expand the applicability of ILs. In

addition, further investigations of the molecular mecha-

nisms that account for the lubricating properties of ILs are

necessary to systematically identify the optimal cation–

anion combinations for various substrates.
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