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Abstract The films of three kinds of 3-butyl-1-methyl-

imidazolium base ionic liquids with thickness of 2 nm were

prepared on hydroxyl-terminated and amino-terminated Si

substrates by dip-coating method. As anions, tetrafluorobo-

rate, hexafluorophosphate, and adipate, respectively, were

chosen. The tribological performances of these thin films

were examined by the determination of the film durability

and friction coefficient by means of a UMT-2MT tribometer

using a steel ball as counterpart. The morphologies of worn

surfaces were investigated by a non-contact interferometric

microscope. The findings showed that 3-butyl-1-methyl-

imidazolium hexafluorophosphate having the poorest

hydrophilicity of the ionic liquids exhibited the best tribo-

logical properties on aminated Si surface at 0.4 N and 4 Hz.

Keywords Ionic liquid � Ultra-thin Film � Lubrication �
XPS � Surface Modification

1 Introduction

Ionic liquids, a kind of novel material, have attracted great

attention due to their unique properties, such as negligible

volatility at a relatively high temperature, non-flammability

and high-thermal stability, etc. [1], and they have been

used in many potential applications, especially in recent

years, for instance, catalysis, electrochemistry, separation

science for extraction of heavy metal ions, as solvents for

green chemistry and materials for optoelectronic applica-

tions [2–5]. The above-mentioned properties of ionic

liquids make them potential excellent lubricants. There-

fore, extensive efforts have been made to understand the

lubrication effect of ionic liquids. Ye et al. [6] investigated

the tribological behavior of two kinds of alkylimidazolium

tetrafluoroborate, and found them versatile lubricants for

the contacts of steel/steel, steel/aluminum, steel/copper,

steel/SiO2, Si3N4/SiO2, steel/Si (100), steel/sialon ceram-

ics. More studies [7–10] have been done to investigate the

tribological properties of other alkylimidazolium base ionic

liquids and proved them superior to traditional lubricants—

such as X-1P, PFPE, and ZDDP—in terms of anti-wear

performance and load-carrying capacity. Bermúdez et al.

[11–13] discovered that some ionic liquid additives had

better lubricating and anti-wear properties than neat ionic

liquids in aluminum/steel contact. Recently, some ionic

liquids with cations such as phosphonium, pridinium and

ammonium and functionalized ionic liquids were synthe-

sized and proved to have better tribological properties than

common alkylimidazolium base ionic liquids [14–17].

More recently, ultra-thin ionic liquid films with 30–

50 nm were prepared and investigated. Yu et al. [18] pre-

pared two kinds of ionic liquid films carrying vinyl and

hydroxyl functional groups on modified Si surfaces and

investigated their tribological properties on a dynamic-

static friction coefficient measurement apparatus with

PFPE as a comparison. They found 1-allyl-3-hexyl-

imidazolium hexafluorophosphate films on hydroxyl-ter-

minated and vinyl-terminated surface showed excellent

reduction-friction and anti-wear properties and the ionic

liquid exhibited better friction-reducing and anti-wear
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abilities than the Zdol-2000 film. They attributed the

excellent tribological properties of these ionic liquid films

to their strong adsorptions to the interface and the good

transfer film-forming abilities on the counterpart surfaces.

Yu et al. [19, 20] synthesized several kinds of novel ionic

liquids and tested their tribological properties as thin films.

They found that asymmetrical bis-substituted ionic liquids

have the best tribological properties among the tested

lubricants, i.e., PFPE, corresponding ionic liquids with

single cation, and symmetrical bis-substituted ionic liquids,

and the anti-wear life of these films increased with the

increment of chain length. These ultra-thin ionic liquid

films had been proved to be available film lubricants and

have extensive applications in magnetic storage systems

and micro/nano electromechanical systems (MEMS/

NEMS), etc. However, such a thickness was still relatively

large and if the thickness of films could be decreased to

several nanometers, the efficiency of these applications

could increase greatly.

In this article, three kinds of ultra-thin ionic liquid films

with thickness of about 2 nm with the same cation but

different anions were prepared, and the corresponding tri-

bological properties of them were investigated. The

relationships between the tribological properties of these

ionic liquid films and their different hydrophilicities were

also addressed.

2 Experimental

2.1 Materials

(3-aminopropyl) trimethoxysilane (APS, produced by

Aldrich Chemical Company, purityC97%) was commercial

products and used directly. Since ionic liquids ever used

mostly had an inorganic anion with one charge, a novel

ionic liquid, 3-butyl-1-methyl-imidazolium adipate (deno-

ted as IL3), which has an organic anion with two charges,

was synthesized and was chosen as comparison. The other

two ionic liquids, 3-butyl-1-methyl-imidazolium tetrafluo-

roborate (denoted as IL1) and 3-butyl-1-methyl-

imidazolium hexafluorophosphate (denoted as IL2) were

synthesized and purified exactly according to the reported

methods [1]. Their chemical structures were characterized

by means of 1H nuclear magnetic resonance spectroscopy

(1H-NMR) with acetone-d6 as solvent. Scheme 1 shows

the structures of these ionic liquids. All the other reagents

of analytical grade were used as received.

2.2 Pretreatment of Silicon Wafers

Cleaned silicon wafers were immersed in Piranha solution

(volume ratio 7:3 of 98% H2SO4 and 30% H2O2) at 90 �C

for 40 min to get a hydroxyl-terminated surface [21]. The

hydroxylated Si wafer was immersed in 5 mmol�l-1 APS/

acetone solution for 24 h to obtain an amino-terminated

surface [22]. Above two kinds of surfaces were rinsed three

times with distilled water, and then dried in fast nitrogen

flow.

Scheme 2 shows the schematic diagrams of two kinds of

Si surfaces with different terminals.

2.3 Film Preparation

About 0.1, 0.2, 0.5, 1.0, and 2.0% (wt. %) ionic liquids

were dissolved in acetone respectively. The corresponding

films were prepared on the two kinds of surfaces mentioned

above with dip-coating method. The thicknesses of these

films were measured by L116-C ellipsometer (Gaertner,

USA) equipped with a He–Ne laser (k = 632.8 nm) at a

fixed incidence angle of 50�. Figure 1 shows the relation-

ship between the concentration of IL1 and the thickness of

its film on amino-terminated surface. It could be seen that

the film thickness is in proportion to the concentration of

the ionic liquid solution. It should be noted that this rela-

tionship is also applicable to the other two ionic liquids of

IL2 and IL3 if their concentrations were appropriate, for

Scheme 1 Chemical formulations of three kinds of ionic liquid

Scheme 2 Schematic diagrams of (a) hydroxyl-terminated and

(b) amino-terminated surfaces after different pretreatments
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example, lower than 2.0%, though the figures were not

shown here. According to this relationship, three kinds of

ionic liquid films with a thickness of about 2 nm were

easily prepared.

2.4 Ionic Liquids and Films Characterization

The thermal properties of three kinds of ionic liquids were

examined on TGA-7 thermogravimetric analyzer (Perkin-

Elmer, USA) from 25 �C to 800 �C with a heating rate of

10 �C�min-1 in flowing nitrogen. The static contact angles

of distilled water on the films were measured on a CA-A

contact angle meter (Kyowa Scientific Company Ltd.,

Japan). Five repetitive measurements were operated at

different regions of the same film surface, and the averaged

contact angles were obtained.

The friction and wear properties of these films were

evaluated on a UMT-2MT tribometer in ambient condition

(20–25 �C, RH = 30–40%) with a reciprocating-sliding

mode. The reciprocating distance is 5 mm, and the recip-

rocating times per second are defined as frequency. A

standard AISI-52100 steel ball of 3 mm in diameter was

selected as the counterpart. The root mean square rough-

ness (Rms) of the ball employed was about 50 nm. The

chemical components of the film and the wear tracks were

analyzed with a PHI-5702 multifunctional X-ray Photo-

electron Spectroscopy (XPS), using Al Ka radiation as the

exciting source. The binding energies of the target ele-

ments were determined at a pass energy of 29.35 eV, with

a resolution of about ±0.3 eV, using the binding energy of

contaminated carbon (C 1s: 284.8 eV) as the reference.

The surface morphologies and wear tracks of the films on

silicon wafers prepared as described in Sects. 2.1 and 2.2

were examined with non-contact interferometric micro-

scope (ADE Phase-Shift).

3 Results and Discussion

3.1 Characterization of Ionic Liquids

TGA curves of the three kinds of ionic liquids are shown in

Fig. 2. It shows that IL1 and IL2 have high decomposition

temperature, assigned to 402.6 �C and 370.1 �C, respec-

tively, but that of IL3 is about 264.4 �C. The reason for the

difference in the three ionic liquids was assumed to their

various anions since they have the same cation. A lower

thermal stability of IL3 was probably due to its organic

anion since IL1 and IL2, which have inorganic anions,

exhibited higher-thermal stability. In addition, the source

of the *2% weight loss observed at the beginning of the

TGA curve for IL3 is unknown as there was no H2O or

adipic acid observed in the 1H-NMR spectroscopy (not

shown here).

3.2 Hydrophilic Properties of the Films

It is well known that the hydrophilic/hydrophobic property

of ionic liquid depends on the attached alkyl chains of

cation and counter anion [23, 24]. The contact angles of

water on three kinds of ionic liquid films and two kinds of

substrates pretreated with different methods are listed in

Table 1. It can be clearly seen that the contact angles of

water on hydroxyl-terminated and amino-terminated Si

were below 5� and 44�, respectively, indicating that the

hydrophilicity of amino-terminated Si substrate is poor in

comparison with that of hydroxyl-terminated Si substrate.

Fig. 1 Relationship between the concentration of IL1 and the

thickness of its film on amino-terminated surface

Fig. 2 TGA curves of three kinds of ionic liquid
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But the contact angles of water on IL1, IL2, and IL3 films

were around 21�, 71�, and 27�, respectively, inferring that

IL1 and IL3 exhibited better hydrophilicity than IL2.

Moreover, the contact angles of water on the three ionic

liquid films were almost same either on hydroxylated or on

aminated Si surfaces, which may be due to the uniformity

of the films coated on Si surface, and it could prove that the

dip-coating was successful.

3.3 Tribological Properties

Tribological performance was evaluated for bare substrates

of hydroxylated, aminated Si surfaces, and ionic liquid

coated surfaces with film thicknesses of about 2 nm. The

test parameters are listed in Table 2.

Without the protection of ionic liquid films, the bare

substrates of hydroxyl-terminated and amino-terminated Si

are easy to be broken (lifetime \ 10 s) and the final fric-

tion coefficient is steady at 0.7.

Figure 3 presents three representative curves of friction

coefficient versus sliding time for IL1, IL2, and IL3 films

on amino-terminated surface at a load of 0.1 N and fre-

quency of 2 Hz. The lifetime of films are defined as the

sliding time when the friction coefficient increased sharply

to 0.6. It can be seen that the lifetime of IL1 was lower than

50 s. The lifetime of IL2 and IL3 were[7,200 s and about

5,000 s, respectively, greatly longer than IL1.

Tables 3–5 present more detailed information about the

tribological properties of the three ionic liquid films on

both surfaces of aminated and hydroxylated Si.

Table 3 lists the friction coefficient and the lifetime of

the IL1 films on two kinds of surfaces at different condi-

tions. It shows that the friction coefficient of the film of IL1

on amino-terminated Si was kept constant, about 0.1, and

its corresponding lifetime was about 471 s at a load of

0.1 N and a frequency of 1 Hz. With the increase of load or

frequency, the film lifetime of IL1 on amino-terminated Si

was shortened sharply and the film was almost broken at

the beginning (\20 s). Compared to the film of IL1 on

Table 1 Contact angles (�) of treated Si surfaces and ionic liquid

films on them

Surface Hydroxyl-terminated Si Amino-terminated Si

No IL film \5 44

Coated with IL1 21 22

Coated with IL2 71 73

Coated with IL3 27 25

Table 3 Friction coefficient and lifetime of modified Si surface

coated with IL1

Load (N) Friction coefficient Lifetime (s)

1 Hz 2 Hz 4 Hz 1 Hz 2 Hz 4 Hz

(a) IL1 on amino-terminated Si

0.1 0.10 0.12 * 471 32 \20

0.2 * * * \20 \20 \20

0.4 * * * \20 \20 \20

(b) IL1 on hydroxyl-terminated Si

0.1 0.09 0.11 0.11 574 133 35

0.2 0.11 0.08 * 522 36 \20

0.4 * * * \20 \20 \20

* Increased sharply to a large value at the beginning of test

Table 4 Friction coefficient and lifetime of modified Si surface

coated with IL2

Load (N) Friction coefficient Lifetime (s)

1 Hz 2 Hz 4 Hz 1 Hz 2 Hz 4 Hz

(a) IL2 on amino-terminated Si

0.1 0.11 0.08 0.08 [7,200 [7,200 [7,200

0.2 0.10 0.08 0.07 [7,200 [7,200 [7,200

0.4 0.10 0.08 0.07 [7,200 [7,200 [7,200

(b) IL2 on hydroxyl-terminated Si

0.1 0.13 0.19 0.23 [7,200 [7,200 [7,200

0.2 0.09 0.08 0.08 [7,200 [7,200 [7,200

0.4 0.09 0.08 0.07 [7,200 [7,200 [7,200

Table 2 Test parameters of UMT-2MT

Temperature

(�C)

Relative

humidity

(%)

Reciprocating

distance (mm)

Load (N) Frequency

(Hz)

20–25 30–40 5 0.1–0.4 1–4

Fig. 3 Three representative curves of friction coefficient versus

sliding time of IL1, IL2, and IL3 films on amino-terminated surface
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amino-terminated Si, the film of IL1 on hydroxyl-termi-

nated Si was a little more stable. At 0.1 N and 1 Hz, the

friction coefficient of IL1 film on hydroxyl-terminated Si

was 0.09 and its corresponding lifetime was about 574 s.

Also, with the increase of load or frequency, the IL1 film

on hydroxyl-terminated Si became weak, and the film

lifetime was nearly 0 when the load increased to 0.4 N or

the frequency increased to 4 Hz.

Table 4 lists the friction coefficient and lifetime of IL2

films on two kinds of surfaces at various conditions. IL2

films had a long lifetime ([7,200 s) on both hydroxyl-

terminated Si and amino-terminated Si even at a severe

condition of 0.4 N and 4 Hz. For the film of IL2 on amino-

terminated Si, its friction coefficient was about 0.11 at the

load of 0.1 N and frequency of 1 Hz, and it slightly

decreased with the increase of load or frequency. When the

test load increased to 0.4 N and the frequency increased to

4 Hz, the friction coefficient of IL2 film even decreased to

0.07 and the lifetime was still beyond 7,200 s. For IL2 film

on hydroxyl-terminated Si, its friction coefficient increased

with increasing frequency under lower load (0.1 N) and

finally even reached at 0.23. While under higher load (0.2

and 0.4 N) its friction coefficient decreased with the

increase of the frequency and finally decreased to 0.07 at a

load of 0.4 N and a frequency of 4 Hz with a long lifetime

([7,200 s).

The friction coefficient and the lifetime of IL3 films on

two kinds of surfaces under different conditions are listed

in Table 5. For IL3 film on amino-terminated Si, it

exhibited lower friction coefficient under lower load of

0.1 N, and had a long lifetime ([7,200 s) at low frequency

of 1 Hz. The friction coefficient of the film increased as

load or frequency increased and its lifetime was mainly

affected by the test frequency rather than load. When fre-

quency reached 4 Hz, the film was almost broken at the

beginning (\20 s). For IL3 film on hydroxyl-terminated Si,

only at 0.1 N and 1 Hz, it had a low friction coefficient

(*0.06) and long lifetime (*4,000 s). At other conditions,

its lifetime was all lower than 20 s and its friction coeffi-

cient was hardly obtained, indicating that IL3 films on

hydroxyl-terminated Si was not suitable for severe

conditions.

According to the results above, it can be seen that IL2

film on amino-terminated Si exhibited almost the same

friction coefficient and the longest lifetime compared with

IL1 and IL3. Further more, a good wear resistance and

friction-reducing effect were maintained even at a load of

0.4 N and a frequency of 4 Hz. While for the films of other

ionic liquids, even though some kinds of film such as IL3

on amino-terminated surface exhibited good tribological

properties at mild condition (0.1 N and 1 Hz), they were

not able to be maintained when the load or frequency was

increased.

3.4 Surface Characterization

Figure 4 gives the XPS survey spectra of IL2 film on

amino-terminated Si before (signed as UW) and after

(signed as AW) tribo-tests. No obvious chemical shift was

observed after sliding tests, indicating that there was no

chemical change occurred during the friction process and

the good tribological properties of the film were not caused

by producing of new chemical component. XPS spectra of

IL1 and IL3 films on both surfaces before and after tribo-

tests were also investigated (not shown here), the results

also showed that no obvious chemical shift were observed.

Figure 5 presents the three-dimensional surface profile

images of the worn surface of IL1, IL2, and IL3 films on

hydroxyl-terminated Si investigated with a non-contact

interferometric microscope. The films were tested with

Table 5 Friction coefficient and lifetime of modified Si surface

coated with IL3

Load (N) Friction coefficient Lifetime (s)

1 Hz 2 Hz 4 Hz 1 Hz 2 Hz 4 Hz

(a) IL3 on amino-terminated Si

0.1 0.07 0.12 0.14 [7,200 4,561 60

0.2 0.15 0.07 * [7,200 4,236 \20

0.4 0.12 0.06 * [7,200 3,857 \20

(b) IL3 on hydroxyl-terminated Si

0.1 0.06 * * 3,966 \20 \20

0.2 * * * \20 \20 \20

0.4 * * * \20 \20 \20

* Increased sharply to a large value at the beginning of test

Fig. 4 Survey spectrum of the film of IL2 on amino-terminated Si

and that of its wear track UW: before tribo-test; AW: after tribo-test
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UMT-2MT for about 120 s at a load of 0.1 N and a fre-

quency of 1.0 Hz. From the images, it can be seen that

there exist very deep wear tracks (*60 nm and *10 nm)

on the surfaces of IL1 film (Fig. 5a) and IL3 film (Fig. 5c),

respectively. However, the same phenomenon was not

observed on the surface of IL2 film (Fig. 5b). But there

existed obvious evidence of ionic liquid flowing back into

the wear track of the IL2 films, indicating that IL2 had

good mobility on the given surfaces. It is reported that the

frictional properties of liquid film is mainly affected by the

mobility of the lubricants [25]. When steel ball contacted

with the film, it squeezed ionic liquid out and formed wear

track, but when it left the contact point, part of ionic liquid

flowed back into the wear track, protected the substrate. So

it can be concluded that the better tribological properties of

IL2 films should be attributed to their better mobility. Also,

the worn surfaces of the three films on aminated Si surface

were investigated (not shown here) and the same phe-

nomena were observed.

Accordingly, IL1 and IL3 films, which had strong

hydrophilicity, showed relatively poor tribological prop-

erties, especially IL1, who possess the highest

hydrophilicity among the three kinds of ionic liquids. IL2

films, which had the weakest hydrophilicity, showed the

best tribological properties under various testing condi-

tions. So it is highly suggested that hydrophobic ionic

liquids have better tribological properties than hydrophilic

ionic liquids, especially on hydrophobic surface. However,

obvious difference in the chemical component of the films

between before and after tribo-test did not be observed, so

the good tribological properties are not due to chemical

change. Observing the worn surfaces, we can find some

evidence of ionic liquids flowing back into the wear track

of wearable films. Therefore, it is concluded that the good

tribological properties of IL2 films are owing to their good

mobility on substrates. Further more we recognize that low

water content in the range of 1,000–5,000 ppm may impact

the ionic liquid mobility. Future work will be done to

quantify water levels in the ionic liquids and their films.

4 Conclusions

Three kinds of nano-scale ionic liquid films with thickness

ranging from approximate 2–50 nm were successfully

prepared with dip-coating method. The tribological prop-

erties of the three films with thickness of 2 nm were

evaluated at the load range of 0.1–0.4 N and the frequency

range of 1–4 Hz in ambient air. The following observations

are noted:

(a) 3-butyl-1-methyl-imidazolium hexafluorophosphate

(IL2) with a thickness of about 2 nm possessed the

best triblogical performance and long lifetime even at

a severe condition of 0.4 N and 4 Hz.

(b) 3-butyl-1-methyl-imidazolium adipate (IL3) possess

better triblogical performance and long lifetime at

mild condition of 1 Hz and 0.1–0.4 N on amino-

terminated Si than on hydroxyl-terminated Si.

(c) When ionic liquids have the same cation, their

hydrophilic/hydrophobic properties are decided by

their anions. For the ionic liquids mentioned in this

article, tetrafluoroborate and adipate show hydrophi-

licity, while hexafluorophosphate shows relatively

hydrophobic property.

(d) When the hydrophobic ionic liquid IL2 was used as

film, it performed better tribological properties than

the hydrophilic ionic liquids 3-butyl-1-methyl-

imidazolium tetrafluoroborate (IL1) and IL3. The

main reason is presumed that the hydrophobic ionic

Fig. 5 Worn surface of ionic liquid films (a) IL1 on hydroxyl-

terminated Si; (b) IL2 on hydroxyl-terminated Si; (c) IL3 on

hydroxyl-terminated Si
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liquid flows more smoothly on substrate than the

hydrophilic ones.

(e) The tribological properties of coated Si surfaces are

mainly influenced by ionic liquids than by surface

treatment.
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