
Friction 11(3): 425–440 (2023) ISSN 2223-7690 
https://doi.org/10.1007/s40544-022-0614-9  CN 10-1237/TH 

RESEARCH ARTICLE  

 
 

Lubrication mechanism of a strong tribofilm by imidazolium 
ionic liquid 

 
Wei SONG1,2, Jie ZHANG1, Sophie CAMPEN1, Jincan YAN2,3, Hongbing JI2,4, Janet S. S. WONG1,* 
1 Department of Mechanical Engineering, Imperial College London, London SW7 2AZ, UK  
2 Fine Chemical Industry Research Institute, School of Chemistry, Sun Yat-sen University, Guangzhou 510275, China  
3 School of Chemical and Environmental Engineering, Shanghai Institute of Technology, Fengxian, Shanghai 201418, China 
4 School of Chemical Engineering, Guangdong University of Petrochemical Technology, Maoming 525000, China 

Received: 05 July 2021/ Revised: 01 October 2021 / Accepted: 03 March 2022 

© The author(s) 2022. 
 

Abstract: Friction modifiers (FMs) are surface-active additives added to base fluids to reduce friction between 

rubbing surfaces. Their effectiveness depends on their interactions with rubbing surfaces and may be mitigated 

by the choice of the base fluid. In this work, the performance of an imidazolium ionic liquid (ImIL) additive in 

polyethylene-glycol (PEG) and 1,4-butanediol for lubricating steel/steel and diamond-like-carbon/diamond-like 

carbon (DLC–DLC) contacts were investigated. ImIL-containing PEG reduces friction more effectively in 

steel–steel than DLC–DLC contacts. In contrast, adding ImIL in 1,4-butanediol results in an increase in friction 

in steel–steel contacts. Results from the Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and 

focused ion beam-transmission electron microscopy (FIB-TEM) reveal that a surface film is formed on steel 

during rubbing in ImIL-containing PEG. This film consists of two layers. The top layer is composed of 

amorphous carbon and are easily removed during rubbing. The bottom layer, which contains iron oxide and 

nitride compound, adheres strongly on the steel surface. This film maintains its effectiveness in a steel–steel 

contact even after ImIL additives are depleted. Such film is not observed in 1,4-butanediol where the adsorption 

of ImIL is hindered, as suggested by the quartz crystal microbalance (QCM) measurements. No benefit is 

observed when the base fluid on its own is sufficiently lubricious, as in the case of DLC surfaces.  

This work provides fundamental insights on how compatibilities among base fluid, FM, and rubbing surface 

affect the performance of IL as surface active additives. It reveals the structure of an ionic liquid (IL) surface 

film, which is effective and durable. The knowledge is useful for guiding future IL additive development. 
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1  Introduction 

Friction and wear are crucial for energy efficiency and 

durability of engineering components. They can be 

managed by using high-performance lubricants [1–3]. 

Friction modifiers (FMs) are additives commonly used 

in lubricants to reduce friction, especially when 

contact between rubbing surfaces is expected [4, 5]. In 

general, the effectiveness of an FM is partly influenced 

by its interaction with rubbing surfaces and the 

nature of its tribofilm [5]. FMs have been shown to 

adsorb on surfaces in many ways including electrostatic 

interaction, hydrogen bonding interaction, and 

coordination interaction. A tribofilm is formed 

subsequently during rubbing to effectively reduce 

friction [6–9]. 

Ionic liquids (ILs) are molten salts at room 

temperature. Some of their physiochemical properties, 

like low melting point, low volatility, and non- 

flammability [10, 11], are desirable for lubrication. As  
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they are charged in a solvent and often have favourable 

interactions with metal surfaces, they have been 

employed as novel FMs in many applications [12–15]. 

Among the reported ILs, imidazolium-based ILs 

have attracted the most research interest because of its 

flexibility in molecular design and ease of synthesis 

[11, 16]. Note that imidazolium-based ILs contain 

nitrogen, an active element that is widely believed to 

promote tribofilm formation [11]. 

The effectiveness of ILs might be reduced due to 

antagonistic effects between ILs and other additives 

in lubricants [17–19]. For example, the addition of 

polyisobutylene succinimide (PIBSI) in IL-containing 

lubricants can result in competitive adsorption on 

surfaces [20]. Considering potential interactions 

between IL FMs and base fluids, their compatibility 

should be examined. Also note that the interactions 

between FMs and rubbing surfaces govern the properties 

of tribofilms [21]. Therefore, it is important to 

investigate the compatibility between FMs and the 

tribo-pair surface. 

In this work, we seek to shed light on the following: 

1) Would a base fluid compete against an IL on 

surface adsorption? How does the interaction between 

an IL and a base oil affect the IL performance? 

2) Is the effectiveness of an IL additive surface- 

specific? 

The adsorption behavior of an IL was examined 

using the quartz crystal microbalance with dissipation 

monitoring (QCM-D). Rubbing tests were conducted 

using a sphere-on-flat reciprocating tribometer. The 

formation of tribofilms during rubbing was monitored 

by electrical contact resistance (ECR). Surface analysis 

was employed to investigate the chemical nature and 

morphology of the tribofilm.  

2 Materials 

The effectiveness of an imidazolium ionic liquid 

(ImIL) FMs was evaluated in two base fluids, 

polyethylene-glycol (PEG) and 1,4-butanediol, and 

two rubbing surfaces (steel and diamond-like-carbon 

(DLC)). PEG and 1,4-butanediol, with dielectric 

constants of 12.4 and 30.9 F/m, respectively [22], may 

interact differently with FMs and rubbing surface [23]. 

Steel and DLC have different chemical reactivity [24], 

thus resulting in different IL tribofilms. Chemical 

structures of ImIL, PEG, and 1,4-butanediol are shown 

in Fig. 1. 

1-methylimidazole (99%), (3-chloropropyl) trimetho-

xysilane (≥ 97%), anhydrous N,N-dimethylformamide 

(DMF, 99.8%), anhydrous diethyl ether (99.7%), PEG 

(number average molecular weight Mn = 400 g/mol, 

Fig. 1(b)), 1,4-butanediol (98%, Fig. 1(c)), and 

1,3-proponediol (98%, Fig. 1(d)) were purchased from 

Sigma-Aldrich, and used as received. The ImIL, as 

shown in Fig. 1(a), was synthesized according to 

Ref. [25], with details described in S1 in the Electronic 

Supplementary Material (ESM) (note that figures, 

tables, and sections with a prefix “S” are in the ESM). 
1H nuclear magnetic resonance (NMR) spectrum of the 

synthesized ImIL was obtained from a spectrometer 

(Jeol 400 MHz) using deuterated dimethyl sulfoxide 

(DMSO-d6) as the solvent and tetramethylsilane as 

the internal standard. High-resolution mass spectrum 

(MS) was acquired by the electrospray–time of flight 

(ES–TOF) mass spectrometer (LCT Premier, Waters 

Corporation) with positive mode. Both 1H NMR  

(Fig. S1-1 in the ESM) and MS (Fig. S1-2 in the ESM) 

spectra are in good agreement and confirm the 

molecular structure of ImIL. 

Test lubricants containing 5 wt% of ImIL were 

prepared. Their viscosities, as determined by a 

rheometer with a coaxial cone-plate geometry (DHR-1, 

TA instrument), remain relatively constant in the 

range of shear rates from 10 to 10,000 s−1. The 

viscosities of the base fluids with and without ImIL 

were similar (Fig. 2). 

Balls and disks for friction tests were made of AISI 

52100 steel and DLC-coated steel. They were provided 

by PCS instruments. Note that the thickness of DLC 

on steel was around 2 μm. Hence steel and DLC-coated 

steel are assumed to have the same mechanical 

properties, listed in Table 1. The diameter of balls 

 
Fig. 1 Chemical structures of (a) ImIL, (b) PEG400, (c) 1,4- 
butanediol, and (d) 1,3-propanediol. 
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Fig. 2 Viscosities of PEG and 1,4-butanediol with and without 
ImIL at different shear rates. 

Table 1 Mechanical properties of the test specimens. 

 Steel DLC-coated steel

Elastic modulus (GPa) 207 207 

Poisson’s ratio 0.3 0.3 

Vickers Hardness (HV) 800 800 

RMS surface roughness, Rq (nm) 16.8 23.2 

 

was 6 mm. The diameter and the thickness of disks 

were 10 and 3 mm, respectively. The samples were 

rinsed in toluene and ultra-sonicated for 30 min. They 

were then rinsed with isopropanol (IPA), followed by 

drying with compressed air before friction tests. 

3 Methods 

3.1 Tribological test 

Friction tests were conducted using a high-frequency 

reciprocating rig (HFRR; PCS Instruments), a 

ball-on-disk tribometer where a ball in reciprocating 

motion is pressed against a stationary disc. ECR, which 

measures the electrical resistance between the two 

rubbing surfaces and is an effective way to monitor 

tribofilm formation during friction [26], was recorded 

together with friction coefficients. All tests were 

conducted at 40 °C. The test conditions of different 

liquids were determined based on their viscosities,  

as shown in Table 2. Using Dowson and Hamrock’s 

equations [27], properties of steel (Table 1), and 

viscosities of test fluids (Fig. 2 and Table 2), the 

estimated average central film thicknesses of all tested 

fluids in conditions listed in Table 2 are around 30 nm. 

Hence, the ratios of lubricant film thickness h to 

surface roughness were about 1.2 for steel–steel and 

0.9 for DLC–DLC contacts, suggesting that tests were 

performed in a mixed to boundary lubrication 

regime [27], i.e., some asperity–asperity contacts are 

expected during rubbing. 

All tests were repeated 3 times. Results were 

reproducible. All samples were rinsed with IPA after 

tests for further examinations. 

3.2 Adsorption measurements 

Interactions between constituents of test lubricants 

and rubbing surfaces were investigated using the 

QCM-D (QSense Explorer, Biolin Scientific). Fe2O3-coated 

and amorphous carbon-coated quartz sensors, with  

a resonance frequency f of 5 MHz, were used to 

represent steel and DLC-coated steel surfaces. 

Tests were conducted in a flow cell where test 

solutions were allowed into the cell at a flow rate of 

0.48 mL/s at 40 °C. Before a QCM-D adsorption test, 

both the flow cell and the sensor were rinsed in IPA 

and ultra-sonicated for 30 min, and then dried using 

compressed air. In each test, the frequency shift 
1

f  

of the oscillating quartz sensor at its fundamental 

frequency and its odd overtone 
n

f  of n = 3 (15 MHz), 

5 (25 MHz), 7 (35 MHz), 9 (45 MHz), 11 (55 MHz), 

and 13 (65 MHz), were recorded. Note that a change 

in resonance frequency ∆f can be attributed to the  

Table 2 Viscosities and friction test conditions of different base fluids. 

Base fluid Density (g/cm3) Viscosity (mPa·s) Frequency (Hz) Stroke length (mm) Load (N)

PEG 1.108 43.403 100 1 7.92 

5 wt% ImIL-containing PEG 1.115 45.106 100 1 7.92 

1,4-butanediol 1.003 33.398 100 1 7.92 

5 wt% ImIL-containing 1,4-butanediol 1.013 33.429 100 1 7.92 

1,3-propanediol 1.040 22.045 120 1 7.92 

IL — 2,490 10 0.25 7.92 
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surface adsorption ∆fadsorption, liquid loading ∆fliquid loading, 

and liquid trapping ∆fliquid [28, 29]. The liquid loading 

effect on ∆f can be calculated and removed according 

to the reported method [28, 29]. Since the surfaces of 

QCM sensors are quite smooth (Ra = 0.70 nm), the 

effect of liquid trapping is assumed to be eligible. 

Note that the high viscosity of the base fluids can 

dampen the amplitudes of sensor oscillation, causing 

the sensor response to be noisy. For this reason, while 

results from all overtones were recorded, the discussion 

here will focus on 
n

f  of n = 3, i.e., 
3
.f  Same conclusion 

is reached for all .
n

f  Tests under each test condition 

were repeated at least twice, and the results were 

reproducible. 

To investigate the interaction between the base 

fluids and the sensor surfaces, aqueous solutions of 

base fluids were prepared. A baseline was firstly 

obtained by flowing de-ionised water into the flow 

cell. Once a stable baseline was achieved, aqueous 

solutions of base fluids with progressively higher 

concentrations were allowed into the flow cell. The  

flow cell was rinsed with water in between solutions 

of different concentrations. ∆f during rinsing indicates 

that the amount of base fluid molecules remained on 

the sensor surface due to the flow of the precedent 

solution. 

For the adsorption tests of IL-containing fluids, a 

baseline was firstly obtained with IPA. A neat base 

fluid was then pumped into the flow cell, followed 

by IL-containing base fluid. The cell was then rinsed 

with the neat base fluid. 

3.3 Surface characterizations 

The topography of worn surface was examined by a 

white light interferometer (Bruker, ContourGT-X 3d 

Optical Profiler). The height and lateral force images 

of wear tracks were obtained with an atomic force 

microscope (AFM; Bruker Multimode AFM with 

Nanoscope V controller) in contact mode. A triangular 

cantilever composed of non-conductive silicon nitride 

with a free resonant frequency of 23 kHz and a spring 

constant of 0.12 N/m was employed during the  

AFM test. 

Worn surfaces were examined by a Raman 

spectroscope with a 532 nm laser (WITec alpha300 

RA) and X-ray photoelectron spectroscopy (XPS; 

Thermo Fisher, K-Alpha spectrophotometer). A 

cross-section of the worn surface was obtained by the 

focused ion beam (FIB), and then observed with the 

transmission electron microscopy (TEM; Tecnai F20). 

A protective Pt layer was deposited on the wear track 

before the FIB process.  

4 Results and discussion 

4.1 Tribological performance of IL 

The friction coefficients of PEG with and without ImIL 

and their corresponding ECR in steel–steel contacts 

during friction tests are presented in Figs. 3(a) and 3(b), 

respectively. Results from an average of 3 tests are in 

Fig. S2 in the ESM. 

PEG gives a maximum friction coefficient μmax ≈ 0.12 

at time t ≈ 7 min. Its friction coefficient then decreases 

before reaching a stable value of μss ≈ 0.11 at t ≈ 28 min. 

The introduction of 1 wt% ImIL FM reduces μmax  

and μss by 17.6% (μmax ≈ 0.1) and 14.4% (μss ≈ 0.09), 

respectively. μss is maintained throughout the duration 

of the test (120 min). Increasing the concentration of 

ImIL to 5 wt% in PEG further reduces friction 

marginally, with μmax ≈ 0.09 and μss ≈ 0.083. The ECR 

results show that when ImIL is added, the establishment 

of a stable low friction roughly coincides with the 

formation of a tribofilm. An ECR of 83% at t = 22 min 

and 95% at t = 19 min are recorded for 1 wt% and    

 

Fig. 3 (a) Friction coefficients, (b) ECR, and (c–f) optical images 
of wear scars on steel discs formed in PEG with and without IL 
on steel–steel contacts after rubbing for 120 min. The results of 
neat IL are included for references. 
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5 wt% ImIL, respectively. It can be concluded that a 

higher concentration of ImIL leads to a more effective 

film in separating the rubbing surfaces formed in a 

shorter time. 

The tribofilm formed in ImIL-containing PEG 

protects steel rubbing surface from wear, as evident 

by its narrower and shallower wear scars on rubbed 

steel discs (Figs. 3(c)–3(f) and Fig. 4). The two ends of 

the wear track suffer the most wear since the speed at 

those position is 0. Note that the profiles of wear scars 

orthogonal to the rubbing direction appear higher 

than those of the unworn surfaces (Figs. 4(b) vs. 4(c)). 

This supports the formation of tribofilm. The chemistry 

of the tribofilm is discussed later. 

The integrity of the tribofilm was explored using  

5 wt% ImIL-containing PEG. With μss ≈ 0.083, the test 

lubricant was exchanged to neat PEG at t = 120 min 

(Figs. 3(a) and 3(b)). Despite no ImIL in neat PEG, μss 

remains the same for another 120 min. This shows 

that once the tribofilm is formed, its effectiveness is 

maintained even after ImIL additives were depleted 

from the bulk lubricant. This suggests that this tribofilm 

adheres strongly on the steel surface and maintains 

its integrity under shear even after ImIL is depleted. 

It can reduce friction effectively for a prolong period. 

While μss is constant, ECR decreases from above 90% 

to 68% as ImIL additives are depleted (Fig. 3(b)). This 

suggests that the tribofilm might have a bilayer 

structure, with the top layer being removed easily 

during rubbing and contributes little to reducing 

friction. The bottom layer of the tribofilm adheres 

strongly to the rubbing surface and reduces friction. 

When neat ImIL is employed as a lubricant, the 

friction coefficient is very high initially, which falls 

slowly until reaching a plateau of μss ≈ 0.1 at t ≈ 38 

min (Fig. 3). At the same time, an ECR value signifies 

the formation of tribofilm. However, there are 

considerable fluctuations in the ECR signal, with its 

maximum reaching around 60%, before dropping to 

0% by the end of the test. It results in a very wide scar 

with deep scratches (Fig. 3(d)). The reason for the 

poor performance of neat ImIL might be due to the 

corrosion effect of Cl− at high concentration [30]. This 

shows that ImIL works better as an FM additive in 

 

Fig. 4 Profiles of wear scars on steel discs lubricated by (a) neat PEG, (b) 1 wt% ImIL-containing PEG, and (c) 5 wt% ImIL-
containing PEG. 
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PEG than as a neat base fluid. This implies that PEG 

modifies the interaction between the IL and steel. 

5 wt% ImIL in PEG forms a tribofilm readily on 

DLC, with ECR above 90% almost immediately   

(Fig. 5(b)). However, this only reduces friction (Fig. 5(a) 

and Fig. S2(c) in the ESM) and wear on DLC marginally 

as compared to neat PEG (Figs. 6(a) and 6(b) and  

Fig. S2(c) in the ESM). This is probably because neat 

PEG lubricates DLC–DLC contacts well, resulting in 

low μss and little wear in the first place. Interferometric 

images and profiles of the wear scar, as shown in   

Fig. S3 in the ESM, do not show an obvious tribofilm, 

suggesting that the tribofilm may be very thin if it 

exists. 

While ImIL in PEG is effective in lubricating 

steel–steel contacts, ImIL in 1,4-butanediol does not 

give a beneficial effect. Adding ImIL into 1,4-butanediol 

gives a lower initial friction coefficient which increases 

and eventually results in μss higher than that in  

neat 1,4-butanediol (Fig. 5(c)). The high friction is 

accompanied by a failure to form a stable tribofilm, 

as suggested by Fig. 5(d). This results in more severe 

wear than that observed with neat 1.4-butanediol 

(Figs. 6(c) and 6(d) and Figs. S3(c) and S3(d) in    

the ESM). Similar results are also observed with 

1,3-propanediol (Figs. S4-1 and S4-2 in the ESM). The 

results show that ImIL is not an effective FM in diol. 

4.2 Surface adsorption of IL  

Adsorption of ImIL on Fe2O3 and amorphous carbon 

 

Fig. 5 Friction coefficients and ECR of (a, b) PEG with and without ImIL in DLC–DLC contacts and (c, d) 1,4-butanediol with and 
without ImIL in steel–steel contacts.  

 

Fig. 6 Optical images showing wear scars formed in (a) neat PEG on a DLC-coated disc, (b) 5 wt% ImIL in PEG on a DLC-coated disc, 
(c) neat 1,4-butanediol on a steel disc, and (d) 5 wt% ImIL in 1,4-butanediol on a steel disc. 
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surfaces were examined with QCM-D (Fig. 7). Note 

that 
3

f  during the flow of ImIL solutions are 

corrected with liquid loading effect. i.e., the difference 

in 
3

f  observed during the flow of neat base oils 

and during the flow of ImIL solutions is due to the 

adsorption of ImIL. 

The introduction of base fluids into the flow cell 

results in a large 
3

f  (> 2,000 Hz). When the base 

fluid is replaced with a lubricant containing 5 wt% 

ImIL, 
3

f  drops slightly further. This is attributed 

to ImIL adsorption. Similar 
3

f  drop (~40 Hz) due to 

the introduction of 5 wt% ImIL are observed on Fe2O3 

(Fig. 7(a)) and carbon surfaces (Fig. 7(b)), indicating 

similar amount of adsorbed ImIL on these surfaces 

in PEG. In contrast, a smaller 
3

f  drop of ~20 Hz is 

detected when 1,4-butanediol is used as the base 

fluid (Fig. 7(c)). Using the Sauerbrey equation and a 

molecular weight of 280.5 g/mol, the surface number 

densities of ImIL on steel in PEG and 1,4-butanediol 

are 5.06 and 2.53 molecules/nm2, respectively. Assuming 

that all the adsorbed ImIL interacts with the surface 

directly, and that the length of an ImIL molecule is 

about 1–2 nm, ImIL may have adopted an upright or 

tilted conformation in PEG on steel surface. This is 

supported by molecular dynamics simulation which 

suggests that ImIL absorbs on to a steel surface 

through the Si–O side of the molecules (Fig. S5 in  

the ESM). 

Why is the amount of adsorbed ImIL on Fe2O3 

surface lower in 1,4-butanediol than that in PEG? One 

possibility would be that base fluids compete with 

ImIL for surface adsorption. Note that 1,4-butanediol 

and PEG have similar viscosity but different polarity. 

To investigate this, the adsorption of PEG and 

1,4-butanediol in aqueous solutions on Fe2O3 surface 

was examined, as shown in Fig. 8. Numbers in  

Fig. 8 show the concentrations of base fluids in these 

aqueous solutions that the sensor was exposed  

 

Fig. 7 Introduction of 5 wt% ImIL affects the frequency shift observed in a QCM-D experiment. (i) 3f  obtained of the whole flow 
experiment, (ii) 3f  focusing around time ImIL is introduced. Baseline zero is established with IPA. 3f  during the flow of ImIL solutions
are corrected with liquid loading effect. BD in (c) represents 1,4 butanediol. The fluid that the crystal was exposed to is stated in Fig. 7.
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to at a particular period. The period in between is a 

rinse step by water whose 
3

f  shows the amount of 

base fluid molecules remained on the sensor surface 

during rinsing. 

The adsorption of PEG and 1,4-butanediol on a 

Fe2O3 coated sensor results in a maximum 
3

f  shift 

during water rinsing of ~26 and ~10 Hz, respectively. 

Using the Sauerbrey equation, this corresponds to an 

adsorbed mass of 153.4 and 59 ng/cm2, i.e., a surface 

number density of 2.31 PEG molecules/nm2 and 3.91 

1,4-butanediol molecules/nm2, respectively. These 

results show that 1,4-butanediol adsorbs relatively 

strongly on Fe2O3. As a result, ImIL may not be able 

to displace the adsorbed 1,4-butanediol effectively, 

resulting in reduced ImIL adsorption on steel in 

1,4-butanediol, as shown in Fig. 7(c). This may explain 

the poor performance of ImIL in 1,4-butanediol in 

steel–steel contacts. Together with the friction and 

wear results in Section 4.1, the combination of base 

fluids and surfaces that allows a stronger ImIL 

adsorption gives lower friction and surface wear. 

4.3 Chemistry of the IL tribofilms 

To examine the chemistry of ImIL tribofilm, Raman 

spectra of wear tracks were obtained, as shown in  

Fig. 9. Compared to the spectrum of a clean steel disc 

before friction test (“A”), the spectrum of the wear 

track lubricated with neat PEG (“B”) displays two 

distinctive peaks at 663 and 1,327 cm−1, which are 

assigned to iron nitride/iron oxides and amorphous 

carbon, respectively [31–35]. Note that the intensity 

ratio of carbon to iron nitride/iron oxides (IC/IFe) was  

 
Fig. 9 Raman spectra on steel surfaces: (A) fresh steel surface 
before friction test and wear track lubricated with (B) PEG, 
(C) 5 wt% ImIL in PEG, (D) 5 wt% ImIL in PEG followed by neat 
PEG, (E) 1,4-butanediol, and (F) 5 wt% IL in 1,4-butanediol.  
(b) Raman spectra on DLC surfaces lubricated with (G) PEG and 
(H) 5 wt% ImIL in PEG. 

 

Fig. 8 3f  of a Fe2O3-coated sensor due to: (a, c) the flow of aqueous solutions of PEG and (b, d) aqueous solution of 1,4-butanediol. 
“5”, “10”, “30”, “50”, and “100” in Fig. 8 denote the concentrations of a base fluid (in wt%) in water. The baselines were obtained from 
water. The cell was rinsed with water between the flow of different aqueous solutions. Note that (c, d) are the magnified view of the
area highlighted by Rectangles in (a, b).  
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greater than 1, indicating that the tribofilm contains a 

significant amount of carbon. The Raman spectrum 

obtained on the wear scar formed in 5 wt% ImIL in 

PEG (“C”) also shows these two peaks but its IC/IFe is 

less than 1. This shows that the introduction of ImIL 

favors (1) the formation of iron nitride or iron oxides 

or (2) the removal of amorphous carbon. This suggests 

that an increased iron nitride/iron oxide content or  

a reduced amorphous carbon content of a tribofilm 

contributes to an improvement on the tribological 

performance of a lubricant [36–39]. 

The Raman spectrum of the wear track exposed to 

first 5 wt% IL in PEG followed by neat PEG (“D”) 

shows a lower IC/IFe than the one using only 5 wt% IL 

in PEG. Together with the result obtained with ECR 

shown in Fig. 3(b), this supports that the tribofilm 

formed in ImIL-containing PEG has a bilayer structure. 

The top of the tribofilm has more amorphous carbon. 

This carbon-rich top layer is removed when the 

tribofilm is rubbed in neat PEG, exposing the bottom 

layer, which remains intact throughout the rubbing 

test. It is this bottom layer that gives rise to low 

friction. 

Raman spectra obtained from wear tracks lubricated 

with 1,4-butanediol with and without 5 wt% ImIL are 

similar to those lubricated with neat PEG, with IC/IFe 

greater than 1. This indicates that the tribofilms 

formed by 1,4-butanediol with and without 5 wt% 

ImIL on steel surfaces, if exist, are carbon rich. One 

may argue that the use of 5 wt% ImIL in 1,4-butanediol 

(“F”) gives a slightly higher IC/IFe than that using neat 

1,4-butanediol (“E”). As a carbon-rich film does not 

seem to offer protection, our result here is consistent 

with the observations that the use of ImIL in 

1,4-butanediol results in worse tribological performance. 

Raman spectra of DLC wear tracks lubricated with 

and without ImIL in PEG (“H” and “G” in Fig. 9(b)) 

are mostly featureless, manifesting that no or limited 

tribofilm formation. This might be related with the 

chemical inertness of the carbon [24, 40].  

4.4 Chemical analysis of ImIL tribofilms formed 

in PEG on steel 

Since the tribofilm formed on steel by ImIL in PEG 

offers good tribological performance, its chemistry is 

further investigated with XPS, FIB-TEM, and AFM. 

4.4.1 XPS 

XPS spectra obtained from steel wear tracks formed 

in neat PEG, 5 wt% ImIL in PEG, and ImIL-depleted 

PEG (rubbed in 5wt% ImIL in PEG for 2 h, followed 

by neat PEG for another 2 h) are shown in Fig. 10. 

The C 1s spectra (Fig. 10(a)) exhibit three distinctive 

peaks at 283.0, 284.8, and 288.4 eV, which are ascribed 

to Fe–C bond from steel, C–C/C–H bond, and C–O 

bond, respectively [41, 42]. Note that the spectrum of 

the wear scar formed in PEG presents the strongest 

C–O peak, followed by that in 5 wt% ImIL in PEG, 

and then that in ImIL-depleted PEG. Recall that based 

on the results from QCM-D (Section 4.2), both PEG 

and ImIL interact with steel, forming an adsorbed 

layer. If the Si–O bond in ImIL is hydrolyzed during 

friction, ImIL may form a chemically-bonded film on 

surface [43] (Fig. 10(e)). As a result, adsorbed PEG on 

the surface is replaced, reducing the amount of C–O 

on the surface. This film is likely to be very thin. 

 

Fig. 10 (a–d) XPS spectra of the wear tracks on steel surface 
lubricated by PEG, 5 wt% ImIL in PEG, and ImIL-depleted PEG; 
(e) schematics showing one possible arrangement of ImIL anchored 
on a steel surface. 
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The O 1s spectra (Fig. 10(b)) show peaks at 530.1 and 

531.9 eV, which are related with iron oxide and other 

possible components including C–O and C=O [44]. 

Note that the intensities of the peak at 531.9 eV in the 

spectra of wear scars formed in 5 wt% ImIL in PEG 

and ImIL-depleted PEG are lower than that of neat 

PEG, indicating the removal of C–O and C=O relating 

compound. This observation is consistent with smaller 

C–O peaks at 288.4 eV in their C 1s spectra.  

In their Fe 2p spectra (Fig. 10(c)), the peaks at 710.9 

and 724.5 eV can be assigned to Fe 2p3/2 and Fe 2p1/2 

in iron nitride/iron oxides, while the peaks at 706.8 

and 720.0 eV to Fe 2p3/2 and Fe 2p1/2 of Fe [17, 42, 45]. 

Their N 1s spectra, although weak, show a broad 

peak around 398–402 eV, which can be contributed 

to imidazolium ring, nitrogen oxide, and/or Fe(NO2) 

compound [37, 45]. Our results suggest that the 

tribofilm formed in ImIL-containing PEG consists of 

iron oxide/iron nitride and nitride compound.  

The C 1s spectra of wear tracks formed in 

1,4-butanediol with and without ImIL show no 

notable difference in their C–O peaks (Fig. S6(a) in 

the ESM). This is consistent with the QCM-D results, 

showing that ImIL only have limited adsorption on 

steel in 1,4-butandiol. Note that ImIL may react with 

1,4-butanediol due to alcoholysis reaction [46, 47]. 

This may also further reduce the amount of adsorbed 

ImIL on steel. The resulting tribofilm, if exists, is very 

thin and offers no protection to steel (Section 4.1).  

4.4.2 FIB-TEM 

The tribofilm on the wear track formed in 5 wt% 

ImIL in PEG was examined with the FIB-TEM. It was 

sectioned and observed on the y–z plane, as shown in 

Fig. 11(a). A tribofilm is clearly identified (Fig. 11(b)). 

It has a two-layer structure (Figs. 11(c) and 11(d)), a 

top amorphous carbon layer and a tribo-boundary 

film. The EDS-element profiles, scanning from the 

carbon layer to the underlying steel, show that the 

tribo-boundary film is about 10–20 nm thick and 

contains O, Fe, N, and Si (Fig. 11(f)). The existence of 

N confirms that the tribo-boundary film is IL-related. 

This also indicates the presence of iron oxide and 

nitride compound [17, 37] and supports the observations 

by XPS. These compounds bond strongly to the surface, 

and can reduce friction and wear effectively [37, 48]. A 

bilayer tribofilm has been reported in other IL FMs [17], 

and the thickness of our tribo-boundary film is 

consistent with the observations from the literature 

[45]. Note that the materials underneath the tribofilm, 

which mainly consists of Fe and O, are ordered and 

aligned to sliding direction (Fig. 11(e)). This may stem 

from lattice plane rearrangement under shear and 

may reduce friction [49–51].  

4.4.3 AFM 

The morphology of the tribofilm formed on steel in  

5 wt% ImIL in PEG was examined with AFM in 

contact mode (Fig. 12). The height images (Figs. 12(a)  

 

Fig. 11 Results from FIB-TEM of a wear track on steel lubricated by 5 wt% ImIL in PEG: (a) optical micrograph of a wear track on the
x–y plane showing the location where FIB-TEM was performed (rectangle). (b–e) TEM micrographs at various magnifications taken on 
the y–z plane and (f) EDS element profiles along the red arrow in (c). The double-arrow line indicates the location of the boundary film.
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and 12(b)) and the cross-section profile (Fig. 12(c)) of 

the wear track show that the centre of the wear track 

appears 20–40 nm higher than that of the unrubbed 

area. This is consistent with the profile obtained using 

white light interferometer (Fig. 4(c)) and the boundary 

film thickness obtained in FIB-TEM (Fig. 11(f)). Note 

that the IL tribofilm consists of irregular islands  

(Fig. 12(b)), as observed in the previous reports [52, 53]. 

The adhesion between the AFM tip and the ImIL 

tribofilm was assessed by measuring the pull-off force 

necessary to separate the tip from the film after its 

approach. 100 locations were examined both inside 

and outside the wear track. The distributions of their 

pull-off forces are shown in Fig. 12(d). A lower pull-off 

force is obtained inside the wear track, indicating 

that a lower adhesion force between the AFM tip and 

the tribofilm. This supports that the ImIL tribofilm 

formed on steel in PEG can lead to low friction. 

4.5 Proposed IL working mechanism 

A summary of the observations is listed in Table 3. 

The effectiveness of ImIL FM depends on the choice 

of base fluids and rubbing surfaces. Our results 

support that ImIL gives an effective and resilient 

tribofilm on steel in PEG. 

The lubricating mechanism of the 5 wt% ImIL in 

PEG on steel is proposed. Both base fluids (PEG and 

1,4-butandiol) can adsorb on the steel surface, as 

confirmed by the QCM-D results. In PEG, ImIL can 

adsorb on steel. It is possible that rubbing further 

promotes its adsorption. Increased surface concentration 

of ImIL may allow them to form a brush structure [43, 

54]. This forms the initial tribo-boundary film which 

continues to grow until a steady state thickness is 

reached. Once the tribofilm is formed, it reduces 

friction effectively even when ImIL is depleted from 

the lubricant. This tribofilm is tens of nanometer 

thick. It has an island-like morphology and low 

adhesion, and hence low friction against rubbing. It 

is likely that it consists of two layers. The top layer 

contains more carbon than the bottom layer. It can be 

removed if ImIL is depleted in the lubricant and 

contributes little to friction reduction. In contrast, the 

bottom layer is mainly composed of iron oxide/iron 

nitride and nitride compound, and adheres strongly 

on the steel surface to reduce friction effectively. 

Note that the adsorbed ImIL film is much thinner 

than and is of a different chemistry to the tribofilm 

formed during rubbing. However, the adsorbed film is 

likely to be important for the subsequent formation of 

 

Fig. 12 Height images of the wear track on steel surface lubricated with 5 wt% ImIL in PEG with the scanning sizes of (a) 150 μm 
and (b) 10 μm. (c) Height profile along the white line in (a). (d) Pull-off forces obtained inside and outside wear track. 
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the tribofilm. This is supported by the results obtained 

with ImIL in 1,4-butanediol, where low ImIL adsorption 

on steel links to poor wear performance. 

5 Conclusions 

An imidazolium ionic liquid (ImIL) was synthesized 

and employed as a friction modifier (FM). The 

compatibility of this FM with different base fluids 

(PEG and 1,4-butanediol) on different surfaces (steel 

and DLC) was investigated. ImIL is an effective FM  

in PEG for a steel–steel contact but offers little benefit 

in a DLC–DLC contact. The effectiveness of ImIL in 

PEG on steel surface can be attributed to the tribofilm 

that forms during rubbing. The tribofilm has a 

two-layer structure. The top layer can be easily 

removed during the rubbing, while the bottom layer, 

which is composed of iron oxide/iron nitride and 

nitride compound, adheres strongly on the steel 

rubbing surfaces. 

DLC surface is hard and can be lubricated by neat 

PEG well. It is also chemically inert, so ImIL cannot 

adsorb and form a tribofilm. ImIL in 1,4-butanediol 

performs poorly in steel–steel contacts. QCM results  

Table 3 Summary on friction test results and surface analysis on steel surfaces—PEG and 1,4-butanediol with and without IL. 

 
PEG 5 wt% IL in PEG 

IL-depleted 
PEG 

1,4-butanediol 
5 wt% IL in 

1,4-butanediol

0.11 0.083 0.083 0.09 0.11 
Friction coefficient 

ImIL is an effective FM in PEG but not in 1,4-butanediol. 

60% 95% 68% 50% 0% 

ECR IL-depleted PEG exhibits a stable higher ECR than neat PEG, but lower than IL-containing 
PEG, indicating a bilayer structure of tribofilm. Adding ImIL in 1,4-butanediol cannot 
contribute to tribofilm formation. 

150.91 123.00 118.72 178.65 450.94 

Wear track width (µm) ImIL forms rough film (tens of nanometer thick) and offers some wear protection in PEG. 
ImIL in 1,4-butanediol offers no wear protection. 

— 5.06 — — 2.53 
ImIL in base fluids: based 
on Δf during adsorption ImIL has a stronger affinity to steel in PEG than in butanediol. Adsorbed ImIL are 

removed during rinsing. 

2.31 — — 3.94 — 

QCM 
(surface 
number 

density, nm2) Base fluids: based on Δf 
during rinsing in water Both base fluids adsorb on steel, with 1,4-butanediol having a stronger affinity. 

> 1 < 1 << 1 > 1 > 1 

Raman IC/IFe Tribofilm by ImIL in PEG consists of two layers. The top layer is carbon rich and is easily 
to be removed, while the bottom is iron oxide or iron nitride rich. Tribofilm by ImIL in 
1,4 butanol, if exists, is carbon rich. 

High C–O
Low C–O and weak 

N signal 
Very low C–O High C–O High C–O 

XPS ImIL replaces the adsorbed PEG on steel under rubbing. The bottom layer may have more 
ImIL than the top layer. No change in the interaction between 1,4-butanediol and steel 
with the addition of ImIL. 

— 
Tribofilm with bilayer 

structure observed 
— — — 

FIB-TEM 

The top of the film is carbon rich, while the bottom is iron oxide/iron nitride rich. 

— 
Islands with low 
adhesion force 

— — — 

AFM 
Island-like tribofilm (tens of nm thick) is observed and possesses low adhesion, suggesting 
that it has low friction. 
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suggest that in this case, ImIL does not have strong 

affinity to steel. This may stem from its inability to 

displace 1,4-butanediol adsorbed on steel. ImIL and 

1,4-butanediol may also interact in the bulk solution. 

While it is intuitive that the interaction between the 

surface and the additive is crucial to the performance 

of a surface-active additive such as ImIL FM, the study 

shows that the role of base fluid cannot be overlooked. 

Base oil can alter the performance of additive by 

(1) competitive adsorption or (2) interacting with 

the additive in the solution. Both factors must be 

considered, on top of the compatibility between the 

surface and the additive, to ensure an appropriate 

selection of lubricant. 
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