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Abstract: We prepared a graphene/ionic liquid (G/IL) composite material by the hybridization of G and 

an IL for use as a lubricating oil additive. The friction coefficient and wear volume of a base oil containing 

0.04 wt% of the G/IL composite was reduced by 45% and 90%, respectively. Furthermore, the base oil 

containing the G/IL composite exhibited better lubricating properties than the base oil containing G, IL, or 

a mixture of IL and G at the same mass fraction. A synergistic lubrication mechanism was also revealed. 

The G/IL composite was adsorbed and deposited on the wear surface, forming a more ordered protective 

film and a unique tribochemical reaction film during rubbing. Therefore, the G/IL composite exhibited the 

synergistic lubricating effects of G and IL, which significantly improved the lubricating performance of 

the base oil. This study also suggested a way to limit the out-of-plane puckering of G at the macroscale.  
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1  Introduction 

Excessive wear directly degrades the stability, 

safety, and reliability of mechanical equipment [1]. 

The use of lubricants is an effective method of 

controlling friction and wear in mechanical equipment. 

Various additives (e.g., zinc dialkyldithiophosphate 

and metallo-organic compounds) are used to improve 

the lubricating performance of lubricants to meet the 

stricter requirements of modern industry. However, 

these additives contain toxic substances such as sulfur 

and phosphorus, which can seriously affect the 

environment. Green additives such as molybdenum 

disulfide (MoS2) and nanocarbon materials are 

increasingly being developed [2−5].  

Graphene (G) is a type of 2D material with a 

hexagonal honeycomb 2D grid structure; it consists 

of single-layer carbon atoms exhibiting sp2 hybri- 

dization. Monolayer G is currently the thinnest 

nanomaterial [6]. Owing to its excellent electrical 

and optical properties, atomic thickness, good 

mechanical properties, and layered structure with 

low shear strength, G can be used in a wide range 

of applications, such as solar cells, supercapacitors, 

catalysts, sensors, and lubricants [7−10]. For use in 

various nano- or micro-scale systems with complex 

working conditions, G outperforms traditional lubri- 

cating materials [11, 12]. However, it is difficult to 

disperse G stably in a lubricating medium because of 

its chemical inertness, which significantly affects 

its tribological performance. In 2001, Ye et al. [13] 

used an ionic liquid (IL) as a lubricant for various 
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friction pairs for the first time and revealed its 

excellent antifriction performance and broad 

application prospects. The use of ILs as oil- or 

water-based lubricants has been studied [14]. ILs 

have a wider application range than traditional 

solvents owing to their thermal stability, chemical 

stability, non-flammability, and inherent polarity [15]. 

More recently, the functional combination of an IL 

and G has become important for the development of 

hybrid nanomaterials with synergistic characteristics 

for use as lubricating additives [16, 17]. Zhou et al. 

[18] dispersed G in a polymerized imidazole IL 

through noncovalent π−π interaction and suggested 

that hybrid G/IL additives have excellent potential 

for application. More research has shown that G 

functionalized by an IL may be highly suitable for 

application as a lubricating additive [19−22]. 

The out-of-plane puckering mechanism of G has 

been studied experimentally on the nanoscale 

using atomic force microscopy tips and G sheets 

[23−25]. Li et al. [26] revealed that the friction of 

2D materials such as G increases monotonously 

with decreasing number of layers on a weakly 

bonded substrate owing to the elastic deformation 

and puckering of the material. Smolyanitsky et al. 

[27] performed a Brownian dynamics simulation 

and found that the relaxation and surface compliance 

of samples affected the friction of few-layer G. Zheng 

et al. [28, 29] revealed the energy barrier and friction 

source of G in both commensurate and incommen- 

surate friction at the atomic scale. These studies 

showed that the adsorption and wrinkle deformation 

of G at the interface has an important effect on its 

surface friction reduction performance. In addition, 

the studies have shown that the surface energy of 

the IL, which is close to that of G, can effectively 

reduce the stacking effect caused by van der Waals 

forces. On the basis of these studies, we proposed  

that the IL may limit the out-of-plane puckering 

effect, which could enhance the lubricating 

properties of G. We prepared a G/IL composite 

material by liquid-phase ultrasound-assisted methods 

and investigated its microstructural characteristics 

and tribological performance as an additive. 

2  Experimental section 

2.1  Material preparation  

The G used in this study was produced by Tsinglube 

Technologies Co., Ltd. (Liuzhou). The IL (purity: 

99%) was purchased from the Lanzhou Institute of 

Chemical Physics, Chinese Academy of Sciences 

(Lanzhou). Its main physical and chemical properties 

are shown in Table 1. PAO6 base oil was purchased 

from Beijing Sunright Trade Co., Ltd. (Beijing). 

Petroleum ether and absolute ethanol were purchased 

for use as analytical reagents from Chengdu Chron 

Chemicals Co., Ltd. (Chengdu) and used as received. 

2.2  Experimental procedure 

The G/IL composite material was prepared by 

adding G and IL to absolute ethanol at a mass ratio 

of 3:1. The mixture was stirred uniformly by a 

magnetic stirrer (Changzhou) for 1 h at 1,200 rpm 

and room temperature. Then the mixture was 

ultrasonically dispersed for 3 h in an ultrasonic 

cleaner (Skymen Cleaning Equipment Shenzhen 

Co., Ltd., Shenzhen). The product, a somewhat 

viscous black G/IL composite, was obtained using a 

vacuum drying oven (Wuxi Marit Technology Co., 

Ltd., Wuxi, China) and dried at 70 ℃ for further use. 

Scanning electron microscopy (SEM, Quanta 200 

FEG, FEI, the Netherlands) equipped with energy 

dispersive spectrometer (EDS) was used to 

characterize the morphology and microstructure of 

Table 1  Main physical and chemical properties of IL used in this study. 

IL Basic information 

Chemical formula Molecular 
formula 

Density (g/cm3) Viscosity (cp) Decomposition 
temperature ( )℃  N-butyl  

pyridinium 
tetrafluoroborate C9H14BF4N 1.21 160 342 
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the samples. The interlayer distance was charac- 

terized by X-ray diffraction (XRD, Rigaku, Japan) 

using Cu Kα radiation in a 2θ range of 5°−60°. The 

characteristic peaks of the nanoparticles were 

obtained in a range of 1,000−3,000 cm−1 by Raman 

spectroscopy (Raman, Horiba JobinYvon, France) 

using 532 nm laser excitation. The elemental 

compositions and ratios of the nanoparticles were 

determined by X-ray photoelectron spectroscopy 

(XPS, PHI Quantera II, Ulvac-Phi Inc., Japan) using Al 

Kα radiation and a C 1s binding energy of 284.8 eV. 

The tribological properties of pure PAO6 and 

PAO6 containing G, the IL, a mixture of G and the 

IL (IL+G), or the G/IL composite were measured 

using an optimal SRV-4 high-temperature tribotester. 

A steel ball (diameter: 10.3 mm, GCr15) was pressed 

onto a fixed steel disc (24 mm × 7.88 mm, GCr15) to 

obtain steel/steel point contact. After 0.1 mL of a 

lubricant was applied to the ball–disc contact area, 

the steel ball was driven in a friction test with a 

stroke of 1 mm (load: 25 N, frequency: 25 Hz) for 

20 min. The steel disc was processed uniformly by 

mechanical polishing to eliminate the effects of 

surface roughness. The steel balls and steel disc 

were ultrasonically cleaned with petroleum ether and 

absolute ethanol before the friction experiments [30]. 

All the experiments were performed at a temperature 

of 25±1 ℃ and relative humidity of 60%−70%. At 

least two tribological tests were performed to  

eliminate the effects of accidental errors, and the 

average values were obtained. The steel disc was 

cleaned after each test using petroleum ether and 

ethanol in sequence until the remaining lubricant 

on the surface was removed to avoid interference 

with the experimental results. A 3D white-light 

interferometer (Nexview, ZYGO, Lambda, USA) 

was used to investigate the morphological features 

and wear volume of the wear surfaces on the steel 

disc [31]. The rubbing surfaces and the protective 

film formed on the wear scars were observed using 

Raman spectroscopy and XPS. 

3  Results and discussion 

3.1  Characterization of G/IL composite material  

SEM is a powerful tool for characterizing the 

morphology and structure of carbon materials. SEM 

images of the G and G/IL composite are shown in 

Figs. 1(a) and 1(b), respectively. The G/IL composite 

has a layered structure similar to that of G. Both 

materials have a relatively complete graphite-like 

structure with obvious stacking. In addition, Figs. 1(c) 

and 1(d) showed that the G contained only C and O, 

whereas the G/IL composite contained not only C 

and O but also F. 

The microstructures of the G and G/IL composite 

were characterized using Raman spectroscopy, XRD, 

 
Fig. 1  SEM images of (a) G and (b) G/IL composite and EDS analysis of (c) G and (d) G/IL composite. 
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Fig. 2  (a) Raman spectra, (b) XRD patterns, and (c) full and C 1s XPS spectra of G and G/IL composite. 

and XPS. Figure 2(a) shows the Raman spectra of 

the samples. The G/IL composite and G had clear 

D, G, and 2D peaks at approximately 1,350, 1,580, 

and 2,700 cm−1, respectively. The D peak indicates 

the presence of defects and disorder in carbon- 

based materials. The G peak results from the 

Brillouin/optical zone center vibrations with E2g 

symmetry, which are associated with the regular 

sp2 carbon skeleton. The G peak is often used to 

measure the degree of crystallization of graphite- 

based materials. The position of the 2D peak and 

the intensity ratio of the G peak to the 2D peak 

(IG/I2D) indicate the number of layers in carbon- 

based materials [32]. A single layer is present 

when IG/I2D < 0.7, and a double layer is present 

when IG/I2D is between 0.7 and 1.0. When IG/I2D > 

1.0, a multilayer is generated [33]. The G peak is 

significantly more intense than the 2D peak, 

indicating that both materials are multilayered. 

The intensity ratio of the D peak to the G peak 

(ID/IG) can be used to evaluate the defect density 

of carbon-based materials. The ID/IG ratios of the 

G/IL composite and G were 0.189 and 0.268, 

respectively, indicating that the G had slightly 

fewer defects after hybridization. The G/IL 

composite exhibited clear diffraction peaks at a 

wavelength of approximately 2950 cm−1, which 

can be attributed to the methylene CH2 of the 

pyridine ring and carbon chain of the IL. This 

result indicated that the IL was successfully 

grafted onto the G surface.   

As shown in Fig. 2(b), strong (002) diffraction 

peaks appeares only at 2θ = 26° in the XRD 

patterns of the G and G/IL composite. According 

to the Bragg equation [34]:  

 2dsinθ = nλ (1) 

where n = 1, λ = 1.54184 Å (1 Å = 0.1 nm), and the 

corresponding interlayer distance d is 0.34 nm. No 

other strong diffraction peaks were detected, indicating 

that oxygen-containing functional groups were not 

introduced into either material by functionalization.  

Figure 2(c) shows the full spectra and C 1s spectra 

of the G/IL composite and G. Peak fitting of the XPS 

spectra was performed using a Gaussian–Lorentzian 

function after Shirley background correction was 

applied [32]. The C 1s spectrum of G was fitted to 

three Gaussian peaks at binding energies of 283.4, 

284.7, and 289.1 eV, which correspond to the carbon 

skeleton (C=C/C–C), methylene (CH2), and carboxyl 

(O=C–OH), respectively. The C 1s spectrum of the 

G/IL composite was fitted to four Gaussian peaks at 

284.1, 285, 285.8, and 292.5 eV, which correspond to 

C=C/C–C, CH2, C–N, and C–F, respectively [35]. This 

result indicates the successful preparation of the 

G/IL composite.  

3.2  Dispersion of G/IL composite material 

The dispersion stability of the G/IL composite 

and IL+G mixture in the PAO6 base oil was 

observed (Fig. 3). After 6 h, the two samples had a 

similar appearance, and no obvious precipitation 

had occurred. After 12 h, the bottom of the PAO6 

base oil mixed with G and the IL began to settle, 

and the central part was transparent, whereas the 

G/IL composite was well-dispersed. After 24 h, the 

sample containing the IL+G mixture had almost 

completely precipitated, whereas the PAO6 base 

oil containing the G/IL composite exhibited good 

dispersion stability without settling. 
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Fig. 3  Dispersion stability of (a) IL+G mixture and (b) G/IL 
composite in PAO6 base oil. 

3.3  Tribological properties of G/IL composite 

material 

We investigated the tribological properties of the 

G/IL composite at various concentrations in the 

PAO6 base oil. Figure 4 shows the friction coefficient 

curves and the average friction coefficient of the G/IL 

composite in the base oil. The friction coefficient of 

pure PAO6 was very high, with a maximum value of 

approximately 0.33, and the friction coefficient 

fluctuated considerably. However, using the G/IL 

composite as an additive greatly improved the 

tribological performance of the base oil. The friction 

coefficient was greatly reduced, and the friction 

coefficient curves became smoother and more stable. 

We observed that the friction coefficient initially 

decreased and then increased with increasing con- 

centration of the G/IL composite. The lowest friction 

coefficient was obtained at a concentration of 0.04 wt%. 

We evaluated the lubricating performance of each 

additive at a concentration of 0.04 wt% to confirm 

the superior performance of the G/IL composite. 

Figure 5 shows the friction coefficient, average 

friction coefficient, wear width and wear volume 

of pure PAO6 and PAO6 containing 0.04 wt% of 

the IL+G mixture, G, the IL, or the G/IL composite. 

The introduction of these four additives significantly 

affected the lubricating properties of PAO6. The 

friction coefficient curves of the base oil containing 

 
Fig. 4  Friction coefficient curves and average friction 
coefficient (inset) of base oil containing G/IL composite at 
various concentrations. 

 

each additive became smooth and stable, and the 

friction coefficient and wear volume were effectively 

reduced. Specifically, the average friction coefficient 

and wear volume of the base oil containing the G/IL 

composite were reduced by 45% and 91%, respectively, 

compared with those of PAO6. Furthermore, we 

observed that the base oil containing the G/IL 

composite had better lubricating properties than the 

base oil containing G, the IL, or the IL+G mixture at 

the same mass fraction. This result proved that the 

introduction of the G/IL composite substantially 

improved the lubricating properties of the PAO6 

base oil. 

The 3D morphologies and 2D wear profiles of 

the wear surface of the steel discs lubricated with 

pure PAO6 and PAO6 containing 0.04 wt% of the 

IL+G mixture, G, the IL, and the G/IL composite 

were investigated; the results are shown in Fig. 6. 

The surface of the steel disc lubricated with pure 

PAO6 had the most severe wear and contained many 

deep rough scratches. Therefore, PAO6 exhibited the 

lowest lubricating performance, which resulted in 

the most severe wear. The observations also 

indicated that abrasive wear occurred on the wear 

surfaces. The wear width and depth on the steel 

discs lubricated with the base oil containing G, the 

IL, and the IL+G mixture were smaller, and the 

defects became shallower and narrower. Note that 

the wear surface of the steel disc lubricated with 

base oil containing the G/IL composite had the 

smallest wear width and depth; besides, its wear 

surface had almost no scratches and was very
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Fig. 5  (a) Friction coefficient curves, (b) average friction coefficient, (c) wear width, and (d) wear volume of pure PAO6 and 
PAO6 cont aining 0.04 wt% of IL+G mixture, G, IL, or G/IL composite. 

 

Fig. 6  Morphology of wear surface of steel disc lubricated with (a) pure PAO6 and PAO6 containing 0.04 wt% of (b) IL+G 

mixture, (c) G, (d) IL, or (e) G/IL composite. 

smooth. Therefore, the G/IL composite exhibited the 

best antiwear performance among the additives. In 

summary, the base oil containing the G/IL composite 

had better lubricating properties than pure PAO6 

and the base oil containing G, the IL, or the IL+G 

mixture. This result also demonstrated that the G/IL 

composite was a nanocomposite material with 

excellent lubricating ability.  

We used a four-ball tester to investigate the 

tribological properties of pure PAO6 and PAO6 

containing the IL+G mixture, G, the IL, and the 

G/IL composite (0.04 wt%) at room temperature 

and demonstrated the advantages of using the 

G/IL composite as a base oil additive. Figure 7 

shows the friction coefficient curves, average 

friction coefficients, and wear diameters of the five 

samples. As in the SRV tribological experiments, 

the G/IL composite had the lowest average friction 
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Fig. 7  (a) Friction coefficient curves and (b) average friction coefficient and wear diameter of pure PAO6 and PAO6 
containing 0.04 wt% of IL+G, G, IL, or G/IL composite obtained using a four-ball tester. 

 

coefficient and wear diameter, with a fairly smooth 

friction coefficient curve, indicating excellent antif- 

riction performance. In addition, the worn area of 

the steel ball lubricated with PAO6 alone and PAO6 

containing the G/IL composite were observed using 

SEM; the results are shown in Figs. 8(a) and 8(b), 

respectively. The wear scar of the steel ball lubricated 

with PAO6 is large, and the worn surface is very rough. 

The steel ball lubricated with PAO6 and the G/IL 

composite clearly has a much narrower wear scar, 

and the worn surface is very smooth. Therefore, the 

G/IL composite has excellent potential for use as a base 

oil additive in antifriction and antiwear applications. 

3.4  Synergistic lubrication mechanism of G/IL 

composite material 

Figure 9 shows the Raman spectra of the wear 

surfaces of steel discs lubricated with pure PAO6 

and PAO6 containing the IL+G mixture, G, the IL, or 

the G/IL composite at a concentration of 0.04 wt%. 

The wear surfaces of the steel discs lubricated with 

all five samples showed a strong diffraction peak 

near 2,850 cm−1, which was tentatively attributed to 

CH2 methylene and may represent the protective oil 

film on the friction surface resulting from rubbing 

with the base oil. In addition, the wear surfaces of 

the steel discs lubricated with all five samples also 

showed a strong diffraction peak near 640 cm−1, 

which represented iron oxide. This result indicated 

that a tribochemical reaction occurred during 

rubbing [36]. When the wear surface of the steel disc 

was lubricated with the base oil containing G or the 

IL+G mixture, D peaks near 1,350 cm−1 were 

observed. It can be concluded that protective films 

containing carbonaceous materials appeared on the 

wear track, which explained the decreases in the 

friction coefficient and wear volume. However, we 

observed that no G peak appeared near 1,580 cm−1  

 

     

Fig. 8  SEM images of worn area of steel ball lubricated with (a) PAO6 and (b) PAO6 containing 0.04 wt% of G/IL composite.  
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Fig. 9  Raman spectra of wear surface of steel discs 
lubricated with pure PAO6 and PAO6 containing 0.04 wt% of 
IL+G, IL, G, and G/IL composite. 

for the wear surfaces of the steel discs lubricated 

with the base oil containing G or the IL+G mixture, 

indicating that the protective films were severely 

damaged under the high contact pressure. The 

wear surface of the steel disc lubricated with the 

base oil containing the IL did not show clear D 

and G peaks, indicating that the surface did not 

adsorb carbonaceous materials during rubbing. 

The wear surface of the steel disc lubricated with 

the base oil containing the G/IL composite showed the 

characteristic D and G peaks, indicating that a well- 

ordered carbonaceous protective film was formed 

and stably adsorbed on the wear track. This film 

prevented direct contact with the friction surface and 

reduced friction and wear. We attributed the formation 

of an ordered carbonaceous protective film on the 

surface of the steel disc lubricated with the base oil 

containing the G/IL composite to the hybridization 

of the IL and G by the π–π interaction. The IL can 

regulatethe adsorption effect of G and suppress the 

wrinkling of G during rubbing, which significantly 

improved the stability of the adsorption film. 

Figure 10 shows the XPS full spectra and typical 

element spectra of the wear surfaces of steel discs 

lubricated with pure PAO6 and PAO6 containing 

the IL+G mixture, G, the IL, or the G/IL composite 

at a concentration of 0.04 wt%. B and F did not 

appear in the wear tracks of the steel discs lubricated 

with pure PAO6 and the base oil containing G, 

which indicated that a severe fluorination reaction 

did not occur. The wear tracks of the steel discs 

lubricated with the base oil containing the IL and 

G/IL composite had high concentrations of B, F, and 

Fe, indicating that the friction chemical reaction 

produced fluoride. A chemical reaction film containing 

fluoride was deposited and absorbed on the contact 

interfaces and reduced friction and wear. Although 

B and F also appeared in the wear track of the steel 

disc lubricated with the base oil containing the 

IL+G mixture, a high concentration of C and low 

concentrations of O and Fe were also observed. 

These results showed that the friction surface was 

covered with a relatively thick carbonaceous film 

resulting from the agglomeration of G. The friction 

chemical reactions on the surface may have been 

suppressed; however, severe dry friction occurred 

between the carbon films. This greatly damaged 

the carbon film and caused severe surface wear. 

The C 1s peak at 284.8 eV, the O 1s peak at 

approximately 532 eV, and the N 1s peak at 399.8 eV 

in the spectra of the wear track of the steel disc 

lubricated with the base oil containing the G/IL 

composite (Figs. 10(b), 10(c), and 10(f), respectively) 

indicate the formation of a carbonaceous film and 

nitrogen oxides. In addition, Figs. 10(d) and 10(e) 

show a strong Fe 2p peak at 711.1 eV and a strong F 

1s peak at 686.5 eV, indicating that complex oxides 

such as Fe2O3, Fe3O4, or FeF2 are present on the 

wear surface [37]. The tribological chemical 

reaction that may occur on the surface of a worn 

steel block is  

Fe2+ + 2F− = FeF2 ; 2Fe3+ + 3O2− = Fe2O3 (2) 

The lubrication mechanism of G and an IL has 

been thoroughly discussed. Tang et al. [38] 

prepared a graphene oxide (GO)/IL material by 

amidation and cation–π stacking for use as an 

additive and revealed synergistic lubrication 

mechanisms. The IL functional groups of the 

GO/IL material are absorbed on the rubbing 

surface owing to electrostatic interactions, which 

promote the formation of a boundary tribofilm 

consisting of a GO/IL deposition film and a 

chemical reaction film. Therefore, it can be 

concluded that the G/IL composite is adsorbed and 

deposited on the wear surface and forms a carbon- 

based protective film. In addition, it can generate a
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Fig. 10  XPS spectra of wear surfaces of steel discs lubricated with pure PAO6 and PAO6 containing 0.04 wt% of the IL+G 
mixture, the IL, G, or the G/IL composite: (a) full spectra, (b) C 1s spectra, (c) O 1s spectra, (d) Fe 2p spectra, (e) F 1s spectra, 
and (f) N 1s spectra. 

 

tribochemical reaction at the steel interface to form 

a tribochemical reaction film that protects the 

contact surface. This result also demonstrates that 

the remarkable lubricating performance of the G/IL 

composite is related to the synergistic lubricating 

effect of G and the IL. 

To illustrate the lubricating effect of the G/IL 

composite, Figure 11 shows a schematic of the 

lubrication mechanism during the friction process 

when the G/IL composite is used as an additive in 

the PAO6 base oil. On the basis of previous 

understanding, we speculated that pinning of G at 

the friction interface by the IL can suppress the 

wrinkling of G during rubbing owing to the 

π–π interaction, which substantially improved the 

stability of the adsorption membrane and the 

lubricating effect of G. In addition, there is a strong 

F 1s peak at the wear scar of the steel disc lubricated 

 

 
Fig. 11  Schematic of lubrication mechanism of G/IL composite used as additive in PAO6 base oil during rubbing. 
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with the base oil containing the G/IL composite, 

indicating that an appropriate G content also promotes 

the complex tribochemical reaction that forms 

protective tribochemical reaction films containing 

compounds such as Fe2O3 and FeF2 and significantly 

enhances the lubricating effect of the IL. Therefore, 

the G/IL composite exhibited excellent synergistic 

lubrication by the IL and G and substantially 

reduced friction and wear on the contact surfaces.  

4  Conclusions  

A G/IL composite material was successfully 

prepared using liquid-phase ultrasound-assisted 

methods. At a concentration of 0.04 wt%, the G/IL 

composite considerably improved the lubricating 

properties of base oil and substantially decreased 

friction and wear on the contact surfaces. Specifically, 

the friction coefficient and wear volume of the 

base oil with 0.04 wt% of the G/IL composite were 

reduced by 45% and 90%, respectively. Furthermore, 

the lubricating properties of the G/IL composite 

were also superior to those of G, the IL, or an IL+G 

mixture at the same mass fraction. We characterized 

the wear surface of the steel disc and concluded 

that the pinning of G at the friction interface by the 

IL can suppress the wrinkling of G during rubbing 

owing to the π–π interaction. Thus, G is adsorbed 

and deposited on the wear surface to form a more 

ordered protective film. The presence of an appropriate 

amount of G also promoted the tribochemical reaction 

of the IL at the friction interface to produce a tribo- 

chemical reaction film. Therefore, the G/IL composite 

exhibits the synergistic lubricating effect of G and the 

IL and thus significantly improves the lubricating 

performance of the PAO6 base oil. These results 

suggest that the developed G/IL composite has 

potential applications as an additive in various com 

posite materials, including lubricants. They also suggest 

that it is important to investigate the synergistic lubri- 

cation mechanism of other lubricating additives for both 

scientific and industrial applications.  
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