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Abstract 

Graphene as a lubricating additive holds great potential for industrial lubrication. However, its poor dispersity 
and compatibility with base oils and grease hinder maximizing performance. Here, the influence of graphene disper-
sion on the thickening effect and lubrication function is considered. A well-dispersed lubricant additive was obtained 
via trihexyl tetradecyl phosphonium bis(2-ethylhexyl) phosphate modified graphene ([P66614][DEHP]-G). Then lithium 
complex grease was prepared by saponification with 12-OH stearic acid, sebacic acid, and lithium hydroxide, using 
polyalphaolefin (PAO20) as base oil and the modified-graphene as lubricating additive, with the original graphene 
as a comparison. The physicochemical properties and lubrication performance of the as-prepared greases were 
evaluated in detail. The results show that the as-prepared greases have high dropping point and colloidal stability. 
Furthermore, modified-graphene lithium complex grease offered the best friction reduction and anti-wear abilities, 
manifesting the reduction of friction coefficient and wear volume up to 18.84% and 67.34%, respectively. With base 
oil overflow and afflux, well-dispersed [P66614][DEHP]-G was readily adsorbed to the worn surfaces, resulting in the for-
mation of a continuous and dense graphene deposition film. The synergy of deposited graphene-film, spilled oil, 
and adhesive grease greatly improves the lubrication function of grease. This research paves the way for modulating 
high-performance lithium complex grease to reduce the friction and wear of movable machinery.
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1  Introduction
Grease with excellent lubrication properties is effec-
tive in improving the friction and wear of movable 
equipment components to a certain extent, avoiding 
mechanical component failure and safety problems as 
a common semi-solid lubricant for bearings, gears, and 

chain components [1, 2]. In addition, it has the unique 
advantages of great sealing, high water resistance, and 
strong adhesion, can adhere to the friction substrate 
under gravity, and prevents impurities or rainwater 
from entering the worn surface [3, 4]. Grease is mainly 
composed of base oil, thickener, and additives [5]. Base 
oil and thickener account for about 70% to 98% and 2% 
to 30% of grease, respectively. The thickener forms a 
three-dimensional space skeleton structure in the base 
oil, which can adsorb and fix the base oil [6]. Base oil 
and thickener play a decisive role in the high tempera-
ture resistance, colloidal stability, and rheology of lubri-
cating grease [7–9]. Currently, lithium complex grease 
is typically a general-purpose grease with high drop-
ping point and versatility. With the rapid development 
of industry, mechanical equipment inevitably faces the 
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severe impact of harsh and extreme working environ-
ments, such as heavy loads, vibration, shock, sandstorms, 
heavy rain, high or low temperatures and speeds, and so 
forth [10–13]. The traditional lithium complex grease no 
longer meets the demands of industrial machinery and 
equipment for better performance. A common way to 
enhance the lubricating properties is to introduce addi-
tives into the grease, such as copper oxide nanoparticles 
(CuO) [14, 15], nano-particles (TiO2/CuO) [16], CaCO3 
nanoparticles [17], nanometer cerium oxide (CeO2) [18], 
nano-additives (CaCO3) [19], TiO2 nanoparticles [20], 
Mn3O4/graphene nanocomposite [21], graphene [22], 
graphene-copper nanocomposite [23], etc. Among them, 
two-dimensional materials, in particular graphene and its 
derivatives, are widely used in the field of lubrication.

Graphene is a promising grease additive with excel-
lent thermal conductivity, high mechanical strength, a 
high specific surface area, and low shear strength [24–
27]. In recent years, many researchers have reported on 
the effects of graphene as a grease additive. Li et al. [28] 
investigated the tribological properties of lithium greases 
with few-layer graphene (FLG) and found that the lith-
ium greases containing 0.1 wt% FLG exhibited the lowest 
friction coefficient and the smallest wear scar diameter. 
This is attributed to the fact that it is easy to adsorb on 
the contact interface due to the high specific surface area. 
Additionally, when subjected to external forces, graphene 
is prone to interlayer shearing due to weak Van der Waals 
connections. Ouyang et  al. [29] introduced 3D hierar-
chical porous graphene (3D HPGS) into a lithium-based 
grease and conducted friction tests on friction testers 
with different contact modes (four-ball tribometer, rotat-
ing tribometer, reciprocating tribometer) and came to 
the similar conclusion that graphene could improve the 
tribological properties of the grease. Rawat et  al. [30] 
found that the addition of pristine graphene significantly 
improved the tribological properties of the paraffin 
grease. The authors believe that the graphene film formed 
protects the worn surface and reduces wear. These stud-
ies confirmed that graphene can be used as a promising 
grease additive. However, the unresolved problem is that 
graphene tends to agglomerate and sediment in the base 
oil due to the strong attractive force between graphene 
sheets, which affects the lubrication effect of grease [31].

Currently, graphene-like materials can be func-
tionalized by grafting surfactants or in  situ growth of 
nanomaterials on the surface of graphene-like materi-
als [32, 33]. A series of functionalized graphenes, such 
as curcumin modified graphene oxide (C-GO) [34], 
dodecylamine functionalized graphene (DAG) [35], 
3,5-di-tert-butyl-4-hydroxybenzaldehyde grafted-gra-
phene (Gr-DtBHBA) [36] and graphene oxide-TiO2 
nanofluid [33] exhibit good compatibility in oils or 

solvents, which helps to avoid the dispersibility of gra-
phene base oils to some extent. However, these func-
tionalized graphenes might find it difficult to survive 
some harsh friction conditions due to limited thermal 
stability and lubrication properties at 100 °C. Hence, it 
is essential to investigate graphene base oils with excel-
lent thermal stability and lubrication properties at high 
temperatures. Gan et al. [37] investigated the lubricat-
ing properties of phosphonium-organophosphorus 
modified graphene in 150 N base oil and proposed a 
simple method to prepare functionalized graphene 
lubricants. The results showed that the modified gra-
phene was completely and stably dispersed in 150 N 
oil. The modified graphene used as a lubricant showed 
a narrow and shallow wear track with minimal wear 
debris. The modified graphene base oil shows excel-
lent thermal stability and tribological properties at high 
temperatures and high loads, so it could be used in 
harsh conditions. However, the lubrication mechanism 
of phosphonium-organophosphate modified graphene 
as a grease additive remains unclear due to the pres-
ence of thickener fiber in the grease. Motivated by this, 
we attempted to add phosphonium-organophosphate 
modified graphene to polyalphaolefin oil (PAO20) and 
prepared graphene grease in a one-step process using 
a modified-graphene base oil with good dispersibility. 
Well-dispersed graphene was compounded in situ with 
thickener fiber in the formation process. The tribologi-
cal performance of modified-graphene greases under 
different working conditions, high loads, and durations 
was investigated. Most of the current research on the 
lubrication performance of graphene greases focuses 
on frictional interfacial phenomena while ignoring the 
fact that the dispersion stability of graphene in the base 
oil may lead to changes in the thickener fiber. Indeed, 
so far, few studies have investigated the relationship 
between the dispersibility of graphene and the lubrica-
tion mechanism of greases. The formation and distribu-
tion of graphene deposition films could be revealed by 
Raman spectroscopy. Graphene greases with good dis-
persion provide better lubricity than the original gra-
phene grease.

In this paper, graphene with good dispersion was pre-
pared by using trihexyl tetradecyl phosphonium bis(2-
ethylhexyl) phosphate as an oil-soluble modifier, with 
original graphene as a comparison. The lithium complex 
grease was prepared via a facile one-step method. The 
morphology and structure of graphene were system-
atically studied by transmission electron microscopy, 
atomic force microscopy, and Raman spectroscopy. 
Moreover, the physicochemical properties of graphene 
lithium complex grease and tribological performance at 
high and low loads were explored. The worn surface was 
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observed by a scanning electron microscope and white 
light interferometer, and the lubrication mechanism of 
graphene grease was proposed.

2 � Experimental Details
2.1 � Materials
Graphene (G) was purchased from Suzhou Carbon 
Abundant Graphene Technology Co. Ltd. (Suzhou, 
China). Sebacic acid, 12-OH stearic acid, lithium hydrox-
ide (LiOH), hexane, and sodium hydroxide (NaOH) were 
supplied from Kelong Chemical Co. Ltd. (Chengdu, 
China). Base oil (PAO20) was supplied by Lanzhou Refin-
ing Co. (Lanzhou, China). Tetradecyl trihexyl phos-
phonium bromide ([P66614]Br) and bis(2-ethylhexyl) 
phosphate (HDEHP) were obtained by Hubei Yongkuo 
Technology Co. Ltd. Deionized water (DIW) was pro-
vided by the laboratory (>18 MΩ·cm).

2.2 � Preparation of Graphene Lithium Complex Grease
In this experiment, graphene lithium complex grease 
with a thickener content of 12% was prepared with 
PAO20 as base oil. Three kinds of base oils, namely pure 
base oil, base oil containing pristine graphene, and base 
oil containing modified-graphene, were used to respec-
tively fabricate three types of greases, namely lithium 
complex grease (LCG), graphene lithium complex grease 
(G-LCG), and modified-graphene lithium complex 
grease ([P66614][DEHP]-G-LCG). Figure 1 shows the digi-
tal images of three different greases. The graphene base 
oil was prepared by adding 0.1 wt% of pristine graphene 
or modified-graphene to the base oil and ultrasonicating 
for 30 min to assure homogeneous dispersion.

The preparation process for grease is described as fol-
lows: 66  g base oil was heated up to 120  °C, accompa-
nied by mechanical stirring, and 9.455  g 12-OH stearic 
acid and 2.545 g sebacic acid (1:0.4 molar ration) were 
added successively in base oil and dissolved completely 
to obtain the mixture. Then, 3.166 g LiOH was dissolved 
in 10  ml DIW, and LiOH aqueous solution was slowly 

added to the mixture for about 20  min. The saponifica-
tion reaction was carried out at 115 °C for 1 h. Next, 22 g 
base oil was added to the mixture and stirred evenly. The 
temperature of the mixture was raised to 205 °C for high-
temperature refining and held for 10 min. Finally, the 
mixture was removed and cooled to room temperature. 
The grease was obtained by grounding or homogeniz-
ing the mixture four times on a three-roll mill. Graphene 
([P66614][DEHP]-G) modified by trihexyl tetradecyl phos-
phonium phosphate bis (2-ethylhexyl) was prepared 
according to the reference [37]. The detailed steps are 
demonstrated as follows: 8.96 g [P66614]Br, 51.3 g HDEHP, 
40 ml DIW and 25 ml hexane were added sequentially to 
the beaker, accompanied by magnetic stirring, and the 
yellow organic phase changed to colorless at the end of 
the reaction. Then, 0.64 g NaOH was added to the above 
solution under magnetic stirring (4 h) to remove the reac-
tion by-product (HBr). The organic phase trihexyl tetra-
decyl phosphonium bis (2-ethylhexyl) phosphate ([P66614]
[DEHP]) was separated from the solution by centrifuga-
tion at 7000 r/min for 6 min, prior to being washed five 
times with DIW to ensure the removal of NaBr. [P66614]
[DEHP] was dried in a vacuum drying oven at 80 °C for 
12 h to remove excess water and hexane. Finally, [P66614]
[DEHP]-G was obtained via grinding an appropriate 
amount of [P66614][DEHP] and pristine graphene.

2.3 � Physicochemical Properties of Grease
The dropping point of greases was evaluated by a drop 
point tester according to ASTM-D566 at an ambi-
ent temperature of 25  °C with a nominal voltage of 220 
V and a frequency of 50  Hz. The cone penetration was 
measured by the lubricating grease cone penetration 
instrument following the national standard GB/T 269 
(ASTM D1403), which represented the consistency of 
the grease. The cup of the appropriate grease worker was 
tightly filled with grease. The cone assembly of the device 
was released, and the cone was allowed to fall freely into 
the worker cup for 5 ± 0.1  s. The three test results were 

Figure 1  Representative photos of prepared grease: (a) LCG, (b) G-LCG, and (c) [P66614][DEHP]-G-LCG
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averaged as the reported result. The corrosion resist-
ance of copper strips to grease was measured based on 
the national standard GB/T 7326-87 (ASTM D4048-81). 
The surface of the copper strip was coated with grease, 
and then the sample was put into a circulating air oven at 
100 ± 1 °C for 24 h ± 5 min. At the end of the test, the strip 
was washed and compared with the Copper Strip Corro-
sion Standard to detect the corrosion of the copper strip. 
The oil separation test was performed by loading a 10 g 
sample into the stencil and measuring the colloidal stabil-
ity of grease at 100 °C for 30 h according to the national 
petrochemical industry standard NB/SH/T 0324-92.

2.4 � Tribological Properties of As‑Prepared Grease
The tribological properties of the as-prepared grease 
under low load and high load were respectively evalu-
ated by the reciprocating sliding friction tester and the 
four-ball friction tester. The tribological properties of 
grease under low loads were determined by reciprocat-
ing sliding friction tests. The ball-on-disk configuration 
was adopted. The AISI 52100 steel ball with a diameter 
of 6  mm and a surface roughness of Ra = 50  nm and 
the AISI 52100 steel blocks with a surface roughness of 
Ra = 80 nm were used as the counter ball and the sub-
strate, respectively. The test parameters were as follows: 
displacement amplitude of 4 mm, normal loads of 20 N, 
40 N, and 60 N, and testing time of 60 min. In the pro-
cess of the reciprocating sliding friction test, the friction 
coefficient was measured and recorded automatically by 
the computer. The friction test under high loads was car-
ried out with a four-ball friction tester. 8  g lubricating 
grease was injected into the oil cup so that the contact 
area of the steel ball was completely covered with grease. 
The four-ball friction tests were measured at a rotational 
speed of 1200 revolutions per minute (r/min) with an 
applied force of 392  N and 490  N for 1  h. Both upper 
and lower steel balls were standard AISI 52100 bearing 
steel with a diameter of 12.7  mm and a surface rough-
ness of Ra = 20 nm. The wear scar diameters of the steel 
balls were measured with an optical microscope on the 
four-ball tester and then averaged. Besides, all friction 
pairs were ultrasonically cleaned with ethanol or petro-
leum ether three times for 20 min before the friction test, 

and the residual grease on the worn surface was removed 
with petroleum and alcohol after each friction test. The 
same friction tests were repeated three times under the 
same operating conditions to ensure the accuracy and 
repeatability of the test results.

2.5 � Characterization of Graphene and Worn Surface
The morphology and characteristics of graphene were 
studied by transmission electron microscopy (TEM, 
JEM-2100F, Japan), atomic force microscopy (AFM, 
FM-Nanoview1000), and Raman spectroscopy (Raman, 
LabRam HR800, Japan). The functional groups of the 
graphene were measured by Fourier transform infrared 
spectroscopy (FTIR, Nicolet-6700, America). The wear 
volume, worn surface morphology, and wear mecha-
nism of the friction interface were characterized using a 
white light interferometer (Bruker Contour GT), a scan-
ning electron microscope (SEM, JSM-7800F, Japan), and 
Raman spectroscopy.

3 � Results and Discussion
3.1 � Physicochemical Properties
The physicochemical properties of as-prepared greases 
are summarized in Table  1. The results show excellent 
thermal stability of [P66614][DEHP]-G-LCG, and the 
dropping points of as-prepared greases are all greater 
than 230  °C. In the copper corrosion test, there was no 
change in the color of the copper strip, and the copper 
strip corrosion grades are all 1a, ensuring that the as-
prepared greases possess superior corrosion resistance to 
protect the metal surfaces. The oil separation test results 
reveal that the colloidal stability is improved in the fol-
lowing order: G-LCG < LCG <  [P66614][DEHP]-G-LCG, 
and the oil separation is less than 10% in all cases, indi-
cating the good colloidal stability of as-prepared grease 
[38].

3.2 � Characterization of G and [P66614][DEHP]‑G
The TEM images of G and [P66614][DEHP]-G and atomic 
force images of G are shown in Figure 2. G has a charac-
teristic two-dimensional lamellar structure with folding 
phenomena. [P66614][DEHP]-G also presents a complete 
two-dimensional sheet structure in Figures 2b. It means 

Table 1  Physicochemical properties of as-prepared greases

Project Dropping point (°C) Penetration (1/4 mm) Copper corrosion 
(100 °C, 24 h)

Oil separation (%)

Detection standards ASTM-D566 ASTM-D217 ASTM-D4048-81 SH/T 0324-92

LCG 235 92.84 1a 2.46

G-LCG 241 96.12 1a 2.17

[P66614][DEHP]-G-LCG 238 97.14 1a 3.56
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that the layered structure of modified-graphene nearly is 
not damaged. The size of G flakes measured by AFM is 
4.739 nm. It is widely believed that the theoretical thick-
ness of single-layer graphene is 0.335 nm. In practical 
measurements, the thickness of a single-layer graphene 
is approximately 0.9 nm due to the additional space 
between graphene and mica sheet [39, 40].

Figures 3(a) and (b) show the Raman spectra of G and 
[P66614][DEHP]-G. The peak positions of G and [P66614]
[DEHP]-G in the D and G bands are consistent. The D 
band of graphene emerges at 1334  cm−1, which is a dis-
ordered vibration peak due to lattice vibration, indicat-
ing the presence of edge and structural defects [41]. G 
band appears at 1573 cm−1. The main characteristic 
peak of G band is caused by the in-plane vibration of 
sp2 carbon atoms [42]. The degree of defects and disor-
der in graphene can be measured by the intensity ratio 
of the D band to the G band (ID/IG), which increases with 
the value of ID/IG [43]. Compared to G (ID/IG:1.41), the 
ID/IG value of [P66614][DEHP]-G is lower (0.88), demon-
strating [P66614][DEHP]-G has a smaller defect density 
and degree of disorder [44]. Figures  3c and d display 
the functional groups of G and [P66614][DEHP]-G meas-
ured by FTIR spectra. In the spectrum of G, the peak at 
3438 cm−1 corresponds to the O–H stretching vibration 
and that at 1633  cm−1 to the stretching vibration of the 
C=C bond. The FTIR spectra of [P66614][DEHP]-G shows 

characteristic peaks at 2852 cm−1, 2871 cm−1, 2929 cm−1 
and 2954 cm−1, which are attributed to the C–H stretch-
ing vibration. The peak at 1238 cm−1 corresponds to the 
P=O stretching vibration of [P66614][DEHP]-G. Addition-
ally, the P–O–C absorption peaks appeared at 1041 cm−1 
and 1056 cm−1 [45]. The existence of these linkages dem-
onstrates that [P66614] [DEHP] is indeed adsorbed on gra-
phene sheets.

To assess the dispersion stability of [P66614][DEHP]-G 
in base oil, G and [P66614][DEHP]-G were homogeneously 
dispersed in base oil by sonication (concentration of 0.1 
wt%). The dispersion of G and [P66614][DEHP]-G base 
oils standing at room temperature for 0 and 30 days is 
depicted in Figure 4. G in base oil gradually agglomerated 
and settled, with obvious stratification after standing for 
30 days. In contrast, [P66614][DEHP]-G still remained well 
dispersed after resting for 30 days, showing good disper-
sion stability. More importantly, the dispersion homo-
geneity and stability of graphene affect the tribological 
properties of as-prepared greases.

3.3 � Tribological Properties of Lubricating Grease
Friction and wear behaviors of graphene lithium com-
plex greases under low loads are examined on a recip-
rocating sliding friction test machine. Figures  5(a), (c), 
and (e) show time-dependent friction coefficients of 
LCG, G-LCG, and [P66614][DEHP]-G-LCG at 20 N, 40 

Figure 2  TEM images of (a) G and (b) [P66614][DEHP]-G, (c) AFM images and corresponding height maps
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N, and 60 N, respectively. Under all loading conditions, 
lithium complex grease exhibits a higher friction coeffi-
cient (with the increase in load, the friction coefficient is 
in the range of 0.100-0.115). However, the friction coef-
ficients of G-LCG and [P66614][DEHP]-G-LCG are lower 
than those of LCG under all loading conditions and were 
relatively stable. [P66614][DEHP]-G-LCG shows the low-
est coefficient of friction (in the range of 0.085–0.093). 
In particular, [P66614][DEHP]-G-LCG shows excellent 

friction reduction in the steady state stage at 60 N, with a 
friction coefficient reduction of 18.84%. Figures 5(b), (d), 
and (f ) exhibit the wear volumes of LCG, G-LCG, and 
[P66614][DEHP]-G-LCG at different applied loads (20 N, 
40 N, and 60 N), where the wear volumes of G-LCG and 
[P66614][DEHP]-G-LCG decreased compared to those of 
LCG. Most importantly, [P66614][DEHP]-G-LCG demon-
strates the most excellent anti-wear characteristic. The 
wear volumes of G-LCG and [P66614][DEHP]-G-LCG 
were reduced by 56.88% and 67.34% at 60 N, respec-
tively. The aforementioned evidence indicates that G and 
[P66614][DEHP]-G may access friction contact and par-
ticipate in the friction process, resulting in a low friction 
coefficient. The well-dispersed [P66614][DEHP]-G dem-
onstrates superior anti-friction and anti-wear capabili-
ties, which may be attributable to the creation of a dense 
lubricating film, improving the lubricating performance 
of grease. superior anti-friction and anti-wear capabili-
ties, which may be attributable to the creation of a dense 
lubricating film, improving the lubricating performance 
of grease.

In order to further explore the friction performance 
of graphene lithium complex grease, the four-ball test 
machine was used for the friction test. Figure  6 shows 
the coefficient of friction, wear scar diameter (WSD), and 

Figure 3  Raman (a, b) and FTIR (c, d) spectra of G and [P66614][DEHP]-G

Figure 4  Optical images of G and [P66614][DEHP]-G dispersing in base 
oil as a function of time (from 0 day to 30 days)
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average friction coefficient (AFC) of the three greases on 
a four-ball friction tester at 392 N and 490 N. As shown 
in Figures  6a and b, [P66614][DEHP]-G-LCG shows the 
lowest friction coefficient compared with the frictional 
behaviors of LCG and G-LCG. Figure  6d exhibits the 
average friction coefficient on steel balls. With the addi-
tion of [P66614][DEHP]-G, the friction coefficient was 
averagely reduced to 0.066 (decreased by 22.4% com-
pared with LCG), demonstrating that [P66614][DEHP]-G 
offers good anti-friction ability under high loads. [P66614]
[DEHP]-G-LCG presented the best anti-wear properties 
(12.3% reduction in wear scar diameter) at 392 N. At 490 
N, the [P66614][DEHP]-G-LCG shows the smallest wear 
scar diameter. Both graphene lithium complex greases 
exhibit better anti-wear properties than LCG under high 

loads. [P66614][DEHP]-G-LCG displays the most excellent 
anti-wear properties under different operating condi-
tions, which was potentially attributed to the adsorption 
of graphene on the friction interface, reducing the resist-
ance between the friction pairs and friction and wear. 
Notably, friction test results under high loads are consist-
ent with the anti-friction and anti-wear effects of sliding 
friction tests.

The state of worn surfaces was further explored by 
describing the 3D morphologies and cross-sectional 
profiles of steel balls after a standard four-ball fric-
tion test (Figure  7). As demonstrated in the 2D con-
tour plots, the cross-sectional contour plots for the 
[P66614][DEHP]-G-LCG exhibit the smallest wear scar 
width and shallowest wear depth. Figure  8 shows the 

Figure 5  Friction coefficients and wear volumes of as-prepared grease at (a, b) 20 N, (c, d) 40 N, and (e, f) 60 N
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morphology images of the worn surfaces. The worn 
surface of LCG is more severely abraded, with cra-
ters formed by spalling and deeper furrows, indicat-
ing severe abrasive and adhesive wear. In contrast, the 
worn surfaces of G-LCG and [P66614][DEHP]-G-LCG 
exhibit lighter abrasive wear (Figures  8e and f ) with 

relatively shallow and narrow plough grooves, which 
demonstrates that both G-LCG and [P66614][DEHP]-G-
LCG show excellent wear resistance. Additionally, the 
wear resistance of [P66614][DEHP]-G-LCG is margin-
ally superior to that of G-LCG. These results suggest 
that the anti-wear performance of LCG is improved by 
incorporating well-dispersed graphene.

Figure 6  The friction coefficient, corresponding wear scar diameter (WSD), and average friction coefficient (AFC) of as-prepared grease 
on a four-ball testing machine with loads of 392 N and 490 N

Figure 7  3D morphology and 2D wear profile of worn surfaces by (a, d) LCG, (b, e) G-LCG, (c, f) [P66614][DEHP]-G-LCG at 490 N
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3.4 � Analysis of Friction Mechanism
In order to further explore the lubrication mechanism of 
graphene lithium complex grease and to reveal the den-
sity and distribution of the deposited graphene-film on 
the friction interface, the Raman signal of graphene is 
examined over large areas on the wear surface. Optical 
micrographs of worn surfaces are shown in Figures 9(a) 
and (d). Figures 9(b) and (e) are the Raman scans of the 
G peaks (intensity at 1600 cm−1) on the worn surfaces 

of G-LCG and [P66614][DEHP]-G-LCG, respectively. 
The dark blue area represents the weak Raman signal of 
graphene, indicating that graphene is not adsorbed in 
the friction area. From green to orange to dark red, the 
brighter the areas, the stronger the Raman signals from 
graphene. Furthermore, the dark red color represents 
areas containing the strongest graphene Raman signals, 
meaning that these areas are covered by deposited gra-
phene-film. Three different typical positions are taken 

Figure 8  SEM images of worn surface lubrication with (a, d) LCG, (b, e) G-LCG, and (c, f) [P66614][DEHP]-G-LCG at 490 N

Figure 9  Optical microscope images, Raman mapping of the G band (intensity at 1600 cm-1) and Raman spectra of three typical positions 
of the worn surface of steel balls after lubrication tests
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from the Raman mapping scan of a worn surface. The 
corresponding Raman spectra are shown in Figures 9(c) 
and (f ). The characteristic peaks G and D of graphene in 
G-LCG appear at position 1 (green) and position 2 (dark 
red), but not at position 3. However, [P66614][DEHP]-G-
LCG obviously has almost identical graphene Raman 
spectra at the three typical positions. The Raman results 
implied that deposited graphene-film is formed on the 
friction surface. In addition, the deposited graphene-
film formed by [P66614][DEHP]-G-LCG on the worn sur-
face is denser and wider than that of G-LCG, primarily 
because of the higher dispersibility of modified-graphene 
in base oil. When the thickener fibers are squeezed, the 
base oil precipitates from the interlaced fiber skeleton 
during friction. Hence, graphene is likely to be absorbed 
on the friction interface with the precipitation of the 
base oil, forming a dense deposition graphene-film on 
the worn surface. Importantly, the ID/IG value of G and 
[P66614][DEHP]-G after friction is larger than that before 
friction (in Figures  9(c) and (f )), showing that graphene 
is subjected to external force in the friction process, the 
interlayer slipped, the structure was destroyed, and new 
defects and disorders were formed and activated on the 
deposited graphene sheets [46]. The corresponding fric-
tion reduction and anti-wear effect of [P66614][DEHP]-G-
LCG are exhibited in Figures 5 and 6.

Here, the lubrication mechanisms of base grease and 
modified-graphene grease are shown in Figure  10. The 
oil molecules in grease are adsorbed on the metal surface 
to form an oil film, which is constantly destroyed during 
the friction process to form a new oil film [47, 48]. The 

presence of thickener fibers increased the thickness of oil 
film, and then oil film and thickener fibers acted together 
on the metal surface to form grease-film and tribo-chem-
ical film [49]. More importantly, the formation of dense 
deposition graphene-film results in a decrease in the 
mutual contact of friction pairs, effectively avoiding fric-
tion between friction pairs and enabling their excellent 
lubricating properties. At the contact interface, the syn-
ergy of densely deposited graphene-film, spilled oil, and 
adhesive grease greatly enhances the lubrication function 
of grease.

4 � Conclusions
In this study, three greases (LCG, G-LCG, and [P66614]
[DEHP]-G-LCG) were successfully prepared. The phys-
ico-chemical and tribological properties were studied in 
detail, and the following conclusions can be drawn:

(1)	 As-prepared modified-graphene greases exhibit 
excellent physico-chemical properties, such as out-
standing thermal stability, high dropping point over 
230  °C, good corrosion resistance, low oil separa-
tion rates, and good colloidal stability.

(2)	 [P66614][DEHP]-G-LCG exhibits excellent anti-fric-
tion properties (reducing by nearly 18.84%), and the 
wear volume lubricated by [P66614][DEHP]-G-LCG 
is reduced by 67.34% compared to LCG.

(3)	 [P66614][DEHP]-G-LCG has excellent lubrication 
functions and forms a denser and wider graphene 
deposition film on the friction interface. The excel-
lent lubricity of modified-graphene lithium com-

Figure 10  Schematic diagram of the lubricating mechanisms of (a) LCG and (b) [P66614][DEHP]-G-LCG
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plex grease is mainly attributed to the synergistic 
lubrication between the deposited graphene-film 
and grease film.
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