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Abstract: In this study, a nanoscale ionic liquid (NIL) GO@SiO2 hybrid was synthesized by attaching
silica nanoparticles onto graphene oxide (GO). It was then functionalized to exhibit liquid-like behav-
ior in the absence of solvents. The physical and chemical properties of the synthesized samples were
characterized by means of a transmission electron microscope, X-ray diffraction, Fourier transform
infra-red, Raman spectroscopy, and thermogravimetric analysis. The tribological properties of the
NIL GO@SiO2 hybrid as a water-based (WB) lubricant additive were investigated on a ball-on-disk
tribometer. The results illustrate that the NIL GO@SiO2 hybrid demonstrates good dispersity as a
WB lubricant, and can decrease both the coefficient of friction (COF) and wear loss.

Keywords: tribological tests; GO@SiO2 hybrid; water-based lubricant; additive

1. Introduction

Lubricants have become essential in the modern manufacturing industry, reducing
energy consumption and improving the surface finish of products and the reliability of
the production process. Petroleum derivatives and functional additives, such as extreme
pressure agents, antioxidants, detergents, dispersants, etc., constitute traditional lubricants
which are environmentally unfriendly and detrimental to human health. With growing
concerns of energy crises and environmental issues, “Green Manufacturing”, or “Environ-
mentally Conscious Manufacturing”, has gained considerable attention [1,2]. Therefore,
novel lubricants, which are environmentally friendly and effective, are imperative to be
developed to substitute traditional oil-based lubricants.

Since water is of low cost with a high cooling capacity, water-based lubricants are
potential candidates for novel lubricants. However, the weaknesses of water, such as low
viscosity, its corrosive properties, and especially the low strength of water films, constitute
major barriers for tribological applications [3,4]. In order to adjust and improve water-
based lubricants, high-quality functional additives are of great significance. Among these
functional additives, nano-materials are extensively investigated due to their distinctive
physiochemical and mechanical properties [5–7]. In addition, nanoparticles can improve
tribological properties by improving the viscosity of water and nanolubrication mecha-
nisms [8,9]. Nanoparticles added, such as metals (e.g., Cu [10,11] and Cu–Al alloy [12]),
metal oxides (e.g., CuO [13], Fe3O4 [14], Al2O3 [15,16], TiO2 [17–19], and ZnO [20,21]),
non-metal oxides (e.g., SiO2 [22–24]), sulfides (e.g., MoS2 [25,26] and WS2 [27]) and rare
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earth compounds (e.g., CeO2 [28] and BCeO3 [29]), offer anti-wear properties and lower
friction due to the formation of tribofilms, in addition to micro-bearing, polishing and
mending [30]. However, the poor dispersity of these nanoparticles in base stocks fails
to enhance their tribological properties. A typical technique to stabilize nanoparticles in
base stocks is to use physical methods, chemical methods, and self-dispersed methods.
Traditional physical suspension processes include mechanical stirring, ultrasonication ball
mill, and high-pressure homogenization [31,32]. Chemical methods mean modifying the
inorganic–organic interface by attaching different functional groups on the surface of the
nanoparticles [33]. Current studies have also revealed that the dispersion of the stability of
nanoparticles can also be enhanced via the structure regulation of nanoparticles [34].

He et al. [16] mechanically dispersed different sizes and concentrations of Al2O3
nanoparticles in glycerol water-based lubricants using an ultrasonic probe. The synthesized
suspensions were found to be stable for only 3 days. Wu et al. [35] prepared TiO2 nano-
additive water-based lubricants by modifying TiO2 nanoparticles with polyethyleneimine
(PEI), and the suspensions were only stable for 7 days. Gup et al. [36] used oleic acid and
ionic liquid to engineer ZnO and WS2 nanoparticles as oil additives, and the nanolubricants
stratified after 10 days. In addition, silane coupling agents, commonly employed to modify
nanoparticles, failed to form enough steric repulsion to stabilize the nanolubricants for a
long period due to their light molecular weights [14,37,38]. Man et al. synthesized novel
CuO@Graphene and added PAO-6 oil, reducing COF by more than 50% with 0.5 wt.% [39].
Surface-functionalized nanoparticles with liquid-like behavior in the absence of solvent
have been coined nanoscale ionic liquids, which are organic–inorganic hybrids comprising
a nanoparticle core functionalized with a covalently tethered ionic corona and oppositely
charged canopy. The physical properties (rheological and solubility) of the nanoscale
ionic liquids can be engineered over a broad range by adjusting the chemical character-
istics of the corona and canopy [40–42]. Li et al. [43] synthesized a nanoscale liquid-like
graphene@Fe3O4 hybrid according to the nanoscale ionic liquid method, and identified
excellent amphiphilicity. On the other hand, graphene-based nanolubricant additives
have gained increasing attention because of their superior lubricating performance, as
well as their green and dashless properties. Graphene-based nanocomposites reveal good
lubrication properties due to their synergistic effects [44,45].

In this work, a new kind of graphene-based composite was synthesized and modified
for a water-based nanolubricant additive with enhanced stability. Following Section 1, the
rest of the paper is organized as follows. The detailed synthesis and functionalization pro-
cess, tribological tests, and characterizations are given in Section 2. In Section 3, synthetic,
modification and tribological results, as well as lubrication mechanisms, are presented.
Finally, Section 4 provides conclusions.

2. Experimental Section
2.1. Materials

GO solutions (purity: >99%; content: 1.55%; thickness: 0.55–2 nm; size: 1–5 µm) were
purchased from Best Material Co., Ltd. (Chengdu, China). Tetraethyl orthosilicate (TEOS,
99% purity), ammonia (25% aqueous solution) and ethanol (99% purity) were purchased
from Tianjin Organics (Tianjin, China). 3-(Trihydroxysilyl)-1-propanesulfonic acid (30–35%
in water) (SIT8378.3, (CH3)3Si(CH2)3HSO3) was obtained from Gelest Inc. (Shanghai,
China), while Jeffamine M-2070 Polyetheramine (CH3-(OCH2CH2)6-(OCH2CH-CH3)35-
NH2) was from HengYu Trading Co., Ltd. (Guangzhou, China). A ferritic stainless steel
(FSS 444) was used as a disk material (Taiyuan, China). All the disks were cut to 28 mm in
diameter, 2 mm in thickness, and surfaces were ground to a roughness of 0.6 µm. GCr15
steel balls with a diameter of 6 mm and an identical Ra of 0.02 mm were employed for the
ball-on-disk tests. The Vickers hardness of the ball and disk were 790 HV and 168 HV0.1.
The main chemical compositions of FSS 444 (wt.%) were as follows: C 0.0094, Si 0.084, Mn
0.064, Cr 18.4, Mo 1.81, Nb 0.22, and Fe balance.
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2.2. Synthesis of the GO@SiO2 Compound

Firstly, 400 mL ethanol, 25 mL GO solution, 21 mL ammonia were sequentially poured
into a three-necked, round-bottomed flask and stirred at 700 rpm in a 50 ◦C water bath
for 30 min. Secondly, 16.1 mL TEOS was added, and the chemical reaction (700 rmp
stirring and 50 ◦C water bath) occurred for 2 h. Then, the black precipitate was collected
by centrifugation and washed with ethanol three times. Finally, the wet precipitate was
free-dried for 24 h to obtain the GO@SiO2 compound.

2.3. Preparation of the Nanoscale Liquid-like GO@SiO2 Hybrid

To begin with, 500 mg GO@SiO2 was dispersed in 10 mL deionized water under
sonication to obtain the GO@SiO2 suspension, followed by dropwise adding 5 mL SIT8378.3
solution and stirring for 30 min. Then, the NaOH solution (1 mol L−1) was added until
the pH became 7, and the solution was stirred at room temperature for 24 h. In order to
remove the residual SIT 8378.3, the solution was dialyzed using a dialysis tube for 48 h and
the deionized water was exchanged every 8 h. Next, a cation exchange resin was employed
to remove the Na+ ions to protonate the sulfonate group. Finally, the polymer chains
were attached onto the functionalized GO@SiO2 compound by dropwise injecting 10 wt.%
Jeffamine M-2070 solution to neutralize all sulfonate groups connected to the surface of the
GO@SiO2 compound. Finally, the solution was dried to a constant weight under vacuum at
50 ◦C, and the nanoscale liquid-like GO@SiO2 hybrid was obtained. A synthetic framework
is illustrated in Figure 1.

Figure 1. Synthetic framework of the nanoscale liquid-like GO@SiO2 hybrid.
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2.4. Tribological Tests

The first step was to prepare the water-based (WB) lubricant (base fluid) and WB nanol-
ubricants with different concentrations of the NIL GO@SiO2 hybrid (1.0 wt.%, 2.0 wt.%,
4.0 wt.% and 8.0 wt.%). The detailed preparation process of all suspensions was as follows:
(a) the WB lubricant consisted of 10.0 wt.% glycerol and 90.0 wt.% deionized water; (b) the
base fluid was kept at 60 ◦C with an electromagnetic stirring heater, and proper amounts of
NIL GO@SiO2 were added into the base fluids under stirring for 30 min; (c) the suspensions
were ultrasonicated for 30 min to obtain homogeneous WB nanolubricants.

Ball-on-disk tests were conducted on an Rtec MFT (multi-functional tribometer) 5000.
Moving 10 mm away from the center of the disk, a normal force of 15 N was applied to
the ball (equal to 1.6 GPa of the maximum Hertz contact stress) against the rotating disk at
200 rpm. The normal force employed to the ball holder was measured by an Fz load cell
installed above a spring. The friction force was generated by the combination of the rotating
motion and the normal load. The coefficient of friction (COF) was calculated by the ratio
between an Fx load cell attached onto the ball holder and Fz. The tribological trials were
performed under different lubrication conditions for 20 min., and each test was repeated at
least three times. During the tests, the COF variations were recorded automatically every
two seconds. In addition, the wear of the balls after tests was evaluated by measuring the
worn surface areas.

2.5. Characterizations

The samples were prepared by placing a few drops of the GO and GO@SiO2 dis-
persions onto a copper grid and then evaporating the solvent. Afterwards, transmission
electron microscope (TEM) images were examined using JEM-2100F. The X-ray diffraction
(XRD) analysis was conducted on a D8 Advance using Cu Kα radiation. The measured
2θ values ranged from 10◦ to 80◦ and the scan step was 0.02. The chemical composition
and physical properties of the GO, GO@SiO2 compound and NIL GO@SiO2 hybrid were
investigated using a Fourier transform infra-red (FTIR, Nicolet iS50) spectra in the range of
4000 to 500 cm−1, and Raman spectroscopy (inVia). A Zeta potential analyzer (Zen3690)
was used to characterize the dispersion stability. Thermogravimetric analysis (TGA) mea-
surements were taken under Argon flow at a heating rate of 10 ◦C min−1 using a STA
449F5 instrument.

The wear scars on the balls and the worn tracks of the disks were characterized using a
Leica optical microscope (OM) and JSM-7800F field emission scanning electron microscope
(FE-SEM) and EDS. In addition, atomic force microscopy (AFM) was carried out to measure
the surface morphology of the wear tracks.

3. Results and Discussion
3.1. Structural Analysis

The microstructures of the GO and GO@SiO2 compounds were characterized by TEM,
as shown in Figure 2. Figure 2a reveals that the GO nanosheets were efficiently exfoliated
to form separate and transparent sheets. In addition, the dark color in the picture indicates
that the GO nanosheets were folded. Compared with the GO (Figure 2a), the GO@SiO2
compound was decorated with SiO2 nanoparticles with a diameter of approximately
100 nm, in which the SiO2 nanoparticles were sparsely attached onto the lamellae of GO,
displaying no apparent nano-SiO2 agglomeration.

The crystalline structures of GO, the GO@SiO2 compound and the NIL GO@SiO2 hy-
brid were analyzed by XRD. As shown in Figure 3, the diffraction of the GO peaks occurred
at 2θ = 11.4◦, corresponding to the (0 0 2) plane. In addition, the characteristic diffraction
peak at 2θ = 22◦ can be assigned to the (1 1 1) plane reflection of SiO2 according to PAN-
ICSD NO.01-089-3435, which suggests that SiO2 nanoparticles were successfully attached
to the GO. Moreover, the XRD pattern of the NIL GO@SiO2 hybrid revealed that GO@SiO2
compounds retain their structural and size integrity after surface functionalization.
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Figure 2. TEM images of the GO (a) and the GO@SiO2 compound (b).

Figure 3. XRD patterns of GO and the GO@SiO2 compound.

The FTIR spectra of GO, the GO@SiO2 compound, and the NIL GO@SiO2 hybrid are
presented in Figure 4. The FTIR spectrum of GO reveals the presence of hydroxyl (~3400 cm−1),
epoxy (~1177 cm−1), carboxyl (~1733 cm−1), the O-H deformation (~1049 cm−1), and the
oxygenous groups (~1624 cm−1) [46]. The intensities of these IR peaks dropped considerably
after the attachment of the silica nanoparticles. In addition, the characteristic absorption peaks
of Si-O (~1105 cm −1) and Si-O-Si (~1100 cm−1) were both observed, which confirms that
silica was successfully deposited on the surface of the GO. As for the NIL GO@SiO2 hybrid,
the bands at ~2920 cm−1 and 674 cm−1 were due to the C-H vibrations from the Jeffamine
M-2070 and SO3

2− from SIT 8378.3, respectively. Owing to the relatively small number of
terminal ammonium groups present in the high molecular weight of the the Jeffamine M-2070,
it is difficult to detect them in the FTIR spectra [47].
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Figure 4. FTIR spectra of GO, GO@SiO2 compound and NIL GO@SiO2 hybrid.

To further investigate the layered and defect structure of carbonaceous materials,
Raman spectroscopy was employed to explore the GO, the GO@SiO2 compound and the
NIL GO@SiO2 hybrid. As shown in Figure 5, two bands around 1350 cm−1(D) and 1595
cm−1 (G) represent the disorder of symmetry and crystallization, respectively [48], and
are attributed to the activation of the first-order scattering process of sp3 carbon and sp2-
bonded carbon atoms in graphene sheets, respectively. The ratio of the D-band and G-band
I(D)/I(G) is correlated to the ratio of disordered sp3 and ordered sp2 carbon domains.
The higher the ratio of the D-band to G-band, the more defects in the carbon materials.
Compared with GO (ID/IG = 0.96) and the GO@SiO2 compound (ID/IG = 0.94), the NIL
GO@SiO2 hybrid increased to 1.02, implying that the sp2 carbon domain decreased and
new defects and polar groups were produced. In addition, the molecular charge transferred
between M-2070 and the graphene also led to the increase in the I(D)/I(G) ratio [43].

Figure 5. Raman spectra of GO, GO@SiO2 compound and NIL GO@SiO2 hybrid.

The content of the organic canopy attached to the NIL GO@SiO2 hybrid affects the
properties of the material. Therefore, TGA was conducted to evaluate the thermal stability
and organic quantity of the material (Figure 6). Jeffamine M-2070 exhibited a relatively
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higher decomposition at the temperature range of 300~420 ◦C, while the NIL GO@SiO2
hybrid mainly underwent weight loss at the range of 280~360 ◦C. In addition, the GO@SiO2
compound showed gradual weight loss up to approximately 14.5% until 600 ◦C, while the
decomposition residual of the M-2070 was roughly 6.9%. Most especially, the TGA trace
under Argon flow demonstrated that the NIL GO@SiO2 hybrid is virtually solvent-free and
a new hybrid, and is not a simple mixture of the M-2070 and GO@SiO2 compound. As a
result, it can be estimated that the organic component (surface functionalization groups) in
the hybrid accounted for roughly 77.9%.

Figure 6. TGA curves of M-2070, GO@SiO2 compound and NIL GO@SiO2 hybrid.

3.2. Dispersion Stability

Since nanoparticles have a tendency to agglomerate, stability is a key issue for nanolu-
bricants. The state of the nanoparticles results from a combined effect of the van der Waals
attraction force and the electrical double-layer repulsive force [49]. The zeta potential (ZP)
is an important and measurable indicator of the stability of colloids, and its magnitude
reveals the degree of electrostatic repulsion between adjacent charged particles. High ZP
implies highly charged particles, which prevents the aggregation of the particles due to
electric repulsion, while low ZP implies that attraction overcomes repulsion, leading to
coagulation. Figure 7 shows the ZP of nanolubricants with the GO@SiO2 compound and
the NIL GO@SiO2 hybrid, respectively. The absolute ZP value (−45.8 mV) of the GO@SiO2
hybrid dispersion was greater than that (−28.2 mV) of the GO@SiO2 compound dispersion.
Therefore, the surface functionalization of GO@SiO2 by the NIL method improved the
dispersion stability in the water-based lubricant.

Figure 7. Zeta potential of nanolubricants with the GO@SiO2 compound and the NIL GO@SiO2 hybrid.
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3.3. Tribological Properties

The friction and wear properties of the NIL GO@SiO2 hybrid as the additive in the
water-based lubricant were investigated by ball-on-disk tests. From Figure 8a, the in situ
COF curves versus time revealed that the COF slightly varied from the start to the end
in each scenario. It can be seen that the COF was relatively high under the lubrication of
the water-based stock; however, 1.0 wt.% NIL GO@SiO2 hybrid lubricant made the COF
slightly fluctuate and hardly improved the lubrication performance. As the concentration
of the water-based lubricant continuously increased, although the COF curve varied, it
proceeded to be lower than that of the water-based stock. In particular, the COF values of
4.0 and 8.0 wt.% concentrations presented the comparatively lowest level of all scenarios.
The AFC (average friction coefficient) and AWS (area of wear scar) of the balls are shown
in Figure 8b. It can be seen that the addition of the NIL GO@SiO2 hybrid was able to
ameliorate the tribological performance by reducing the AFC and AWS. In contrast, the
best lubrication performance was obtained at 4.0 wt.% hybrid concentration, in which the
AFC and AWS were 0.33 and 0.084 µm2, respectively. Compared with the WB lubricant,
these two values were reduced by 20.7% and 36.6%, respectively.

Figure 8. (a) COF versus time and (b) AFC and AWS lubricated by different concentrations.

As shown in Figure 9, wear tracks lubricated by the different concentrations of WB
nanolubricants were characterized by AFM. It is evident that the addition of NIL GO@SiO2
hybrid flattened the surface roughness. Deep grooves were generated under the lubri-
cation of the WB lubricant with the surface roughness (Ra) at about 700 nm (Figure 9a).
Additionally, the addition of the NIL GO@SiO2 hybrid decreased the track roughness at
all concentrations tested (Figure 9b–e), which was about 100 nm. As a result, abrasive
polishing was ascribed to be one of the lubrication forms of the NIL GO@SiO2 hybrid [50].

Figure 9. AFM images of wear tracks lubricated by (a) the WB lubricant, (b) 1.0 wt.%, (c) 2.0 wt.%,
(d) 4.0 wt.%, and (e) 8.0 wt.% NIL GO@SiO2.
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3.4. Inquiry of Lubrication Mechanisms

The lubrication enhancement of nanoparticles can be primarily divided into four
mechanisms, including the micro-bearing effect, the self-repairing effect, tribo-film, and
the polishing effect [51]. As the ball was pressed against the rotating disk under the
nanolubricants, the GO@SiO2 nanoparticles were dragged into the engaging surfaces with
the base fluid, leaving deposits on the mating surfaces.

In order to understand the mechanisms of friction reduction and anti-wear for the NIL
GO@SiO2 hybrid, FE-SEM morphologies of the worn track lubricated under the different
concentrations are displayed in Figure 10. Spherical nanoparticles can be discerned at all
concentrations; these are the silica nanoparticles attached to the GO. The friction reduction
was less obvious at low concentrations (1.0 wt.% and 2.0 wt.%), because there were limited
nanoparticles deposited on the mating surfaces (Figure 10a,b). When the concentration
increased to 4.0 wt.% and 8.0 wt.%, both friction reduction and anti-wear were reduced
more than 20%. Furthermore, the shape and size of the nanoparticles were well maintained
after the wear tests, which implies that the NIL GO@SiO2 hybrid may have a typical micro-
bearing effect in common cases [52]. Moreover, graphene also promotes relative sliding
between the mating surfaces.

Figure 10. FE-SEM images of the worn surfaces on disks lubricated by (a) 1.0 wt.%, (b) 2.0 wt.%,
(c) 4.0 wt.%, and (d) 8.0 wt.% NIL GO@SiO2.

FE-SEM image of the wear track lubricated by the 4.0% NIL GO@SiO2 hybrid and a
point element analysis are given in Figure 11. The spherical particles (bright color) can be
discerned, and the EDS spectra analysis (Figure 11b) reveals Si (wt.% 2.76) and C (wt.%
2.49) elements on the worn track, which illustrates that the NIL GO@SiO2 hybrid was
embedded onto the steel substrate under high contact pressure. This indicates that the
spherical SiO2 nanoparticles in the lubricant can roll between the rubbing surfaces during
the friction process. The graphene deposited onto the rubbing surfaces also plays a role
in anti-wear and friction reduction. At the later stage, the hybrid could take effect and
avoid the direct steel-to-steel contact to reduce wear. In future, more exquisite techniques
(focused ion beam—FIB) should be applied to characterize the lubrication films formed
due to nanoparticles. Furthermore, Bao and our former findings [24,53] demonstrate that
there is no chemical reaction of SiO2 nanoparticles in the tribofilms, and the lubrication
effect is only a physical effect.
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Figure 11. (a) FE-SEM image of the worn surfaces lubricated by 4.0 wt.% NIL GO@SiO2 and (b) the
point element analysis labeled in (a).

Therefore, the mechanisms responsible for the NIL GO@SiO2 hybrid’s ability to reduce
friction and wear can be attributed to a synergy of mechanisms. Firstly, the nanoscale
ionic liquid-functionalized GO@SiO2 compound restrained the agglomeration of GO@SiO2
in the water-based fluid; secondly, when the NIL GO@SiO2 hybrid WB nanolubricants
were used, some nanoparticles were embedded onto the disk surface, acting as micro-
bearings. Additionally, the NIL GO@SiO2 hybrid could be pressed to form tribofilms,
preventing direct steel-to-steel contact. Thirdly, during the stable period, the nanoparticles
refilled the friction pair surfaces (so-called “mending”), and the replenishment and loss of
nanoparticle obtained a balance. The nanolubricants also took away debris and friction
heat to avoid welding between asperities. Thus, the NIL GO@SiO2 hybrid exhibits a good
tribological performance.

4. Conclusions

In this work, silica nanoparticles with a diameter of 100 nm were successfully attached
onto graphene oxide. Then, based on the nanoscale ionic liquid method, the GO@SiO2
compound was functionalized to obtain a liquid-like GO@SiO2 hybrid. The lubrication
performance of the NIL GO@SiO2 hybrid as a water-based lubricant was investigated using
a ball-on-disk tribometer. Based on the aforementioned analysis, the following conclusions
were obtained:

1. The as-synthesized NIL GO@SiO2 hybrid consisted of approximately 77.9% organic
components and 22.1% inorganic components, exhibiting good dispersity and stability
as a WB lubricant;

2. The addition of the NIL GO@SiO2 hybrid reduced the COF and AWS at all tested
concentrations. Compared with the WB lubricant, the 4.0 wt% hybrid nanolubricant
lowered COF and AWS by 20.7% and 36.6%, respectively;

3. The tribological enhancement of the NIL GO@SiO2 hybrid can be explained by the syner-
gistic mechanisms of micro-rolling, polishing and mending in the GO@SiO2 compound.
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Nomenclature

NIL nanoscale ionic liquid
English Symbols
FSS Ferritic Stainless Steel
GO Graphene Oxide
TEO Tetraethyl orthosilicate
WB water-based
MFT multi-functional tribometer
COF coefficient of friction
TEM Transmission Electron Microscope
XRD X-ray diffraction
FTIR Fourier Transform Infra-Red
TGA Thermogravimetric analyzer
OM Optical Microscope
AFM Atomic Force Microscopy
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