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ABSTRACT: Graphene oxide dotted with nickel nanoparticles (Sc—
Ni/GO) was synthesized by chemical deposition with the assistance
of supercritical carbon dioxide (scCO,). The deposited Ni nano-
particles with diameters less than S nm are uniformly anchored on the
surfaces of GO nanosheets. The as-prepared Sc—Ni/GO composites
were employed as lubricating additives in paraffin oil and their
tribological properties were tested using a four-ball tribometer. The
results demonstrate that the Sc—Ni/GO composites are efficient
lubricant additives. Adding 0.08 wt % Sc—Ni/GO into paraffin oil can
reduce the friction coefficient and wear scar diameter by 32 and 42%,
respectively, in comparison with the pure oil. In addition, Sc—Ni/GO
composites exhibit superior lubricating performances than nano-Ni,
GO nanosheets, and Ni/GO composites produced without the aid of
scCO,. Such excellent lubricating properties of the Sc—Ni/GO
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composites derive from the synergistic lubricating actions of Ni nanoparticles and GO nanosheets during the rubbing process.
The synergistic lubricating actions are closely related to the microstructure of the nanocomposites and the characteristic features
of transfer film formed on the contact steel balls. The anchored Ni nanoparticles with smaller size and more uniform distribution

on GO surfaces and the thin transfer film formed on the contact balls favor the full play of the synergistic actions.
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1. INTRODUCTION

Graphene has drawn great research and industrial attention
mainly in the past decade due to its unique electrical, optical,
thermal, and mechanical properties. It also has been
demonstrated to be an effective solid lubricant and lubricating
additive.'® Eswaraiah et al." found that the ultrathin graphene
significantly improved the lubricating performance of the
engine oil. Frictional characteristics, antiwear abilities, and
extreme pressure properties of the graphene dispersed oil were
improved by 80, 33, and 40% respectively, compared with the
base oil. Berman et al’ reported that solution-processed
graphene layers reduced friction and wear on sliding steel
surfaces in air. They thought that the graphene layers could act
as a two-dimentional nanomaterial and formed a conformal
protective coating on the sliding contact interfaces, facilitating
shear, slowing the tribo-corrosion and, hence, drastically
reducing the wear.

Recently, graphene and graphene oxide have been
authenticated as ideal substrates to load nanoparticles, such as
silver (Ag), gold (Au), platinum (Pt), and so on, onto their
nanosheet surfaces, owing to their low surface energy and high
loading capacity.” > Nguyen et al.” prepared Ag nanoparticle-
decorated graphene composites by a simple hydrogen reduction
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of silver precursor. Muszynski et al.'’ produced nano-Au/
graphene composites using a solution-based approach of
chemical reduction of AuCl,-ions in graphene suspensions.
Not only the laminated graphene oxide is a good supporter to
decorate metal nanoparticles but also the as-prepared nano-
composites exhibit much better performance than the
individual graphene or nanoparticles. Zhao et al."' found that
the prepared PtRu/GO composites possess better electro-
catalytic reactivity than the individual PtRu nanoparticles. As a
type of soft metal nanomaterial, the magnetic nickel (Ni)
nanoparticles have attracted a great deal of research attention as
a lubricating additive because of its low cost, facile preparation,
and self-repairing activity.”"** Chen et al.*' demonstrated that
monodispersed Ni nanoparticles greatly improved the antiwear
behavior of the filled poly alpha-olefin (PAO6) oil, even at a
low concentration of 0.05 wt %. We believe that once Ni
nanoparticles are introduced onto the nanosheets of graphene
oxide, the as-prepared Ni/GO nanocomposites will achieve
better lubricating performance than that of individual nano-Ni

Received: March 26, 2015
Accepted: May 18, 2015
Published: May 18, 2015

DOI: 10.1021/acsami.5b02650
ACS Appl. Mater. Interfaces 2015, 7, 11604—11612


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02650

ACS Applied Materials & Interfaces

Research Article

Figure 1. TEM images of (a) GO, (b) nano-Nj, (c) Ni/GO composites, and (d) Sc—Ni/GO composites; and (e) EDX spectrum of Sc—Ni/GO

composites in panel d.

or GO because their synergistic friction-reducing and antiwear
potentials may occur.

Despite all kinds of nanoparticles have been decorated on
GO nanosheets, it is still a great challenge to achieve
homogeneous foreign materials with even size distribution on
the GO nanosheet surfaces because of the easy agglomerating
and restacking tendency of GO nanosheets. Supercritical
carbon dioxide (scCO,) has many distinctive properties,
including excellent mass-transfer capability, gas-like diffusivity,
and extremely low viscosity, and thus, it is applicable to
uniformly disperse nano]garticles onto the high-surface-energy
supporting materials.”>~>* Some previous results have con-
firmed that the nanoparticles synthesized with assistance of
scCO, possess smaller and more homogeneous sizes and better
distribution on substrates than the ones produced without the
aid of scCO,.2~*® Moreover, these works have shown that the
as-prepared nanocomposites with the aid of scCO, exhibit
superior progerties in their practical applications. For example,
Chen et al* found that highly dispersed Pd nanoparticles
could be directly decorated on carbon nanotubes with the aid
of scCO,. The as-prepared composites demonstrated much
better activity toward hydrogen spillover compared to those
fabricated without the aid of scCO,.

Here, we provide a facile chemical deposition for the
controllable synthesis of Ni nanoparticles/GO nanosheets
composites (Sc—Ni/GO) with the aid of scCO,. The resulting
nanocomposites are employed as lubricating additives in
paraffin oil and their tribological properties are systemically
investigated using a four-ball tribometer. For references, the
samples of GO, nano-Ni, and Ni/GO composites prepared in
air are also produced and studied. Finally, the synergistic
lubricating mechanisms of Ni nanoparticles and GO nanosheets
in the Sc—Ni/GO composites are proposed by analyzing the
worn surfaces on the tested balls.

2. EXPERIMENTAL SECTION

2.1. Materials. Natural graphite (average size ~44 um) was
supplied from Qingdao Dongkai Co., Ltd, of China. NaNO; and
KMnO, were supplied from Sino Pharm Chemical Reagent Co., Ltd.,
of China. Sodium dodecyl sulfate (SDS), oleic acid, and sodium citrate
(AR > 99.9%) were purchased from Tianjin Fuchen Chemical
Reagent Factory of China. NiCl,-6H,0 (A.R. 99%) was supplied from

Jinan Shenghe Chemical Industry Co., Ltd. of China. The reducing
agent was dimethyl amineborane (DMAB; A.R. > 98.5%), which was
purchased from Shanghai Hansi Chemical Co., Ltd,, of China. All
chemicals used were of analytical grade.

2.2. Synthesis of GO and GO-based Nanocomposites. In this
work, GO was synthesized from natural graphite powders using a
modified Hummers method.*>*® The details were provided in the
Supporting Information. NiCl,-6H,O was used as the precursor for the
syntheses of nano-Ni and Ni/GO nanocomposites. To prepare Sc—
Ni/GO composites, 100 mg of NiCl,-6H,0, 5 mg of sodium dodecyl
sulfate (SDS) and 2.5 mg of sodium citrate were first codissolved in 60
mL of ethanol with magnetic stirring. After that, 100 mg of GO and 75
mg of DMAB were added into the mixed solution one by one, and the
mixed solution was subsequently treated with ultrasonic vibration for
10 min. Then, the mixed solution was loaded in a 100 mL stainless
autoclave. After that, pressurized CO, was introduced into the system
under heating conditions. The supercritical state of CO, was achieved
when the pressure and temperature reached 18 MPa and 100 °C,
respectively. Figure S1 (SI) schematically presents the scCO,-assisting
deposition system. The mixed solution in the system was vigorously
magnetically stirred to facilitate the completion of the reaction and
generate homogeneous product. After 2 h, the system was
depressurized and slowly cooled to room temperature. The resulting
products were isolated by centrifugation and then repeatedly washed
with copious distilled water and ethanol. The Ni nanoparticles were
also synthesized using the same method without the addition of GO.
In addition, the Ni/GO nanocomposites were produced by traditional
chemical deposition. The operation process and parameters were
similar to those for producing Sc—Ni/GO nanocomposites without
the assistance of scCO,.

2.3. Sample Characterizations. The morphologies of the
prepared samples were examined using high-resolution transmission
electron microscopy (TEM, JEOL JEM-2010F) and field-emission
scanning electron microscopy (FESEM, JEOL JSM 6700F). The
elemental composition information was obtained by Energy Dispersive
X-ray Detector attached TEM from the same image for TEM analysis.
The phase structures were studied by X-ray diffractometer (XRD,
Bruker D8 advance) with a Cu Ka radiation (1.5405 A). The X-ray
detector was scanned at a rate of 0.5 per minute from diffraction angle
of 5—80°. Thermogravimetric analysis (TGA) was performed from
room temperature to 1000 °C at a heating rate of 10 °C per minute in
a protective atmosphere of N,. Raman spectra were recorded using a
RENISHAW inVia instrument with excitation energies of 514.5 nm
and 20 mW. Fourier transform infrared (FTIR) spectra were recorded
on a Nicolet Nexus 670 FT-IR Spectrometer in the range of 400—4000
cm™.
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2.4. Friction and Wear Behaviors. To improve the dispersibility
of the as-prepared nanomaterial in paraffin oil, we treated 0.1 g
nanomaterial (GO or nano-Ni, Ni/GO, Sc—Ni/GO) with 10 mL oleic
acid under magnetic stirring at 80 °C for 1 h. After that, the mixture
was washed with copious ethanol to remove extra oleic acid and dried
at 80 °C for 2 h to obtain the oleic acid-modified nanomaterial. Before
tribo-test, the oleic-acid-modified nanomaterial with desirable content
was dispersed in paraffin oil under ultrasonication for 30 min for
producing the nanomaterial dispersed oil. The tribological properties
of the pure paraffin oil and the nanomaterial dispersed oils were tested
by a four-ball tribometer (MRS-104, Jinan Yihua Tribology Testing
Technology Co., Ltd. China). The used balls with diameter of 12.7
mm and surface roughness of 0.020 ym were composed of GCrlS
bearing steel. The hardness of the balls is 61—65 HRC. The tests were
performed at room temperature and ambient humidity for 30 min
under different loadings (50—300 N) and rotating speeds (300—1500
rpm). After testing, the steel balls were ultrasonically cleaned in
petroleum ether and dried in air. The wear scar diameter (WSD) on
the tested ball was measured by an optical microscopy (107]JA;
Shanghai Changfang Optical Instrument Co., Ltd., China), and each
scar was measured at least three times under the same conditions to
ensure standard deviations less than 5%. The morphologies and
chemical compositions of the worn surfaces were determined by field-
emission scanning electron microscopy (FESEM, JEOL JSM 6700F)
and X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD).

3. RESULTS AND DISCUSSION

3.1. Morphology and Microstructure. TEM images of
GO, nano-Nj, Ni/GO, and Sc—Ni/GO are shown in Figure 1.
It can be observed that the GO nanosheets are super thin and
transparent with some wrinkles on the surface (Figure 1a). As
shown in Figure 1b, nano-Ni possesses a globose micro-
structure with an average diameter of 5—10 nm. To identify the
role of scCO, in the synthesis of the composites, TEM images
of Ni/GO and Sc—Ni/GO are shown in Figure 1c,d. It is clear
that the morphologies and the distributions of the dotted Ni
nanoparticles are totally different in the two samples. Figure 1lc
(without ssCO,) shows coarser Ni nanoparticles, which
evidently tend to join together and agglomerate, leading to
massive clusters on GO sheets. The introduction of scCO,
significantly improves the microstructures of the dotted Ni
nanoparticles on GO sheets. As shown in Figure 1d, the GO
nanosheets are anchored with highly dispersed Ni nanoparticles
with uniform diameters less than S nm. The EDX spectrum of
the Sc—Ni/GO from its TEM image is shown in Figure le.
Strong Ni peaks are observed, suggesting that the Ni
nanoparticles are successfully anchored on GO nanosheet
surfaces. Note that the strong Cu peaks derive from the copper
grid for TEM analysis.

Figure 2 shows the SEM images of these samples. Figure 2a
further confirms that GO sheets are transparent with very thin
thickness and a few wrinkles. The morphologies of the Ni
nanoparticles after drying from their dispersion are shown in
Figure 2b. Although most of the nanoparticles join together to
form network clusters due to the drying process, a few globose
and grainy nanoparticles are still observed in the clusters. By
comparing panels ¢ and d in Figure 2, the findings from TEM
analyses can be reinforced. For the Ni/GO sample, the
diameter distribution ranges of the Ni nanoparticles are very
wide. A few Ni nanoparticles on GO sheets disperse poorly and
form big clusters. However, for the Sc—Ni/GO sample, the Ni
nanoparticles with uniform diameter size are homogeneously
decorated on GO nanosheet surfaces. In general, the deposited
Ni nanoparticles with high-quality distribution are achieved
without any surface pretreatment for GO for the Sc—Ni/GO

50 nm

Figure 2. SEM images of (a) GO, (b) nano-Ni, (c) Ni/GO
composites, and (d) Sc—Ni/GO composites.

nanocomposites. ScCO, possesses a variety of excellent
characters such as gas-like viscosity, enhanced transport
efficiency, and small surface tension, which is very helpful for
the wetting of GO sheets and the adhesion of Ni ions to the
GO surfaces. In addition, the miscibility between ethanol and
scCO, can enhance the dissolving capacity of scCO, and baffle
the escape of Sc—Ni/GO caused by depressurizing and
releasing CO,.

Figure 3a shows the FT-IR spectra of GO, Ni/GO and Sc—
Ni/GO samples. The typical peaks of GO at 3410 cm™
(stretching vibration of C—OH), 1730 cm™' (C=O0), and
1400 cm™ (deformation vibration of C—OH) are clearly
observed for the GO sample. And the peak at 1630 cm™ is
attributed to the skeletal vibration of graphitic skeleton and the
peak at 1060 cm™ confirms the existence of C—O—C in the
GO sample. Interestingly, the peak at 1730 cm™" disappears
and the peaks at 3410 cm™, 1400 and 1060 cm™ are still
observed for the Ni/GO and Sc—Ni/GO nanocomposites.
These results show that the reduction reactions indeed occur
during the synthesis process of Ni/GO and Sc—Ni/GO
nanocomposites. But, the reduction of GO is mild and
incomplete, evidenced by the existences of C—O—C and C—
OH in the two samples. The Raman spectra of GO, Ni/GO,
and Sc—Ni/GO samples are shown in Figure 3b. When
compared to the GO sample, the nanocomposites of Ni/GO
and Sc—Ni/GO exhibit slightly higher ratio of D band intensity
to G band intensity (Ip/I;). The increase of I,/I; is mainly due
to the increase of defects on GO surface and the decrease of
relative dimension of GO sheets. The increasing defects and
decreasing dimension of GO nanosheets in the two nano-
composites might originate from the anchoring of Ni
nanoparticles on the GO surfaces. In addition, the linear
shape in the Raman spectra between 300 and 1000 cm™
(Figure 3b, inset) confirms no metallic oxides of Ni,O, existing
in the Ni/GO and Sc—Ni/GO nanocomposites.

XRD patterns of GO, nano-Ni, Ni/GO, and Sc—Ni/GO
samples are shown in Figure 4a. In the pattern of the GO
sample, the carbon (001) characteristic peak of graphite oxide is
clearly observed at 10°. This peak becomes weaker and wider in
the patterns of both Ni/GO and Sc—Ni/GO, which is
attributed to the reduction of some oxidation groups on GO
(Figure 3a) during the deposition process. Furthermore, the
smooth carbon (002) diffraction peak appears in the patterns of
the two nanocomposites. In the case of nano-Ni pattern, the
peaks at 44.3, 51.7, and 76.1° are respectively assigned to (111),
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Figure 3. (a) FT-IR spectra and (b) Raman spectra of GO, Ni/GO, and Sc—Ni/GO samples; (b, inset) Raman spectra from 300 to 1000 cm™.
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(200), and (220) crystalline planes of Nickel (JCPDS Card
No.65-0380), which indicates that the Ni nanoparticles are
face-centered cubic (fcc) structure. Interestingly, there is only
Ni (111) peak in the pattern of Ni/GO and only Ni (111) and
Ni (200) peaks in the pattern of Sc—Ni/GO, which might
derive from the directional crystallization of Ni particles
because of the enveloping by GO nanosheets. No peaks from
other impurities are detected.

TGA curves of GO, Ni/GO and Sc—Ni/GO samples are
shown in Figure 4b. For the GO sample, 5% weight loss below
100 °C is attributed to the removal of adsorbed water, and the
main 40% weight loss within 100—300 °C is ascribed to the
decomposition of labile oxygen functional groups.”® There is
also a steady weight loss of 17% between 400 and 1000 °C,
which is assigned to the removal of more stable oxygen

11607

functionalities.”” The total weight loss is around 62% for the
GO sample when the temperature reaches 1000 °C. In contrast,
the total weight loss of the Ni/GO composites and Sc—Ni/GO
composites are respectively reduced to 39.6% and 45.4% at this
temperature, which derives from the deposited Ni nanoparticles
on the GO surfaces for the two composites. Meanwhile, the
different weight loss between the Ni/GO and Sc—Ni/GO
composites has close relation with the mass fractions of the
deposited Ni nanoparticles in them. Although the Ni
nanoparticles badly disperse and form big clusters in the Ni/
GO composites (Figures 1c and 2c), the mass fraction of Ni
nanoparticles is higher than that in the Sc—Ni/GO sample.
3.2. Tribology Properties. The stability of the nanoma-
terial dispersed oil greatly affects its lubricating performances.
Figure S2 (SI) displays photographs of the base paraffin oil and
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the dispersed oil with 0.08 wt % GO, nano-Ni, Ni/GO, and
Sc—Ni/GO after resting for 10 days. It is clear that the
nanomaterial dispersed oils are stable without obvious
precipitation behavior in the bottom of the bottles after resting
a long time (10 days). Variations of friction coefficients of the
base oil and the nanomaterial dispersed oils with increasing
sliding time are shown in Figure Sa. These dispersed oils show
smaller and more stable friction coefficients than the pure
paraffin oil with the increase of sliding time. This result suggests
that all these nanomaterials as a lubricating additive have
positive functions for improving the friction property of the
paraffin oil. However, these samples exhibit different friction-
reducing efficiencies. The Sc—Ni/GO dispersed oil exhibits the
lowest and the most stable friction coefficient, followed by the
Ni/GO dispersed oil.

Comparisons of the average friction coefficients and the
WSDs of the corresponding steel balls lubricated with these oils
at 150 N and 900 rpm are shown in Figure Sb. All
nanomaterials including GO, nano-Ni, Ni/GO and Sc—Ni/
GO as additives can reduce the friction coefficients and the
WSDs. The Sc—Ni/GO dispersed oil exhibits the lowest
friction coeflicient and the lowest WSD. Compared with the
pure paraffin oil, the Sc—Ni/GO dispersed oil shows the
friction coeflicient and WSD reduced by 32% and 42%,
respectively. Figure 5b also suggests that the nanocomposites of
Sc—Ni/GO and Ni/GO as additives have better lubricating
abilities than the individual nanomaterial of Ni or GO, which
may derive from the synergistic lubricating actions of Ni
nanoparticles and GO nanosheets in the composites. However,
the better lubricating performances of Sc—Ni/GO than Ni/GO
indicate that the synergistic lubricating potentials of nano-Ni
and GO are closely related to the composite microstructure. As
shown in Figures 1c and 2c, the anchored Ni nanoparticles on
GO surfaces are coarser and featured with big size in the Ni/
GO composites. But for the Sc—Ni/GO composites, the Ni
nanoparticles with smaller diameters less than 5 nm are evenly
dispersed on the GO nanosheet surfaces (Figures 1d and 2d).
As a result, the antiwear and friction-reducing potentials of Ni
nanoparticles and GO nanosheets are fully released and better
synergistic effects can be achieved for the Sc—Ni/GO
composites.

Figure 6 shows the friction coefficients and WSDs of the
dispersed oil with varying concentrations of Sc—Ni/GO
composites at 150 N and 900 rpm. It can be seen that traces
of Sc—Ni/GO can evidently improve the lubricating properties
of the paraffin oil. Although the variations of both the friction
coefficients and WSDs exhibit a similar “deep valley” shape, the
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Figure 6. Variations of the friction coefficients and WSDs of the balls
lubricated with the Sc—Ni/GO dispersed oil as a function of Sc—Ni/
GO concentration at 150 N and 900 rpm.

lowest friction coeflicient appears at the concentration of 0.06
wt %, and the smallest WSD emerges at the concentration of
0.08 wt %. Therefore, the optimal concentration of Sc—Ni/GO
composites in oil is 0.06—0.08 wt %. With this weight
percentage, both friction coeflicient and WSD values reach
the lowest point, and the excellent lubricating performances of
the dispersed oil are obtained.

Figure 7 describes the variations of the friction coeflicients
and WSDs of the balls lubricated with 0.08 wt % Sc—Ni/GO
dispersed oil as a function of the loading and rotating speed.
The loading and rotating speed have similar influences on the
WSDs. The WSDs steadily increase with increasing loading and
rotating speed. At first, the friction coefficient decreases and
reaches a minimum value, and then it starts to increase with the
sustainable increase of the loading and the rotating speed.
There is a speedy decreasing phase for both of the two
influence polylines of the friction coeflicient. At this phase, the
influences of loading and rotating speed start to get full play.

3.3. SEM and XPS Analyses of Wear Interfaces. Figure 8
shows the SEM images of the wear scar surfaces on the steel
balls lubricated with these oils after sliding for 30 min at 150 N
and 900 rpm. As shown in Figure 8a,b, the wear scar lubricated
with the pure paraffin oil is the biggest one, and the wear
surface is very rough. Many wide and deep furrows on the
entire surface can be found, indicating that the metal-to-metal
contact has occurred because of the poor lubrication of the
pure oil. Adding Ni nanoparticles in oil slightly reduces the
WSD on the ball (Figure 8c). Deep scratches and grooves still
exist on this wear surface (Figure 8d), which indicates that the
severe scuffing has occurred during the rubbing process. The
steel ball lubricated with the GO dispersed oil shows a smooth
wear surface, as shown in Figure 8e,f. The furrows on this wear
surface become flat and smooth and the furrow numbers are
also decreased. As shown in Figure 8g,i, the balls lubricated
with the Ni/GO or Sc—Ni/GO dispersed oil display much
smaller WSDs when compared to the ones lubricated with the
dispersed oil with individual nano-Ni or GO. Moreover, their
wear surfaces have less and shallower furrows and scratches
(Figure 8h,j). The combinations of Ni and GO in composite
indeed significantly develop the synergistic lubricating
potentials as expected. However, there are still distinctions
between the wear surfaces lubricated with the Ni/GO dispersed
oil and the Sc—Ni/GO dispersed one (Figure 8g—j). The WSD
lubricated with the Sc—Ni/GO dispersed oil (Figure 8i) is
smaller than that lubricated with the Ni/GO dispersed oil
(Figure 8g). And the wear scar surface lubricated with the Ni/
GO dispersed oil is also featured with some adhesive wears as a
result of a few scratches and grooves observed (Figures 8gh).
But the scratches and grooves become much shallower and
thinner on the wear surface lubricated with the Sc—Ni/GO
dispersed oil (Figure 8j). These results confirm that the Sc—Ni/
GO composites are more effective than Ni/GO composites as
lubricating additives. Some black remnants are observed in
Figure 8j, indicating that a transfer film may form during the
sliding process. XPS analyses were carried out to detect the
chemical compositions of the transfer film for clarifying the
tribochemical reactions during the sliding process.

XPS analyses of the wear scar on the ball lubricated with the
Sc—Ni/GO dispersed oil were performed to explore the
lubricating mechanism of this composite additive. Figure 9
shows the full spectrum (Figure 9a) from the binding energy of
0 (eV) to 1000 (eV) and the curve-fitted XPS spectra of Cls,
Ols, Fe2p and Ni2p on the wear scar surface. The mass
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Figure 8. SEM images of the wear scar surfaces on the steel balls lubricated with the different oil samples after sliding for 30 min at 150 N and 900
rpm: (a and b) pure paraffin oil, (c and d) 0.08 wt % nano-Ni dispersed oil, (e and f) 0.08 wt % GO dispersed oil, (g and h) 0.08 wt % Ni/GO

dispersed oil, and (i and j) 0.08 wt % Sc—Ni/GO dispersed oil.

75001 Full spectrum  C1s 16000 4x10*
(2] — ?
Q. [}
< 5000 o1 & 12000 8 30’
= Fe2 =2 2 2410
7] i e2p = =
S 2500 { Ni2p \ g 8000 2
= £ % 1x10*
0 4000 - 0
1000 750 500 250 0 295 290 285 280 545 540 535 530 525

Banding Energy (e.v)

) e

2000

1500

Intensity (cps

1000

740 730 720 710 700
Banding Energy (e.v)

Banding Energy (e.v)

Banding Energy (e.v)

600 Ni2p

Intensity (cps) €@

888 876 864 852
Banding Energy (e.v)

Figure 9. (a) XPS full spectrum and curve-fitted XPS spectra of (b) Cls, (c) Ols, (d) Fe2p, and (e) Ni2p on the wear scar surface of the ball
lubricated with 0.08 wt % Sc—Ni/GO dispersed oil after sliding for 30 min at 150 N and 900 rpm.

fractions of the C, O, Fe and Ni elements, determined by XPS
analysis, are listed in Table 1. As shown in Figure 9b, the Fe,C
signal is attributed to the intrinsic ingredient of cementite in the
steel balls, while the C=0, C—-0, C—C, C=C signals might
originate from the Sc—Ni/GO composites. Furthermore, the
mass fraction (27.10%) of C element on the wear scar surface
(Table 1) is much higher than that in the GCrl$S steel ball
(0.95—1.05%). Therefore, we can reasonably conclude that the
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Table 1. Relative Mass Fractions of Typical Elements on the
Wear Scar Surface of the Ball Lubricated with 0.08 wt % Sc—
Ni/GO Dispersed Oil after Sliding 30 min at 150 N and 900
rpm
element C (¢) Fe Ni
mass fraction (wt %) 27.10 29.16 43.46 0.27
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Figure 10. (a) Four-ball tribometer; (b) Sc—Ni/GO composite sheets; and (c) evolution of the transfer film formed on the interface of the contact
balls lubricated with 0.08 wt % Sc—Ni/GO dispersed oil during the sliding process at 150 N and 900 rpm.

Sc—Ni/GO composites have been deposited on the contact
surfaces and form a physical protecting film on the balls. This
conclusion can be further authenticated by the Ni,O; signal in
Ols peak (Figure 9c) and the high mass ratio of Ni/Fe in the
wear scar surface. As calculated from Table 1, the Ni/Fe mass
ratio of 6.21/1000 on the scar surface is much higher than that
of 3/1000 in the GCrlS$ steel. In addition, the C=0, C-0,
and Ni,O; signals also indicate that the Ni and C elements
from the nanocomposites have reacted with oxygen during
sliding process, resulting in a new chemical transfer film formed
on the surface. Furthermore, the Fe,O; signals in Ols peak
(Figure 9¢c) and Fe2p peak (Figure 9d) suggest that a few Fe
elements have been oxidized during the rubbing process.
Because the mass fraction of Ni element is too low (0.27%) on
the scar surface, no obvious peaks are shown in the XPS
spectrum of Ni2p (Figure 9e).

3.4. Synergistic Lubricating Mechanism. Combining
SEM and XPS analyses of the wear scar surfaces, we believe that

the excellent lubricating performances of the Sc—Ni/GO
composites originate from the synergistic lubricating actions
of nano-Ni and GO. Figure 10a,b shows the schematic of the
four-ball tribometer and the Sc—Ni/GO composite sheets,
respectively. Figure 10c displays the evolution of the protecting
film formed on the interface of the contact balls lubricated with
the Sc—Ni/GO dispersed oil. At first, with the traction and
compression created by high contact pressure, the Sc—Ni/GO
composites penetrate into the interspace of the contact surfaces
and gradually deposit in the original pits and valleys of these
surfaces, resulting in the formation of a thin physical film. The
GO sheets can fill up the pits and valleys and smooth the
surface.*** The Ni nanoparticles on the GO sheets reduce the
restacking trend of GO and then prevent the damming actions
of GO in the front edge of the interspace. These actions of Ni
nanoparticles are advantageous to the formation of the thin
physical film on the contact balls. The formed physical film is
imparted with a lot important functions, including separating
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two mating metal surfaces to avoid direct contact, bearing the
load from steel balls, and dispersing stress concentration. 3 As
the test time goes on, the applied load at high rotating speed
will produce high temperature and pressure. The thin physical
film will be damaged, even totally broken, due to the produced
high temperature and pressure. At the same time, the deposited
GO and Ni nanoparticles the surfaces will undergo complex
tribo-chemical reactions owing to the high temperature and
pressure, resulting in the formation of a new chemical transfer
film>' The formed chemical transfer film can supply the
functions of the damaged physical film. Finally, the chemical
transfer film completely replaces the physical film and has the
role of reducing friction and wear. It is necessary to emphasize
that the synergistic lubricating actions of Ni nanoparticles and
GO nanosheets are closely related to the microstructures of the
nanocomposites. The smaller size and more uniform
distribution of Ni nanoparticles are more beneficial for bearing
the load, dispersing stress concentration, and preventing the
restacking of GO sheets. As a result, the Sc—Ni/GO is better
than the Ni/GO as lubricating additives because of its better
microstructures favoring the play of the synergistic actions of
nano-Ni and GO in composites.

4. CONCLUSIONS

A facile one-step supercritical CO, chemical deposition route
has been established to directly synthesize Sc—Ni/GO
nanocomposites. Various characterizations confirm that the
Ni nanoparticles with average diameters less than S nm are
evenly anchored on the surfaces of the GO nanosheets. The
lubricating performances of the synthesized Sc—Ni/GO
nanocomposites as lubricating additives are much better than
those of the individual GO, the individual nano-Ni and the Ni/
GO nanocomposites produced without the aid of scCO,. The
0.08 wt % Sc—Ni/GO dispersed oil displays the friction
coeficient of 0.064 and the WSD of 0.29 mm that are reduced
by 32 and 42%, respectively, compared to the pure oil. The
results suggest that the Sc—Ni/GO nanocomposites have
excellent lubricating performances and can be employed as
efficient lubricating additives. The excellent lubricating
performances of Sc—Ni/GO nanocomposites can be explained
by the synergistic lubricating actions of Ni nanoparticles and
GO nanosheets in the composites during the sliding process.
The anchored Ni nanoparticles with smaller size and more
uniform distribution favor the formation of a thin protecting
film on the contact balls and can highly disperse the heavy load,
which are sure to benefit the full play of the synergistic action.
The findings here provide an alternative approach to fabricate
nanocomposite as efficient lubricant additives, which hopefully
will find real application soon.
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