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applications ranging from magnetics to 
photonics, electronics, sensing, as well 
as energy generation, conversion, and 
storage.[1–3] Developing nanostructures with 
designed morphologies for investigation of 
tribology has recently been recognized as 
an important subject for energy saving and 
environmental protection, as over half of 
mechanical failure results from wear and 
one-third of the total mechanical energy 
used in this world goes waste to counteract 
the friction force among all interfaces.[4–7] 
Sulfides, chlorines, phosphides, or graphite, 
as traditional lubricant additives dispersed 
in oil, are designed to cover chemical metal 
surfaces by forming easily sheared layers 
and then prevent severe wear.[8–12] How-
ever, due to their poor chemical stability 
and low hardness, MoS2 and WS2 particles 
will oxidize fast during the friction process, 
which also gave rise to an increase in wear 
rate and lubricant starvation.[13–15]

In view of the primary principles 
of lubrication, spherical particles with 
high hardness are highly appreciated 

to change sliding into rolling friction more effectively and 
reduce the wear more significantly. Owing to their high 
hardness, excellent wear and corrosion resistance, dia-
mond,[16] metal oxides,[17] and nitrides[18] as lubricating oil 
additives provide better wear resistance, friction reduction, 
and oxidation inhibition than the traditional solid additives. 
Intriguingly, silicon carbide (SiC) particles are more attrac-
tive for such applications when considering its ultrahigh 
hardness (Mohs hardness is ≈9.5).[19] Several methods such 
as vapor–solid reaction[20,21] and carbothermal reduction[22,23] 
have been developed to synthesize SiC with different mor-
phologies. However, due to its very high melting point and 
anisotropic crystal structure, the SiC nanoparticles prepared 
by the above methods are usually of hollow or nonspherical 
microstructure. These nanoparticles with sharp edges 
can scuff the friction pairs, which increases wear rate and 
significantly weakens the lubricating effect of oil. However, 
no efforts, to the best of our knowledge, have been reported 
to grow spherical SiC particles for lubricant additives. In 
addition, it is challenging to disperse ultrafine inorganic 
nanoparticles in organic lubricating oil.[9,24] Therefore, the 
development of new additives with high hardness, stable 
chemical state, and good dispersion stability for lubricant 

Friction generally happening among all moving material interfaces wastes 
nearly one-third of total mechanical energy in the world each year, although 
different kinds of lubricants are adopted. Particle additives, like diamond, 
inorganic fullerene, and graphene, can enter tribological contacts to reduce 
friction and protect surfaces from wear. However, the growth of such 
additives with spherical morphology and high dispersibility in oil without 
molecular ligands is a major problem. Inspired by the impressive dispersion 
stability of Noctiluca scientillans in ocean, one novel core–shell composite 
constructed with superhard SiC sub-microsphere as core and exclusive 
floating flat-blade graphene sheet as shell (SiC@G) is designed. These core–
shell SiC@G sub-micropheres are synthesized for the first time by in situ 
pulsed laser irradiating commercial SiC powders in liquid at ambient condi-
tions. Both laser-stimulated surface tension energy release and photothermal 
decomposition involved in the laser irradiation process assure the reshaping 
of SiC particles and the formation of graphene sheets derived from SiC sur-
face. Due to the synergistic effect of SiC spheres changing effectively sliding 
friction into rolling friction and flexible self-lubricating graphene forming a 
tribofilm easily, such composites as additives remain well dispersed in lubri-
cating oil and exhibit enhanced antiwear and friction-reduction performance.
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Tribology Properties

1. Introduction

The ability to generate micro-/nanocrystals with well-controlled 
structure, shapes, and compositions is central to advance 
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additives is of high demand, especially under mechanical 
conditions with heavy loading and high temperature.

Marine plankton like jellyfish, Noctiluca scientillans 
(N. scientillans), and diatom with flat-blade shape or flagellum 
has impressive dispersion stability in the oceans, despite 
their lack of advanced sports organs. Inspired by this, in 
this paper, we introduce a novel core–shell structure, that 
is, superhard SiC sub-microspheres as cores decorated with 
exclusive floating flat-blade graphene sheets, which is grown 
by a simple laser irradiation method in liquid at ambient 
room temperature. Both laser-stimulated surface tension 
energy release and photothermal decomposition at the laser–
material interfaces involved in this laser irradiation process 
assure the rounding of SiC sharp edges and the formation 
of graphene derived from SiC particles. More importantly, 
due to the unique structural feature of superhard SiC core, 
and flexible floating flat-blade graphene shell, SiC@G com-
posites exhibit superior tribology performance through inte-
grating the good wear resistance and oxidation inhibition of 
superhard SiC and outstanding self-lubricating performance 
of graphene.

2. Results and Discussion

2.1. Proposed Growth Strategy of SiC@G Sub-Micropheres

The epitaxial growth of graphene by thermal decomposition of 
SiC wafer has been proposed as a viable vapor route for uniform, 
wafer-sized graphene layers for semiconductor, photocatalyst, and 
supercapacitor applications.[25–28] Here, we proposed a growth 
strategy for novel core–shell SiC@G sub-microspheres decorated 
by floating graphene nanosheets by a fast in situ laser irradia-
tion process in solution at room temperature and ambient pres-
sure. When a laser beam irradiates the SiC dispersions, a typical 
extreme nonequilibrium condition in nature, like high tempera-
ture (>104 K), high pressure (>1 GPa), and high kinetic energy 
(>1 eV), can be produced around the laser spot–material interface 
instantly,[29–32] which can fully meet the growth conditions of epi-
taxial graphene via high-temperature annealing in vacuum.

Figure 1a outlines the growth process of SiC@G core–shell 
sub-microspheres by laser irradiation. The KrF excimer laser 
with a fluency of 450 mJ pulse−1 cm−1 was focused on the SiC 
suspension solution (15 g L−1) through a convex lens. During 
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Figure 1.  a) Proposed growth strategy for novel SiC@G core–shell sub-microspheres by in situ laser irradiation. The one-step laser irradiation pro-
cess includes the reshaping of sharp SiC particles through LSTER and graphene formation by PTD of SiC particle. b) Typical SEM images show the 
morphology change of graphene on SiC surface with different times. The scale bars in (b) are 50 nm. The inset image is an optical image of Noctiluca 
scientillans.
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the laser irradiation, SiC dispersions were ultrasonically stirred 
to prevent gravitational sedimentation. The reshaping and 
decomposition of SiC can be delicately completed by one-step 
laser irradiation process. The particle morphology change 
is induced by the high temperature on the particle surface 
through pulsed laser irradiation. The key feature of ultrafine 
particles is the high specific surface area and high surface 
energy concentrated in the surface, which is proportional to 
the surface area and can be released by minimizing the sur-
face area. The nanosecond pulsed laser irradiation can induce 
heating and a thermal instability (melting) of the SiC particle 
surfaces and fast cooling in solution. Therefore, irregular par-
ticles change to spheres gradually with surface energy release, 
as the spherical structure has the smallest surface area among 
all surfaces enclosing a given volume, as shown in Figure 1a 
(I),b(5 min), which is also similar to our previous reports.[33,34] 
Meanwhile, the rapid quenching in ethanol within nano-
seconds upon pulsed heating is also helpful to inhibit the 
reorientation of surface atoms on the spherical particle, and, 
ultimately, the particles retain the overall spherical morphology. 
Moreover, if the surface atoms of SiC particles are activated by 
laser irradiation above the interparticle surface potential barrier, 
some contacting particles begin to merge as the specific surface 
area of one unified particle is smaller than that of two original 
individual particles (Figure S2, Supporting Information). In 
short, the reshaping and coalescence processes of SiC parti-
cles are mainly due to the high temperature and rapid cooling 
involved in laser irradiation in liquid (LIL), where the volume 
of the particle(s) remains constant but the specifc surface area 
decreases in comparison with that of the pristine particle(s), 
as shown in process (I) of Figure 1a. The above shape change 
of SiC particles can be well described with our previously pro-
posed laser-stimulated surface tension energy release (LSTER) 
growth mechanism.[17,33]

The formation of graphene from SiC particles is the result of 
Si evaporation and reconstruction of C atoms caused by laser-
induced photothermal decomposition (PTD). The vapor growth 
of graphene on insulating SiC surfaces usually needs pretreat-
ment like hydrogen etching and high-temperature annealing at 
≈1500 °C in vacuum.[25–28] For laser irradiation, the high tempera-
ture (>104 K) and high pressure (>1 GPa) around the laser spot–
material interface break the SiC covalent bond (≈318 kJ mol−1) 
with a result of SiC decomposition into Si and C. The Si sublima-
tion from the SiC enables carbon enrichment on the SiC surface. 
Finally, graphene can be achieved through the reconstruction of 
the C atoms on SiC surface, as shown in process (II) of Figure 1a. 
Increasing pulsed laser irradiation time, more graphene layers 
are formed and, due to the weak van der Waals force between 
graphene layers, partial graphene layers exfoliate from the multi-
layer graphene. After laser irradiation for 20 min (Figure 1b), the 
unique SiC@G core–shell sub-microspheres decorated by floating 
flat-blade graphene sheets are grown. This growth method for 
graphene is totally different from the traditional thermal decom-
position. For traditional thermal decomposition, graphene growth 
need hydrogen etching SiC surface and a high temperature, 
which is accompanied by substantial changes and leading to a 
considerable roughening of the surface morphology.[26] While, 
in this paper, such floating graphene sheets on smoother SiC 
sub-microspheres with the rounding of sharp edges were grown 
with simple in situ laser irradiation at ambient conditions.

2.2. Morphology and Phase Analysis

The morphology change from pristine SiC nanoparticles to 
laser irradiation-induced SiC@G sub-microspheres is investi-
gated by scanning electron  microscope (SEM) and transmis-
sion electron microscopy (TEM), as shown in Figure 2. Pristine  
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Figure 2.  Morphology comparison with TEM and SEM images. a) Pristine SiC nanoparticles and b) SiC particles irradiated by KrF pulsed laser for  
20 min and c) corresponding sample after washing. d) EDS elemental mapping (Si and C) of several laser irradiation-induced SiC@G sub-
microspheres. e,f) SEM images of SiC@G sub-microspheres after the acid etching and centrifugation treatment.
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SiC particles are of irregular shape with sharp edges. 
Serious agglomeration is observed even after 30 min ultra-
sonication (Figure 2a). When SiC particles were irradiated by 
pulsed laser for 20 min in ethanol, the designed core–shell 
SiC@G sub-microspheres are obtained (Figure 2b–f). The 
microstructure analysis (Figure 4e) shows the SiC@G sub-
microsphere consists of three parts, from the inside out in 
turn: SiC core, middle-covered graphene shell, and floating 
flat-blade graphene nanosheets. Due to the sublimation of Si 
from the SiC surface and laser fragmentation, many nano-
particles can be observed (Figure 2b). After acid etching and 
centrifugation, the Si particles are totally removed as verified 
by the X-ray diffraction (XRD) spectra (Figure S3, Supporting 
Information) and TEM image (Figure 2c). Then, pure SiC@G 
sub-microspheres are obtained. The energy dispersive X-ray 
spectrometer (EDS) elemental mappings (Figure 2d) indi-
cate the external flat-blade film is carbon and the internal 
core is SiC. In addition, we can find that the particle size of 
SiC@G sub-microspheres is much larger than that of pris-
tine SiC particles, which is caused by coalescence processes 
of LSTER. The SEM images (Figure 2e,f) under different 
magnifications show that the SiC sub-microparticles deco-
rated by floating flat-blade graphene sheets possess spherical 
shape without any sharp edges, which is highly expected as 
additives for oil lubricants because of the unique spherical 
structure and improved dispersion stability (see the following  
discussion).

To further understand the SiC@G core–shell particle growth 
process, X-ray diffraction spectra (Figure 3a) were measured for 
the pristine SiC nanoparticles, and particles irradiated by KrF 
pulsed laser for 5 and 20 min, respectively. For pristine SiC 
particles, three strong peaks at 35.8, 60.2, 71.9° are either from 
3C-SiC (111), (220), and (311) or 6H-SiC (102), (110), and (116), 
respectively, which are unable to distinguish between its cubic 
(3C) and hexagonal (6H) phases.[35] Further phase identifica-
tion will be performed with TEM and selected area electron dif-
fraction (SAED) (Figure 4). After laser irradiation, the peaks at 
34.1, 38.2° correspond to lattice spacing (101), (103) of 6H-SiC 
(PDF# 29-1131) disappear and a peak at 28.5° belonging to 
the (111) lattice spacing of Si (PDF# 65-1060) is observed. 
Increasing the time to 20 min, the spectrum shows more dif-
fraction peaks of Si with higher intensity, indicating that more 
Si particles were produced by laser irradiation. In addition, the 
weak broad diffraction at ≈26.5° can be indexed to the (002) 
peak from disordered stacked graphene layers. Figure 3b com-
pares the corresponding Raman spectra of SiC particles. After 
laser irradiation, the typical D, G, and 2G peaks of graphene 
and Si peak at 517 cm−1 are observed, which clearly indicates 
the successful preparation of graphene together with Si nano-
particles. X-ray photoelectron spectroscopy (XPS) survey spec-
trum, and core-level spectra of pristine SiC nanoparticles, and 
irradiated SiC particles are shown in Figure 3c and Figure S4 
(Supporting Information). For pristine SiC particles, the Si 2p 
peak (Figure 3c) can be fitted with two components: two main 
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Figure 3.  a) X-ray diffraction spectra and b) Raman spectra of SiC particles with different laser irradiation times. c) Si 2p core-level spectra of pristine 
SiC particles and SiC particles irradiated by KrF pulsed laser for 20 min. The laser fluency is 450 mJ pulse−1 cm−1. These spectra show the signals 
of graphene and silicon, indicating the successfully decomposition of SiC and preparation of graphene from SiC nanoparticles by simple in situ LIL 
progress at ambient conditions.
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peaks (blue and pink line) are assigned to SiC bond and the 
other peak (green line) should be assigned to SiO (adsorption 
oxygen from the air), while the Si 2p peak from the laser irradi-
ated SiC particles shows the characteristic signals of SiC bond 
(blue and pink line) and SiSi bond (green line), indicating the 
decomposition of SiC. Moreover, the SiO signal disappears 
after laser irradiation, as such SiC particles are now completely 
covered with a graphene shell, which can effectively prevent the 
silicon carbide adsorption oxygen from the air.

In order to further investigate the microstructure and distin-
guish the cubic and hexagonal phases of pristine SiC and laser 
irradiation-induced SiC@G particles, high-resolution TEM 
and SAED characterizations were performed (Figure 4). All the 
observed interplanar spacing is about 0.25 nm (Figure 4b,e), and 
can be assigned to the (102) lattice spacing of 6H-SiC or the (111) 
lattice spacing of 3C-SiC. The SAED pattern in Figure 4c contains 
two sets: one main diffraction spots can be indexed to be of [011] 
zone axis based on 3C-SiC crystal and another diffraction pat-
tern should be indexed to 6H-SiC, which is consistent with the 
obvious (101) and (103) XRD peaks (Figure  2a and Figure S6a 
(Supporting Information)). Figure  S5 (Supporting Information) 
shows the SAED patterns of 3C-SiC and 6H-SiC from different 
pristine SiC nanoparticles. For SiC@G sub-microspheres, the 
two peaks, (101) and (103) belonging to 6H-SiC, are not observed 
in the XRD spectrum (Figure 3a) and only one set of SAED pat-
tern can be indexed to be of −[ 112] zone axis based on 3C-SiC 
crystal (Figure 4f). These results reveal that the laser-induced 
extreme nonequilibrium condition induces a phase transforma-
tion that the 6H-SiC with an ABAB stacking sequence of hex-
agonal close-packed (HCP) type in the pristine sample trans-
forms martensitically into the 3C-SiC with an ABCABC stacking 
sequence of face-centered cubic (FCC) type as shown in Figure S6 
(Supporting Information), which is a common phenomenon in 
metallic transition from a hexagonal [001]hcp direction to a cubic 
(111)fcc direction caused by a series of incomplete Schottky dis-
order.[36,37] In summary, the core–shell SiC@G sub-microspheres 
are with improved phase purity after this simple in situ laser irra-
diation process at ambient conditions.

2.3. Tribology Properties

It is well known that friction and wear are primary factors for 
mechanical energy loss and failure. We investigated the friction 
and wear behavior of such core–shell SiC@G sub-microspheres 
as lubricating additives with a four-ball tribology tester in 
comparison with the pristine SiC nanoparticles. SiC@G 
sub-microspheres and SiC nanoparticles were ultrasonically 
dispersed in poly-alpha-olefin (PAO) 4 with different mass 
concentrations (0.01, 0.03, 0.06, and 0.1 wt%). Agglomeration 
is apparent in the dispersions of SiC nanoparticles with the 
increase of static time (Figure 5a). After 168 h, SiC@G spheres 
are still dispersed in the oil, but SiC nanoparticles are fully 
sedimented (Figure 5b). The UV–vis absorption spectra display 
the same test results. The absorption intensity of pristine SiC 
dispersions declines rapidly with the increase of static time 
(Figure 5c), while SiC@G dispersions show relatively stable 
absorption (Figure 5d). The size distribution histograms exhibit 
that SiC@G sub-microspheres have much smaller particle size 
and narrower particle size distribution than pristine SiC nano
particles (Figure 5e,f), while the TEM images (Figure 2) show 
an opposite phenomenon in which SiC particles have smaller 
particle size. These results indicate that pristine SiC nanopar-
ticles easily aggregate in liquid because of the high specific 
surface area of nanoparticles, while SiC@G sub-microspheres 
can resist the aggregation and remain finely dispersed in oil, 
which benefit from their unique core–shell structure with 
floating flat-blade graphene sheets like marine plankton, e.g., 
N. scientillans and jellyfish, improve itself levitation force to 
resist the gravity settling through the flat-blade shape.

Figure 6a compares the variation of coefficient of friction 
(COF) with time in 3600 s. The COF of pure PAO 4 is unstable 
and increases quickly, but with the addition of pristine SiC nano
particles, the COFs become more unstable and fluctuating in 
large scope. This is most likely due to the high specific surface 
area causing serious aggregation of pristine SiC nanoparticles 
and their sharp edges scratching the steel surface, which aggra-
vates the generation and accumulation of wear-related debris at 
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Figure 4.  Microstructure and phase transformation caused by laser irradiation. a–c) TEM, HRTEM image, and SAED pattern of pristine SiC nano
particles. d–f) TEM, HRTEM image, and SAED pattern of laser irradiation-induced SiC@G sub-microspheres.
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the sliding-contact interface, and gives rise to higher frictional 
instability and severe wear (Figure 6a). When the mass concen-
tration of pristine SiC nanoparticles is lower than 0.03 wt%, the 
COFs show slight decrease, while the average COFs increase 
obviously when the concentration is larger than 0.06 wt%. 
However, when the SiC@G sub-microspheres are adopted as 
additives in PAO 4 oil, both obvious COF decrease and high 
friction stability are observed because of their unique SiC@G 
structure with nearly spherical superhard SiC cores and flex-
ible graphene shells. When the amounts of sub-micrometer 
spheres reach an optimal concentration (0.06 wt%), the best 
friction-reduction effect is acquired with a reduction of about 
34.2%, which is much more significant than other reported 
data (Table S1, Supporting Information).

Figure 6b compares the average wear scar diameter (WSD) 
on the testing balls and the corresponding WSD reduction 
comparing with pure PAO 4 oil. For pristine SiC nanoparti-
cles, even the most effective oil sample (0.03 wt%) only shows 
a slight reduction about 0.9%, while the WSD increases by 
15.8% when the adding amount is 0.1 wt%. Similar to what 
is observed for COFs, all the lubricating samples with SiC@G 
sub-microspheres as additives show better wear reduction 
performance, and the smallest WSD is reduced by 19.7% 
comparing with that of the pure base oil when the concentra-
tion is 0.06 wt%. In order to reveal the extent of wear damage 
more clearly, the optical images and 3D surface profiles of 
the rubbing ball surfaces after tribology tests were measured, 
as shown in Figure 6c. Typically, three samples were selected 
after tribology test with the pure oil sample, the oil sample 
with 0.03 wt% pristine SiC nanoparticles, and the oil sample 
with 0.06 wt% SiC@G sub-microspheres. Comparing with the 
other two simples, SiC@G sub-microspheres generated more 
uniform and shallower wear tracks onto the rubbing ball sur-
faces (Figure S7, Supporting Information). In contrast, wear 
tracks generated by other two lubricating oils are deeper and 

wider. Due to the serious aggregation and poor dispersibility 
in oil, the wear surface (the red square area) is damaged by 
the pristine SiC nanoparticles. The possible reason is that the 
interaction among larger SiC aggregates could induce jamming 
during the friction test and their sharp edges scratch the steel 
surface, generating more large debris, which inflict high fric-
tion coefficient and severe abrasive wear.[4]

Generally, the enhanced lubricating mechanism of inorganic 
particles as additives can be construed as the self-repairing 
effect and tribofilm formation on material interfaces during 
the friction process.[7,9] For our SiC@G sub-microspheres, due 
to the nearly spherical shape and high hardness of the SiC 
core, more rolling friction instead of sliding friction is attain-
able and damaged wear tracks caused by the sharp edges of 
irregular SiC particles are effectively prevented (Figure S8, Sup-
porting Information), which explains well the COF decrease. 
In addition, the floating graphene sheets can easily adsorb 
on the steel surface and effectively prevent the metal-to-metal 
direct contact. Then, a protective tribofilm acting as one spacer 
between friction interfaces gradually forms under compres-
sive stress and high temperature during the tribology test. 
The increased contents of Si and C elements (Figure S9, Sup-
porting Information) on the wear surface after lubricated by 
0.06 wt% SiC@G sub-microspheres provide a proof of the for-
mation tribofilm. More importantly, the key factor in achieving 
an improved antiwear and friction-reduction properties is 
the significant synergistic effect of these two complemen-
tary lubricating materials:[38] the inside core is superhard SiC 
spheres, also called as carborundum, and outside shell is the 
self-lubricating graphene with a floating flat-blade morphology 
due to their weak interlayer van der Waals forces. Besides the 
improved dispersibility, the flexible graphene sheets covered 
onto the SiC core surfaces can also protect the rubbing surface 
against scratching by the counter surface and superhard SiC 
particles.

Adv. Mater. Interfaces 2017, 1700839

Figure 5.  Comparison the dispersibility and stability of pristine SiC nanoparticles and laser-induced SiC@G sub-microspheres in liquid. a,b) Digital 
photographs of dispersion with 0.06 wt% additives in PAO 4 oil. c,d) UV–vis absorption spectra with different static times in PAO 4 oil (≈0.01 wt%). 
e,f) Size distribution histograms in ethanol. Due to the unique core–shell structure decorated by floating graphene sheets, SiC@G sphere shows good 
suspension dispersion in oil analogous to Noctiluca scientillans in ocean.
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3. Conclusion

In summary, a unique marine plankton inspired core–shell 
SiC@G composites with superhard SiC sub-microspheres as 
cores and flexible floating flat-blade graphene sheets as shells 
are synthesized by a new growth strategy of tuning the in situ 
reaction at the laser–material interfaces under ambient condi-
tions, and exhibit improved tribology properties as lubricating 
additives. Upon laser irradiation, the SiC surface is photother-
mally activated (melting) and the high surface energy concen-
trated in the surface layer is released when the particles lose 
their sharp edges and change into spheres gradually. Meanwhile, 
the extreme nonequilibrium condition around the laser spot–
material interface leads to the decomposition of SiC with a result 
of evaporation of Si and eventually the formation of graphene 
covered on the remaining SiC surface. Moreover, tribology 
test illustrates that such core-shell SiC@G sub-microspheres 
as lubricant additives can effectively reduce COF and decrease 

WSD compared to no matter that of pure PAO 4 oil or pristine 
SiC nanoparticles. The enhanced antiwear and friction-reduc-
tion properties of the SiC@G sub-microspheres are due to the 
significant synergistic effect of superhard SiC spheres as cores, 
changing sliding friction into rolling friction effectively, and self-
lubricating graphene as corresponding shell, protecting the steel 
surface against external scratching by promoting the tribofilm 
formation. Thus, our study is of great significance to advance 
studies on nano- and sub-microspheres as additives in engine 
oil for the usage period of fossil fuel to save mechanical energy 
and reduce mechanical failure caused by wear.

4. Experimental Section
Preparation of Laser Irradiation-Induced SiC@G Sub-Micropheres: The 

core–shell SiC@G sub-micropheres were fabricated by pulsed LIL at 
room temperature, as schematically shown in Figure 1. Commercial SiC 
nanoparticles (99.9%, Macklin) were dispersed in ethanol (15 g L−1), 

Figure 6.  Friction and wear behavior of pristine SiC nanoparticles and SiC@G sub-microspheres in lubricating oil. 1 h a) COF and b) average WSD of 
each oil sample with pristine SiC and SiC@G of different mass concentrations (0–0.1 wt%). The corresponding WSD reduction is referred to the pure 
PAO 4 oil sample. c) Optical images (top) and 3D profiles (below) of three typical rubbing ball surfaces after tribology tests with pure PAO 4 oil, the 
most effective oil for pristine SiC nanoparticles (0.03 wt%), and the most effective oil for SiC@G sub-microspheres (0.06 wt%).
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followed by stirring for 10 min to form an evenly dispersed suspension 
solution. A KrF excimer laser (10 Hz, 25 ns, Coherent, CompexPro 205) 
was used as the light source. The laser beam was focused on the SiC 
dispersions through two mirrors and a convex lens with a focal length 
of 150 mm. Laser irradiation of SiC nanoparticles was performed under 
a laser fluency of 450 mJ pulse−1 cm−1 for 20 min, which was tested by 
a laser energy detector. The SiC dispersion was continuously stirred 
during laser irradiation to prevent gravitational sedimentation. The 
solution color changed from gray to light black, as shown in Figure 1a. 
After laser irradiation, the solution was washed by mixed acid (5 wt% 
hydrofluoric acid (HF) and 5 wt% hydrogen peroxide) and ethanol 
several times. Finally, the obtained products were dried at 30 °C for 
further characterizations and tribology tests.

Material Characterizations: The morphology of different samples was 
observed by scanning electron microscope (SEM, FEI Quanta 250 FEG). 
The particle size distribution was measured by laser particle size analyzer 
(LS-13320, Beckman). Microstructural examination was characterized by 
TEM (JEM-2100F) with a 200 kV acceleration voltage. The X-ray diffraction 
pattern (2θ = 10–80°) was investigated with an XRD (D8-Advance, Bruker), 
operated at 40 kV and 40 mA using a Cu-Kαline (λ = 0.154184 nm). Raman 
spectrometer equipped with a 532 nm laser (LabRAM HR Evolution, 
HORIBA) was used for recording the Raman spectra of pristine SiC 
nanoparticles and laser irradiated particles. The binding energies of Si 
and C in different samples were detected by XPS (Thermo Fisher, with 
an Al Kα X-ray source). The absorption spectra were recorded in air 
using ultraviolet–visible–near-infrared (UV-vis-NIR) spectrophotometer 
(UV-3600, Shimadzu) in a darkroom.

Tribology Study: The tribological properties of pristine SiC nanoparticles 
and SiC@G sub-micropheres as additives in lubricating oil were measured 
with a four-ball tribology tester (MM-W1B, Shijin-Jinan, China). The tester 
was operated with one steel ball under load rotating against three steel 
balls held stationary in the form of a cradle, which was controlled by a DC 
servo motor. The steel balls with a hardness of 64–66 HRC were selected 
according to the National Standard of China (G20, GB/T308-2002). 
PAO 4 (density = 0.83 g mL−1) was used as a reference lubricant in the 
tribology test. Different mass concentrations of pristine SiC nanoparticles 
and SiC@G sub-micropheres (0.01, 0.03, 0.06, and 0.1 wt%) were added 
into the PAO 4 oil and sonicated for 30 min in a water-bath ultrasonic 
cleaner. Control tribological experiments were performed by measuring 
the COF and WSD. Detailed experimental conditions of the four-ball test 
were set as follows: rotation speed at 600 rpm, load of 490 N, total time 
of 60 min, ambient temperature, and humidity, respectively. COF was 
recorded in situ and the test data were acquired automatically with a 
computer. WSD was measured with a metallographic microscope. After 
washing with petroleum ether and acetone, the wear scar morphology 
was observed by scanning electron microscope (FEI Quanta 250 FEG) 
and digital stereomicroscope (VHX-5000, KEYENCE).
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