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a  b  s  t  r  a  c  t

In this  work,  an  onion-like  carbon  (OLC)  nanoparticle  coating  with  a micron-sized  thickness  was  fabri-
cated  via  aerosol  deposition  (AD).  During  the room  temperature  impact  consolidation  (RTIC),  the OLC
nanoparticles  (5–10  nm)  experienced  remarkable  deformation  along  both  the perpendicular  and  parallel
directions  to  the  coating-substrate  interface.  Particle  deformation,  mechanical  interlocking,  and  van der
Waals forces  between  the  OLC  particles  were  revealed  as  the  major  regimes  for  coating  formation.  The
aerosol  deposition  technique  might  open  new  avenues  for fabricating  carbonaceous  nanostructures  for
eywords:
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hick film

various  functional  applications.
©  2020  Chinese  Society  of  Particuology  and  Institute  of  Process  Engineering,  Chinese  Academy  of

Sciences.  Published  by Elsevier  B.V.  All  rights  reserved.
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ntroduction

Studies reporting the synthesis of diverse carbonaceous nano-
aterials have triggered growing global research efforts exploring

heir versatile applications. Among the carbonaceous nanomateri-
ls, onion-like carbon (OLC) was first discovered by Iijima (1980)
nd further studied by Ugarte (1992). Typically, OLC particles
ave the attributes of spherical contours, several concentric sp2

raphene-like carbon shells, controllable surface properties, high
onductivities, and a nanoscopic size, which endows them with
xtensive potential applications in various fields, such as lubrica-
ion (Berman et al., 2018), energy (Xue et al., 2017), environmental
emediation (Ko et al., 2016), biomedical engineering (Ghosh,
onkar, Saxena, & Sarkar, 2011), and electronics (Yang, Zhang,

 Kim, 2016). Particularly, heat treatment of detonation nanodi-
mond has enabled the large-scale fabrication of OLC particles
Makgopa, Raju, Ejikeme, & Ozoemena, 2017; Szerencsi & Radnoczi,
009), which has facilitated practical research using these particles.

egardless of the advancements made on the synthesis and appli-
ation of OLCs, designing and controlling their agglomeration in
ifferent dimensions and size scales remain a challenge. Therefore,
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it is of great significance to explore the possibility of obtaining OLC
nanostructures from the nano to macroscale.

In previous studies, OLC coatings have been fabricated via ion
injection (Cabioch, Riviere, & Delafond, 1995), chemical vapor
deposition (CVD) (Zhang et al., 2012), electromagnetically acceler-
ated plasma spraying (Gubarevich et al., 2003), and electrophoretic
deposition (Pech et al., 2010). However, the structural homogene-
ity, chemical purity, and fabrication efficiency of these methods are
poor. To develop new synthetic routes, maintaining the intrinsic
physicochemical properties of zero-dimensional OLC nanoparticles
is essential. Aerosol deposition (AD), also referred to as vacuum cold
spray (VCS), is a room temperature impact consolidation (RTIC) pro-
cess that has shown viability for depositing nanomaterial functional
films and coatings (Liu, Dang, Wang, Huang, & Li, 2014; Wang, Sung,
& Kim, 2015). In this work, the AD technique was  employed to fabri-
cate an OLC nanostructured coating, and the deposition mechanism
of the OLC nanoparticles were elucidated.

OLC coating deposition

Commercially available OLC nanoparticles (Nafortis Co., Ltd.,

China) fabricated via detonation nanodiamonds were used with
additional purification and heat treatment; they had a size of
5–10 nm in diameter with typical concentric carbon atom rings,
and a spacing of 0.34 nm between successive cages can be clearly

hinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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ig. 1. Morphology of the OLC particles and diagram of the AD system, (a, b) SEM im
nion-like concentric carbon atom rings, and (e) schematic diagram of the AD depo

bserved (Fig. 1(a)–(d)). The OLC coatings were deposited via an

D process operated at room temperature and silicon wafers were
sed as the substrates. The homemade AD system (Xi’an Jiaotong
niversity, China) comprised a vacuum chamber, a set of rotary
f the OLC nanoparticles, (c, d) TEM image of the OLC nanoparticles showing typical
 system.

and root pumps, an aerosol generation room, an accelerating car-

rier gas unit, and a control unit (Fig. 1(e)). The deposition chamber
contained a substrate holder and a micron-sized nozzle integrated
with a three-dimensional worktable. For spraying, a primary rotary
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ane vacuum pump coupled to a mechanical booster was used to
ump down the chamber to ∼2000 Pa and a secondary roots vac-
um pump was used to reach ∼20 Pa. Helium gas with a flow rate
f 5 L/min was used for feeding and accelerating the powder feed-
tock. The ultrafine OLC powder was agitated and accelerated via
he carrier gas through the micro-orifice Laval nozzle. For the AD
eposition process, the distance between the nozzle and substrate
as fixed at 10 mm,  and the scanning speed of the nozzle was  fixed

t 10 mm/s.

esults and discussion

oating microstructure
OLC nanostructured coatings were successfully fabricated via
he AD process, as schematically shown in Fig. 1(d). To the best of
ur knowledge, this is the first time that OLC nanoparticles were

ig. 2. Characterization of the as-deposited OLC coating, (a) cross-sectional FESEM image
c,  d) typical surface topographical FESEM surface images of the OLC coatings.

ig. 3. Characteristics of the subsurface microstructure of the as-deposited OLC coating,
FM  2D and 3D images showing the tight stacking of the OLC nanoparticles at the subsur
 53 (2020) 58–62

consolidated to form nanostructured coatings at room tempera-
ture. The cross-sectional SEM view of the as-deposited OLC coating
shows a porous topographical morphology (Fig. 2(a)), and the coat-
ing had a thickness of ∼12 �m.

The chemistry of the as-received OLC nanoparticles was further
characterized via Raman spectroscopy (Fig. 2(b)) prior to coating
formation. The Raman spectrum of the OLC nanoparticles shows
clear D-/G-mode peaks of partially-graphitic carbon located at
1337 cm–1 and a pronounced range of overtones and combinational
modes at 1581 cm–1. The 2D peak at ∼2677 cm–1 is activated via
double-resonance of photons at the K-point in the Brillouin zone
(Zeiger, Jackel, Asian, Weingarth, & Presser, 2015). The coatings
show almost identical Raman peaks compared with the starting

OLC nanoparticles (Fig. 2(b)), which indicates that the chemical
characteristics of OLC were retained after the coating process. The
surface SEM image (Fig. 2(c)) of the coating show a consistent
porous structure with the cross-sectional (Fig. 2(a)) and magnified

 of the OLC coating, (b) Raman spectra of the starting OLC particles and the coatings,

 (a) FESEM image showing the subsurface morphology of the OLC coating, and (b)
face of the coating.
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ig. 4. HRTEM images of the OLC coating deposited on a silicon wafer showing its 

elected areas in (a). The highlighted areas are non-deformed OLC particle (1), and 

EM images indicating aggregation of the OLC particles during the
oating formation stage (Fig. 2(d)).

oom temperature impact consolidation

To further characterize the subsurface microstructure of the
oating, its top thin layer was repeatedly exfoliated using adhe-
ive tape. Interestingly, it can be noted that the fresh subsurface
f the coating clearly shows tight stacking of the OLC nanoparti-
les (Fig. 3(a)). Further AFM examination (Fig. 3(b)) reveals that the
ndividual OLC nanoparticles agglomerate, forming particle clusters
hat could be recognized via SEM imaging. A large difference could
e observed between the morphology of the coating/substrate
Fig. 3) and coating/atmosphere (Fig. 2), which indicated that there
as high cohesion between the coating/substrate and low cohesion

etween coating/atmosphere.
Because no heating or melting was involved during the AD pro-

ess, it is believed that RTIC is essential for impact coating formation
uring AD of nanoparticles. For the AD coating deposition, the ini-
ial plastic deformation followed by RTIC of the sprayed particles
re key steps for coating formation (Akedo, 2008). Our previous
ork indicated that graphene stays in the coating as the first layer,
ntimately contacting with the substrate and its curvature changes
uring the AD process (Liu, Dang et al., 2014; Liu, Huang, & Li, 2014).

n this case, RTIC can be clearly evidenced by the consolidated OLC
anoparticle clusters seen in the coating (Fig. 3(a), (b)).
sectional morphology (a–d), the images shown in (b–d) are magnified ones of the
ed OLC particles (2–4) in the coating.

Coating formation mechanism

The RTIC phenomenon was also verified via cross-sectional TEM
characterization of the coating (Fig. 4). The starting OLC  nanopar-
ticles display a normal spherical shape (Fig. 1(c), (d)), after the
coating deposition, they turn to show a refined structure. Strik-
ingly, deformation of the OLC nanoparticles can be observed in
the coating (Fig. 4(c), (d)), particularly at the regions close to the
substrate-coating interface. The transformation from a sphere to
an oval clearly indicates that the nanoparticles experienced sig-
nificant impact along the vertical direction during the AD process.
This is likely caused by the bombardment of successively arriv-
ing particles on the previously settled ones during the coating
formation process. It has been reported that some fullerene-like
inorganic nanoparticles are capable of deforming and recovering
to their original shape (Lahouij et al., 2012). Additionally, in this
case, deformation of the OLC particles other than perpendicularly
to the substrate surface could also be seen (Fig. 4(d)), suggesting
that shearing of the particles also occurred during the RTIC process.
Shearing has already been reported for ceramic particles during the
AD coating process (Assadi, Gartner, Stoltenhoff, & Kreye, 2003),
presumably because ceramics have a limited ability for plastic
deformation.
Previous studies have established that the RTIC effect is pri-
marily responsible for mechanical interlocking of the nanoparticles
during AD deposition (Akedo, 2008). Because of the presence of
RTIC and the two forms of particle deformation, the particles
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ing  structure and porosity of nanodiamond-derived carbon onions. Carbon,  84,
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ombard each other, which facilitates mechanical interlock-
ng.

For the OLC coating, the distance between adjacent OLC parti-
les (distance between the outermost carbon cage of two adjacent
articles) was determined to be ∼0.34 nm (Fig. 4(c), (d)), which is
lose to the theoretical distance between each carbon wall. This
uggests that apart from the mechanical interlocking and electro-
tatic interaction between the OLC particles, van der Waals forces
lso play an important role in the formation of the OLC coatings.

onclusion

In summary, the fabrication of an OLC nanostructured coating
as realized via aerosol deposition and the particles retained their

riginal physicochemical characteristics after the coating process.
oom temperature impact consolidation resulted in a remarkable
eformation of the OLC nanoparticles, and mechanical interlocking
nd van der Waals interaction played crucial roles in the coating
ormation process. The results provide insights for the large-scale
abrication of carbonaceous nanostructures for versatile functional
pplications via the AD route.
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