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One-dimensional B-SiC nano-whiskers are synthesized from two-
dimensional graphene by a facile catalyst-free carbothermal reac-
tion. Comparing with closed or semi-closed carbon sources, the large
exterior surface area and exposed rich edge render graphene an ideal
carbon source for the scale-up production of carbide materials.

As a highly orientated single crystal fiber with diameters from
nano- to micro-scale, SiC whiskers (SiCws) have similar cubic
lattices to diamonds. They ranks superior to other one-
dimensional (1D) nanostructures in terms of their excellent
mechanical stiffness and high resistance to heat, abrasion,
oxidation, thermal shock and erosion.* For example, B-SiC has a
Mohs’ hardness scale of 9.50, a tensile strength of 101 GPa, a
Young’s modulus of 558 GPa, and a fusing point of over
2700 °C.> Consequently, SiCws have been widely employed as
reinforcing fillers or coating materials for plastics, metals or
ceramic based composites towards applications in cutting tools,
microwave-heating inserts and aeroengines etc."*~ To fabricate
the SiCws, a carbothermal reaction of a silicon source such as
nano-silicon powder or dimethylsilane with a carbon source at a
temperature ranging from 1400 to 1800 °C is usually used.
Various carbon derivatives have been employed as the carbon
source for the SiCws, including graphite powder,*” activated
carbon,® carbon fibers,” carbon black,’ carbon nanotubes
(CNTs)," biomass carbon," etc. The morphology of SiCws
strongly depends on the selection of the carbon source.
Increasing the specific surface area was a good choice to obtain
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high quality and low diameter whiskers."* As already commer-
cialized in the US and Japan, a carbothermal reaction with
biomass carbon such as rice husks was adapted for the scale-up
production of SiCws, due to the natural combination of carbon
and silicon sources in the cell wall."»** However, the quality of
the SiC whiskers derived from biomass should be further
improved to avoid the formation of SiC particulates with large
diameters, uncontrollable quality, low yield, and complex
pretreatment of biomass.

As the two-dimensional (2D) crystal of sp? conjugated carbon
atoms, graphene possesses rich edges, a high theoretical
surface area (2630 m> g '), and low bulk density,"® which
renders it a promising candidate to replace the cellular network
as the carbon source for SiCws. Benefiting from the sheer
openness of the surface, as well as the chemically active
dangling bonds at the edges and defective sites, graphene
provides abundant attacking points in a Si-containing atmo-
sphere, which facilitates the combination of C and Si even
through a one step reaction without a catalyst. Since the scale-
up amount of graphene can be facilely produced by the
thermal exfoliation of graphite oxide with natural graphite as
the raw material,'®"” it has become a highly accessible and cost
effective precursor for SiCws.

Herein, the synthesis of SiC nano-whiskers was explored
with thermally reduced graphene (TRG) as the novel 2D carbon
source without any assistance from a catalyst. TRG was obtained
by thermal exfoliation and carbonization of graphite oxide from
a modified Hummers method.'®*® Interestingly, it is well known
that graphene can be prepared by epitaxial growth from the
basal plane surface of SiC,**** while an inverse process has not
yet been reported. The thermochemistry and growth mecha-
nism of SiC crystals of the whiskers are proposed in this report.
This work paves a new pathway for the fabrication of 1D carbide
nanostructures from 2D graphene sheets.

As shown in Fig. 1a, the fluffy black powder of TRG was
employed as the carbon source, and the carbothermal reaction
between the graphene and silicon powders (Fig. S1,} commer-
cially available, 200 meshes with a purity of 99.9%) was carried
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Fig.1 The synthetic procedure and structural characterizations of SiC
nano-whiskers. (a) A schematic view of the catalyst-free carbothermal
reaction, (b) the XRD pattern and (c) the FT-IR spectrum of the as-
obtained SiC nano-whiskers.

out at 1600 °C. Afterwards, the as-obtained material was puri-
fied by removing any residual precursors of the unreacted
carbon and silicon. The as-obtained material became celadon.
X-ray diffraction (XRD) characterization was employed to
confirm the formation of SiC, as shown in Fig. 1b. The diffrac-
tion peaks were assigned to be pure B-SiC growing in a (111)
direction. Compared with the standard peak pattern (JCPDS 29-
1129), an additional peak at 26 = 33.81° was observed. It is
attributed to the stacking faults, which are widely detected in -
SiC due to its low formation energy.*>** Fig. 1c shows the
Fourier transformation infrared spectrum (FT-IR) of the
sample. The absorption peak at 813 cm ™" was attributed to the
Si-C stretching vibration, while the broad and weak absorption
peaks at 400-500 cm~ " and 1000-1300 cm ™' were assigned to
the Si-O stretching vibrations.®*? The presence of O was also
confirmed by EDX equipped on scanning electron microscopy
(SEM). Therefore, the as-obtained sample consisted of mainly
SiC with a minor amount of silicon oxides, which was derived
from the residual oxygen in the precursors.

The morphologies of the graphene precursor, intermediate
products and resulting SiCws were characterized by SEM and
transmission electron microscopy (TEM) (Fig. 2). As the carbon
source, the fluffy TRG facilitated the diffusion of silicon vapor
and the intimate contact with carbon atoms in the graphene
lattice due to its opened macroporous structure (Fig. 2a) and
high specific surface area (434.1 m® g ' by the Brunauer-
Emmett-Teller method,> BET) (Fig. 2b). Besides, the liquid-
phase oxidation and thermal decomposition process
preserved the 2D graphene lattice with topological defects,
atomic vacancies, dangling bonds, and a trace amount of
thermally stable oxygen functionalities,'** which served as the
reactive sites for the initial nucleation of SiC. It is noteworthy
that, comparing with the defects inside the basal plane, the
edges were more inclined to work as the energetically favored
sites for the adsorption of silicon vapor, forming a metastable
SiC nucleus. Fig. 2¢ shows the intermediate products without
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Fig. 2 Morphology characterizations of the precursor, intermediate,
and final product. (a and b) SEM and TEM images of TRG at 1000 °C,
working as the carbon source; (c) the intermediate product without
removal of the residual graphene and silicon; (d and e) the as-obtained
SiC nano-whiskers at low and high magnifications; (f) a histogram of
the diameter distributions of the SiC nano-whiskers.

the removal of the residual carbon and silicon sources. The
initial formation of amorphous SiC seeds began at the edge of
the graphene sheet, and then the corrosion proceeded towards
the central part. Fig. 2d—f display the final morphology of SiC
nano-whiskers with diameters of 30-80 nm and lengths of more
than 10 um. The products exhibited a specific surface area of
11.6 m”® g, corresponding to an average diameter of 60.6 nm
for the fiber-type SiC materials roughly calculated based on a
column model (Fig. S2t). In addition, a trace amount of
spherical particles also coexisted.

TEM was employed to obtain further information on the
crystal structure. Most of the whiskers had continuously
changing diameters with a periodicity of every 55-70 nm
(Fig. 3), and a small ratio of nanowires had relatively stable
diameters (Fig. S31) or bamboo-like structures (Fig. S47). The
interplanar spacing was calculated to be 0.254 nm from Fig. 3d,
corresponding to the (111) plane of B-SiC. Crystal defects, such
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Fig. 3 (a) TEM image of the SiC nano-whiskers with continually
changing diameters; (b) SAED and (c and d) HRTEM images of the SiC
whiskers observed in (a). Stacking faults and nanotwins are marked
with red arrows A and B, respectively.
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as stacking faults (arrow A) and nanotwins (arrow B) were
observed, which altered the stacking sequence of the (111)
planes to yield an additional peak at 26 = 33.81° (Fig. 1b). The
coexistence of stacking faults and nanotwins contributed to the
increased hardness and fracture toughness, as well as oxidation
resistance by generating internal stress.”® Moreover, the
selected area electron diffraction (SAED) pattern in Fig. 3b was
distributed separately and uniformly, corresponding to good
crystallinity. Therefore, the as-obtained B-SiC whiskers were
mostly grown in the direction of (111), and the stacking faults
mainly appeared in the regions of the whiskers with varied
diameters. As shown in Fig. 3c, a stacking fault just occurred in
the neck region with a smaller diameter, and the diameter
increased again after meeting the stacking fault. The continu-
ously changing diameter in the well-defined single crystal
sections was due to the tendency to develop (111) type side
surfaces.' Therefore, it was deduced that the microscopically
rough surface resulted from the stacking faults.

As the whole carbothermal reaction was accomplished in an
insert Ar atmosphere without the assistance of a catalyst, the
formation of the SiCws was described as the decomposition and
recombination of silicon with a carbon precursor at a high
temperature, as shown in eqn (1):

Si +C - SiC (1)

The growth mechanism of the SiCws is suggested in Fig. 4.
Firstly, the melting silicon partially changes into a vapor phase
at 1600 °C, which is then diffused and physically adsorbed onto
the surface of the 2D graphene crystal (Fig. 4a). Secondly, the
Si-C bonds start to form between the silicon and carbon atoms
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Fig. 4 Growth mechanism of the SiCws. (a) The silicon precursor
changed from a crystal to a vapor; (b) the silicon vapor diffused and
combined with graphene; (c) SiC crystal seeds formed and then
breakaway from the edge; (d) SiC seeds merged and recrystallized into
the 1D whisker. Si and C atoms are represented by yellow and gray
balls, respectively.
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with a simultaneous breaking of C-C bonds. It is noteworthy
that the carbons at the edges and topological defects, with
unsaturated dangling bonds and radicals, are more reactive
than the carbons in the intact sp> basal plane (Fig. 4b).%*
Therefore, the nucleation of the SiC seeds are initially formed at
the edge of the graphene, which is then developed in-plane
towards the central part of the graphene (Fig. 4c). Finally,
when the SiC seeds grow to a certain scale (ca. 30-80 nm, which
is roughly equal to the maximum diameter of the final SiCw), it
will break away from the graphene substrate. Afterwards, the
newly formed individual SiC seeds will merge at the driving
force of 1D growth habit along the (111) plane of B-SiC, pushing
the further prolongation of the whiskers from the root. At the
same time, recrystallization may also take place in the formed
whiskers to increase the crystallinity (Fig. 4d). Generally, the
growth progress was suggested to be a continuous corrosion-
merger process from the edge to the basal plane of graphene:
first, the graphene edge was ‘corroded’ by silicon vapor due to
the unsaturated dangling bonds and radicals. Nucleation of SiC
seeds formed at the edge of graphene, and proceeded towards
the central part. Second, the SiC seeds break away from the
graphene substrate, and ‘merged’ at the driving force of
decreasing surface energy. It is quite similar to the growth
pattern of other related nano-materials, such as the growth of
CNT multilayers.”” In this process, two key features of the carbon
source are essential for the successful synthesis of high quality
SiCws: (a) the low dimensional structure with highly accessible
surface area for physical diffusion, (b) exposed rich edges and
defects in the carbon lattice to facilitate the nucleation and
detachment of the SiC seeds. Among all the carbon allotropes, 2D
graphene is the ideal carbon to meet the above requirements.
In order to verify the edge effects of the carbon source,
several control samples were employed under the same carbo-
thermal conditions. As shown in Fig. 5a, the multi-walled CNTs
were a semi-closed structure with opened edges at both ends.?®
When it was used as the carbon source (Fig. 5b), only short and
curled SiC fibers were obtained, which maintained the original
morphology of the CNTs, in accordance with the shape memory
synthesis of SiC from CNTs.'** Moreover a carbonaceous aer-
ogel, constructed by edge-to-edge assembly of graphene sheets,
was fabricated and employed (Fig. 5c). In this architecture, the
exposed graphene edges have been sealed by the cross-linkage
with each other.** As shown in Fig. 5d, after the reaction, no
whiskers were formed, and the aerogel collapsed and corroded
by forming nanoparticle assembled sheets. Though the 3D
inter-connected opened surface facilitated the mass diffusion
and complete combination of silicon and carbon, the break-
away of the SiC seeds was retarded due to the higher energy
consumption from the internal region of the graphene. There-
fore, SiC crystal seeds can be formed in a substrate of CNTs and
graphene aerogel, but the breakaway and secondary assembly of
whiskers were inhibited due to the semi-closed or closed edges.
In order to verify the influence of the dimension (thickness
or stacking degree) and surface openness of a carbon precursor
on the resulting SiCws, expanded graphite (Fig. 5e) and graphite
powders (Fig. 5g) were also used as the carbon sources. Fig. 5f
displays the final morphology of the product with expanded
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Fig. 5 The SEM images of the controlled experiments with different
carbon sources. (a and b) Multi-walled CNTs and the corresponding
SiC product; (c and d) carbonaceous aerogel and the corresponding
SiC product; (e and f) expanded graphite and the corresponding SiC
product; (g and h) graphite and the corresponding SiC product. The
insets in (a), (c), (e) and (g) display the models of the carbon sources
with reactive sites being indicated by the yellow regions.

graphite working as the carbon source. SiC nanoparticles
agglomerated into a sheet in a skeleton shape, and several
whiskers were observed simultaneously. Partial exfoliation from
the natural flake graphite increased the distance between the
graphene layers, but the distance was not large enough for
further growth of the SiCws. Fig. 5h displays the morphology of
SiC with graphite as the carbon source. The nanoparticles of SiC
accumulated on the surface of the graphite particles. The cross
section was also covered by the SiC nanoparticles, maintaining
the layered structure of graphite. The closely packed graphite
flake prevented further diffusion of Si vapor, resulting in only a
small amount of SiCws. These whiskers were synthesized from
the occasional exfoliated graphite flake. The XRD patterns of the
final products derived from the above carbon sources are given
in Fig. S5.7 Similar experiments have been designed with open,
semi-closed, and closed carbon systems for the liquid phase
oxidation and exfoliation of carbon precursors for graphene.?®

Conclusions

In summary, 1D B-SiC nano-whiskers with a diameter of 30-80
nm and a length of more than 10 um were synthesized with 2D
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graphene as the carbon source as well as the active substrate for
the first time. The large exterior surface and abundant opened
edges were the key factors for the synthesis of high quality
whiskers. The former facilitated the transmission and in situ
deposition of Si vapor, as well as the combination with C, while
the latter decreased the energy barrier for the breakaway of
SiC crystal seeds, and re-assembly and re-crystallization took
place after the breakaway. The growth was completed by a
corrosion-merger process during the catalyst-free carbothermal
reaction. As a novel 2D crystal, graphene has been proved to be
an ideal carbon source for the synthesis of high quality
SiCws, and this research also provides a simplified model for
investigating the formation mechanism of these 1D structures
during carbothermal reactions between carbon and silicon.
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