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SiC nanostructures are stable without raw material loss even in high-temperature and extreme environments. Thus, they have 
applications in power semiconductors, optoelectronic devices, and secondary batteries. In this study, SiC nanostructures were 
grown via the mixed-source hydride vapor-phase epitaxy method with Si and graphite sources, and the growth mechanism 
was elucidated. The SiC nanostructures primarily grew between the SiC substrate and the graphite source, whereas carbon 
nanostructures grew on the surface of the graphite source. The properties of the SiC nanostructures grown in this study were 
characterized using ῿�eld-emission scanning electron microscopy, energy dispersive spectroscopy, Raman spectroscopy, X-ray 
di�raction, and high-resolution transmission electron microscopy. The d-spacing between two adjacent lattice fringes was 
0.25 nm, which is in good agreement with the interplanar spacing in the (111) or (102) plane directions of SiC. Moreover, 
the applicability of SiC nanostructures was evaluated by applying the material, which coexists with carbon nanostructures, 
as an anode in a lithium-ion battery.

Keywords: Mixed-source hydride vapor-phase epitaxy method, SiC nanostructures, Hexagonal SiC, Lithium-ion battery, 
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Introduction

SiC nanostructures have garnered significant research 
attention owing to their unique high-voltage and 
high-current characteristics [1-15]. The properties of 
SiC include a wide energy bandgap (2.3-3.3 eV), 
high critical electric field (2.0-4.0 MV/cm), and high 
thermal conductivity (3.2-4.9 W/cm·K). Thus, SiC 
nanostructures are crucial in high-temperature and high-
power electronic device applications [16, 17]. Most SiC 
nanostructures are typically in the 3C-SiC form, and 
synthesizing 4H-SiC and 6H-SiC nanostructures remains 
a challenging task. 4H-SiC and 6H-SiC nanostructures 
have potential applications in high-temperature and high-
power electronic devices owing to their high thermal 
stability, high breakdown voltage, and excellent thermal 
conductivity [18-22]. SiC nanostructures can maximize 
the advantages of these polytypes, and their excellent 

physical properties at the nanoscale suggest potential 
applications in various fields, such as electronic devices, 
energy storage devices, and optoelectronic devices.

Recently, anode materials that can replace graphite 
and help increase the capacity of lithium-ion batteries 
(LIBs) have been investigated [23-31]. Among anode 
materials, Si is one of the most promising next-
generation LIB anode materials because it exhibits a 
theoretical capacity of 4200 mAh g-1, which is more than 
10 times higher than that of graphite (372 mAh g-1) [32]. 
However, despite its high theoretical capacity, Si suffers 
from volume expansion of up to 420% during lithiation 
upon charging and discharging [33]. To overcome these 
problems, alternatives such as forming Si/C composites 
[24-28] and growing silicon into nanoparticles and 
utilizing them as anode materials have been examined 
[29-31]. For example, in a theoretical investigation, 
Wang et al. considered g-SiC5 and g-SiC2 as high-
capacity anode materials for LIBs and found that these 
materials offer theoretical capacities of 1520 and 1286 
mAh g-1, respectively [34]. These results show that SiC 
nanostructures are promising alternative anode materials 
for LIBs. However, further research is required to achieve 
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high yields and obtain high-quality SiC nanostructures. 
The hydride vapor-phase epitaxy (HVPE) method 

offers a significant advantage over metal–organic 
chemical vapor deposition and molecular beam epitaxy 
methods: growth rates of several tens to hundreds of 
micrometers per hour can be achieved via HVPE, and 
thus, HVPE is considerably faster than other techniques 
[35-39]. In particular, the mixed-source HVPE method 
for growing SiC nanostructures is a relatively simple 
technique with the advantage of growth using the quantity 
control of the source materials in one graphite boat [40, 
41]. Therefore, the growth of SiC nanostructures via 
the mixed-source HVPE method can be considered an 
innovative approach for enhancing SiC crystal yield. 
In this study, SiC nanostructures incorporating the 
characteristics of 6H-SiC and 4H-SiC were synthesized 
using Si and graphite sources, and the growth mechanism 
was analyzed. Furthermore, the application potential of 
SiC nanostructures was evaluated by fabricating LIBs 
with SiC nanostructures as the anode and examining the 
charge/discharge profile.

Experimental

Fig. 1 shows a schematic of the mixed-source HVPE 
apparatus used for growing SiC nanostructures. The 
mixed-source HVPE equipment comprises a furnace 
with three high-temperature zones (T ≈ 1200 ℃) and a 
specially designed graphite boat placed within a quartz 
reactor tube. The sources—20 g of Ga, 20 g of Al, 20 
g of graphite, and 30 g of Si—were mixed and placed 
in the graphite boat [42, 43]. Cylindrical graphite with 
an average diameter of 2 mm and a length of 8 mm 
was used as the graphite source. Small pieces of n-type 
Si substrates were used as the Si source. The high-
purity Ga (7N) removed oxides and nitride films from 
the surface of Al and thereby, promoted the reaction 
between Al and HCl [44, 45]. The 4N metallic Al 
induced the formation of AlN nanostructures, and the 
grown AlN nanostructures adsorbed Si and C elements, 
resulting in the growth of SiC nanostructures [46]. 
HCl and NH3 were used as reaction gases, and N2 
was used as the carrier gas. HCl, NH3, and N2 were 

flown into the quartz reactor tube through the inner 
quartz tube at flow rates of 200, 1000, and 5000 sccm, 
respectively. The SiC nanostructures were grown at a 
growth temperature of 1200 ℃ and a growth duration 
of 60 min. The SiC nanostructures were analyzed via 
field-emission scanning electron microscopy (FE-SEM; 
TESCAN MIRA3), energy dispersive spectroscopy 
(EDS; TESCAN MIRA3), Raman spectroscopy 
(Analytik Jena AG UniDRON), Cs-corrected high-
resolution transmission electron microscopy (HRTEM; 
JEOL ARM200), and high-resolution X-ray diffraction 
(XRD; Rigaku SmartLab). For Raman spectroscopy, 
the grown nanostructures were attached to the carbon 
tape used in the FE-SEM measurements. The spectra 
were obtained using a 5 mW laser with a wavelength 
of 532 nm. The laser used in Raman spectroscopy had 
crossed polarization components, with a resolution of 
approximately 1 cm-1, capable of detecting peak shifts 
as small as ~0.1 cm-1. All measurement results were 
calibrated using the Rayleigh line as the zero Raman 
shift reference, and the cycle time was set to 5 s.

Results and Discussion

Fig. 2(a) shows an optical image of the mixed-sources 
in the actual graphite boat. SiC nanostructures can grow 
on the SiC substrate when the SiC substrate is placed at 
the bottom of the graphite boat before introducing the 
sources. Thus, SiC nanostructures grew at the contact 
points between the SiC substrate (at the bottom) and the 
graphite source. Fig. 2(b) shows the changes in the surface 
of the graphite source after growth. A large number of 
nanostructures were formed on the surface (Fig. 2(c)). The 

Fig. 1. Schematic of the mixed-source HVPE system used to 
grow SiC nanostructures.

Fig. 2. (a) Image of the mixed-source inside the graphite boat 
used for growth. (b) Image of the graphite source after growth. 
(c) Enlarged image of the graphite source after growth. (d) Image 
of the graphite source before growth.



Suhyun Mun et al.84

composition was similar to that of carbon nanostructures 
with a low Si elemental ratio. The surface of the graphite 
source before growth (Fig. 2(d)) was similar to that of 
a typical pencil lead. Fig. 3 shows the FE-SEM images 
of the grown SiC nanostructures. Fig. 3(a) shows the 
surface image of the SiC substrate that was placed at 
the bottom. The mark where the graphite was placed is 
clearly visible. Higher magnification images of the SiC 
substrate revealed that hexagonal seed structures were 
formed in some nanostructures, indicating the growth of 
nanostructures (Fig. 3(b) “A”). The nanostructures were 
shaped in the form of hollow tubes (Fig. 3(c)). Bamboo-
like nanostructures with nodes were also observed (Fig. 
3(d)) [47-54]. Compared to typical nanostructures, the 
diameter of the tubes was relatively large, ranging from 
200 to 700 nm (Fig. 3(e)), with an average diameter of 
approximately 500 nm (Fig. 3(f)). The FE-SEM images 
shown in Fig. 3(g) indicate SiC nanostructure growth 
on the surface of the graphite source that was not in 
contact with the SiC substrate. Because the surface of the 
graphite source was directly exposed to HCl, NH3 gas, 
AlCl, and SiCln, most nanostructures formed were of the 
AlN series (Fig. 3(h)). In particular, hairy caterpillar-like 
structures were observed, with nanostructures growing 
from their surfaces (Fig. 3(i)).

Fig. 4 shows the EDS results for the nanostructure 
shown in Fig. 3(b), wherein the compositional changes 
according to the position of the nanostructure are 
indicated. Fig. 4(a) shows the results for the hexagonal 
seed part. The elemental ratios related to C, Si, and 

AlN were 31.26, 38.82, and 29.91 at.%, respectively, 
indicating a similar distribution (Fig. 4(a) “1”). At the 
starting point of nanostructure growth (Fig. 4(b) “2”), the 
elemental ratios of C and Si increased to 39.17 and 38.71 
at.%, respectively, whereas the elemental ratio related 

Fig. 3. (a) FE-SEM images of the surface of a SiC substrate placed on the bottom of a graphite boat. (b) Nanostructures grown 
on the SiC substrate. (c) Nanostructures in the form of a hollow tube. (d) Nanostructures with a typical bamboo-like shape. (e) 
Nanostructures with a diameter of approximately 200 to 700 nm. (f) Nanostructures with a diameter of approximately 500 nm. (g) 
FE-SEM image of the graphite surface after growth. (h) AlN-based nanostructures. (i) Growth of hairy caterpillar-like structures.

Fig. 4. EDS results for the nanostructures: (a) position “1,” (b) 
position “2,” (c) position “3,” and (d) position “4.”
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to AlN decreased to 22.12 at.%. This indicates that the 
AlN nanostructures formed in the initial growth phase 
absorb Si and C and contribute to the growth of SiC 
nanostructures [44]. Consequently, as the nanostructures 
began to grow, C (47.95 at.%) and Si (46.20 at.%) were 
the major elements (Fig. 4(c) “3”). With continued 
nanostructure growth, the C content gradually increased 
to 55.28 at.%. This is attributed to the increasing 
activation of CCln formation over time from the graphite 
source in the mixed-source [55] (Fig. 4(d) “4”).

Fig. 5(a) shows the variation in the elemental ratios 
according to the position of the nanostructure. As 
explained in the previous paragraph (Fig. 4), the increase 
in the elemental ratios of C and Si with continued 
nanostructure growth indicates the growth of SiC 
nanostructures. Fig. 5(b) shows the XRD 2 theta/omega 
results measured in the 2θ range of 20-80° for a sample 
placed on a glass jig. For graphite carbon (JCPDS file 
no: 26-1079), two diffraction peaks corresponding to 
the (003) and (101) lattice planes were observed at 
26.4° and 43.3°, respectively. However, the observed 
diffraction peaks at 26.8° and 35.6° were distinct from 
the 33.6° peak corresponding to the (111) lattice plane 
of 3C-SiC (JCPDS file no: 75-0254). The peak at 26.8° 
corresponds to the (002) diffraction plane of hexagonal 
graphite (JCPDS file no: 41-1487), and the peak at 35.6° 
may be attributed to either the (004) lattice plane of 
4H-SiC nanostructures (JCPDS file no: 22-1317) or the 
(102) lattice plane of 6H-SiC (JCPDS file no: 29-1128) 
[23, 49, 56-60]. Therefore, the grown nanostructures 
are deduced to be a composite of 4H-SiC or 6H-SiC 

nanostructures and carbon nanostructures.
Fig. 6 shows the HRTEM images of the grown 

nanostructures. Fig. 6(a) shows a typical HRTEM image 
of a SiC nanostructure. The edge of a SiC nanostructure 
with a width of 382 nm was measured (Fig. 6(b)). Fig. 
6(c) shows an enlarged view of the region marked “A” 
in Fig. 6(b); the crystal structure can be observed in Fig. 
6(d). Fig. 6(e) shows an enlarged image of the region 
marked “B” in Fig. 6(d): a periodic lattice structure was 
observed in the HRTEM lattice image. The d-spacing 
between two adjacent lattice fringes was 0.25 nm, which 
agrees well with the interplanar spacing along the (111) 
or (102) plane direction of SiC [23, 61-66]. These results 
confirm the growth of crystalline SiC nanostructures via 
the mixed-source HVPE method.

Fig. 7 shows the EDS results for the SiC nanostructures 
grown in different forms. Fig. 7(a) shows the EDS 
results for a SiC nanostructure with a diameter of 75 
nm: the elemental ratios of C and Si were 43.33 and 
53.69 at.%, respectively. Fig. 7(b) shows the EDS results 
for a SiC nanostructure with a diameter of 1300 nm: the 
elemental ratios of C and Si were 48.16 and 51.43 at.%, 

Fig. 5. (a) Variation in the proportion of each element as function 
of the position of the nanostructure. (b) XRD results for the 
nanostructures.

Fig. 6. HRTEM images of the SiC nanostructures. (a) HRTEM 
image of the ultrathin SiC nanostructures. (b) HRTEM image of 
ultrathin SiC nanowires with a diameter of 382 nm. (c) Enlarged 
image of the square marked “A” in (b). (d) HRTEM lattice 
image of square “A.” (e) Enlarged image of the square marked 
“B” in (d).
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respectively. These results confirm the high stability of 
the SiC nanostructure with a near 50:50 ratio of C to 
Si [8, 20]. Fig. 7(c) shows the EDS results for the hairy 
caterpillar-like structure shown in Fig. 3(i): the elemental 
ratios of C, Si, and AlN were 12.26, 53.90, and 33.05 
at.%, respectively. Fig. 7(d) presents the EDS results 
for the surface of the graphite source after growth: the 
elemental ratios of C and Si were low at 2.45 at.% and 
12.80 at.%, respectively, whereas the elemental ratio 
of AlN was high at 81.38 at.%. This indicates that 
the AlN nanostructures from the mixed-source, along 
with the graphite source, contribute to the growth of 
SiC nanostructures by acting as an absorbent for the 
elements [46].

Fig. 8 shows the Raman spectroscopy results for the 
grown SiC nanostructures. Fig. 8(a) shows a comparison 
of the Raman spectra of the SiC substrate, graphite block, 
graphite source, and the grown SiC nanostructures. 
The SiC substrate exhibited modes at 527, 614 (LT; 
longitudinal-transverse), 777 (TO; transverse optical), 
798 (TO), and 980 (LO; longitudinal optical) cm−1, which 
are typical Raman peaks of bulk 4H-SiC crystals [67-
72]. The graphite block and graphite source exhibited 
characteristic D and G peaks at 1354 and 1581 cm−1, 

respectively [73-75]. Fig. 8(b) shows the Raman analysis 
results as a function of the incident laser power. The 
peaks for the SiC nanostructures were observed at 504, 
613, 780, 798, 980, 1356, 1516, 1582, 1710, and 2693 
cm−1. For the bulk 6H-SiC, the Raman peaks at 767, 
789, and 797 cm−1 were attributed to the three TO 
phonon modes and the peaks at 889 and 965 cm−1 were 
attributed to the two LO modes. Therefore, the peak 
observed at 504 cm−1 corresponds to the transverse 
acoustic (TA) mode of 6H-SiC, the peak at 613 cm−1 
corresponds to the LT mode of 4H-SiC, the peak at 780 
cm−1 corresponds to the TO mode of 4H-SiC, the peak at 
798 cm−1 corresponds to the TO modes of both 6H-SiC 
and 4H-SiC, and the peak at 980 cm−1 corresponds to 
the LO mode of 4H-SiC. These results indicate that 
the Raman characteristics of the SiC nanostructures are 
distinct from those of the 4H-SiC substrate and bulk 
6H-SiC [76-79]. In addition, the peaks at 1356, 1516, 
1582, 1710, and 2693 cm−1 are primarily associated 
with SiC nanostructures and carbon structures, although 
distinguishing between them is challenging. Therefore, 
limiting the peaks related to SiC nanostructures to 
those below 1000 cm−1 is reasonable. Thus, both SiC 

Fig. 7. (a) EDS result for the 75 nm nanostructure. (b) EDS 
result for the 1300 nm nanostructure. (c) EDS result for the 
hairy caterpillar-like structure. (d) EDS result for the surface 
of graphite source after growth. Fig. 8. Results of Raman measurement. (a) Raman results of 

various materials. (b) Raman measurement results for the SiC 
nanostructures according to incident laser power.
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nanostructures and carbon nanostructures coexist in the 
sample.

Fig. 9 shows a schematic of the growth mechanism 
of SiC nanostructures obtained via mixed-source HVPE. 
The graphite source was placed on the SiC substrate (Fig. 
9(a)). Fig. 9(b) shows that at 1200 ℃, Ga, Al, graphite, 
and Si sources react with HCl gas to produce GaCl3, 
AlCl, CCln, and SiCln; the reaction occurs at the interface 
between the SiC substrate and the graphite source. Here, 
Ga diffuses over the Al, graphite, and Si surfaces, leading 
to the formation of AlCl and the subsequent formation 
of AlN nanostructures [44, 45]. Moreover, unless Ga is 
used, Si does not readily react with HCl gas owing to the 
oxide and nitride layers on its surface. Thus, Ga facilitates 
the formation of CCln and SiCln. Consequently, a type of 
seed (shown in Fig. 4(a)) is formed, contributing to the 
growth of SiC nanostructures (Fig. 9(c)). Subsequently, 
CCln and SiCln become essential components of the SiC 

Fig. 10. (a) Fabrication of the LIB. Characteristics of LIB manufactured using the (b) graphite source used as a mixed-source and 
(c) nanostructures with coexisting SiC and carbon nanostructures. (d) Table showing a comparison of the characteristics.

Fig. 9. Schematic of the growth of SiC nanostructures via the 
mixed-source HVPE method. (a) SiC substrate and graphite source 
layout diagram. (b) SiC substrate and grown SiC nanostructures. 
(c) SiC nanostructures. (d) Stable SiC nanostructures.
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nanostructures (Fig. 9(d)), leading to the growth of stable 
SiC nanostructures with a 50:50 ratio of C to Si [8, 20]. 
The same reaction occurs on the surface of the graphite 
source, resulting in the formation of hairy caterpillar-like 
structures with high Si content (Fig. 7(c)).

Fig. 10 shows the characteristics of an LIB fabricated 
using the grown SiC nanostructure. The cycle charge/
discharge profiles obtained using commercial graphite, 
graphite source, and materials containing both SiC 
nanostructure and carbon nanostructure as anode active 
materials in LIB were compared. Fig. 10(a) shows 
the LIB fabrication process. The SiC nanostructures 
were pulverized using a ball mill. The pulverized SiC 
nanostructure powder was used as the active material for 
the anode of the secondary battery. The active material 
was mixed with a conductive agent (carbon black) and 
a binder to form a composite. The weight ratio (wt%) of 
the SiC nanostructure powder, carbon black, and binder 
was set to 80:10:10, and the mixture was homogenized 
using a ball mill for 10-12 h. It is estimated that the active 
material carbon black ratio of 80 contains approximately 
10% of SiC nanostructure. Carboxymethyl cellulose 
dissolved in distilled water at a concentration of 1.0-1.5 
wt.% was used as the binder. The resulting composite 
was then utilized to fabricate the anode. The composite 
was coated onto a copper foil attached to a flat glass plate 
using a doctor blade apparatus. The coating thickness 
was set to 25 μm, and the coated anode material was 
dried at 80 °C for 10 h. The final anode was fabricated 
by punching the anode material to the required size. 
Subsequently, a coin-type LIB (coin cell) was assembled 
using the fabricated anode. The structure of the coin cell 
was in accordance with the CR2032 coin cell standard, 
which specifies a diameter of 20 mm and a thickness 
of 3.2 mm. Disk electrodes with diameters of 16 and 14 
mm were used as the anode and cathode, respectively. 
The active material in the 14 mm diameter region was 
used for charge storage. A small amount of electrolyte 
was applied on the fabricated SiC nanostructure-based 
anode. The electrolyte consisted of either 1 M LiPF₆ EC/
DEC (1:1, v/v) + 10 wt.% FEC or 1 M LiPF₆ EC/DEC 
(1:1, v/v) + 1 wt.% VC. A monolayer polypropylene 
separator (Celgard 2400) was placed on the anode, 
and a gasket was attached. The cathode, composed of 
lithium foil (D14 mm T0.5), and a stainless-steel disk, 
serving as the current collector, were then placed on the 
top. Additional electrolyte was added, and a spring was 
inserted to provide structural cushioning. The top cover 
was placed, and the cell was pressed using a crimping 
tool to complete the assembly. The assembled coin cell 
was manufactured in an argon-filled glovebox to prevent 
contamination, and the cell was allowed to soak in the 
electrolyte for 12 h to ensure adequate impregnation. 
Fig. 10(b) shows the charge/discharge characteristics for 
the initial 3 cycles for the graphite sources. The graphite 
source used in this study has extremely low capacities of 
248 and 155 mAh g−1 during lithiation and delithiation, 

respectively. The lithiation and delithiation capacities 
obtained using the grown SiC nanostructure were 462 
mAh g-1 and 268 mAh g-1, respectively, and the first-
order Coulombic efficiency was 58 % (Fig. 10(c)). The 
SiC nanostructure-based anode resulted in the highest 
lithiation capacity of 462 mAh g-1. Fig. 10(d) shows a 
comparison of the charge/discharge characteristics of two 
samples. The results for the grown SiC nanostructures 
in the last column of the table show a profile that is 
significantly different from that of common graphite 
[80-84]. Therefore, SiC nanostructures and carbon 
nanostructures coexist in the nanostructures used to 
fabricate the LIB in this study, suggesting that they are 
likely to be carbon materials other than pure graphite. 
Increasing the ratio of SiC nanostructures in the active 
material carbon black is expected to lead to different 
results. These aspects will be further investigated in 
future work.

Conclusions

Stable SiC nanostructures were successfully grown 
between the SiC substrate and the graphite source via the 
mixed-source HVPE method. The grown nanostructures 
were confirmed to be a mixture of SiC nanostructures and 
carbon nanostructures. The SiC nanostructures primarily 
grew between the SiC substrate and the graphite source, 
whereas the carbon nanostructures grew on the surface 
of the graphite source. The grown SiC nanostructures 
were stable and large, with a C to Si composition ratio 
of approximately 50:50. XRD, HRTEM, and Raman 
spectroscopy results indicated the presence of 4H-SiC 
and 6H-SiC structures, as well as carbon nanostructures. 
The grown nanostructures were used as an anode material 
for LIB, and the observed characteristics were different 
from those of common graphite. Thus, the growth of 
SiC nanostructures via the HVPE method is feasible. 
SiC nanostructures grown via the mixed-source HVPE 
method are expected to be an innovative example in the 
field of semiconductor growth.
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