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Carbon coils could be synthesized using C2H2/H2 as source gases and SF6 as an incorporated 
additive gas under thermal chemical vapor deposition system. The Ni layer on the SiO2 
substrate was used as a catalyst for the formation of the carbon coils. The characteristics 
(formation densities, morphologies, and geometries) of the as-grown carbon coils on the 
substrate with or without the H2 plasma pretreatment process were investigated. By the 
relatively short time (1 minute) H2 plasma pretreatment on the Ni catalyst layered-substrate 
prior to the carbon coils synthesis reaction, the dominant formation of the carbon microcoils 
on the substrate could be achieved. After the relatively long time (30 minutes) H2 plasma 
pretreatment process, on the other hand, we could obtain the noble-shaped geometrical 
nanostructures, namely the formation of the numerous carbon nanocoils along the growth 
of the carbon microcoils. This noble-shaped geometrical nanostructure seemed to play a 
promising role as the good catalyst support for holding the very tiny Ni catalyst grains. 

Keywords : Carbon coils, H2 plasma pretreatment, Geometry variation, Catalyst support, 
Thermal chemical vapor deposition

I. Introduction

After Ijima’s landmark report on the carbon nano-

tubes (CNTs), a tremendous research was focused on 

the synthesis of the various forms of the carbon 

nanomaterials, such as graphenes, horns, onions, 

helices, and so on [1-4]. Among the forms, the car-

bon coils have been noticed as the promising materi-

als candidates for the diverse application field be-

cause of their spring-like helix-shaped geometry. 

The unique geometries of the carbon coils may induce 

an electrical current and consequently generate a 

magnetic field. So, the carbon coils have been at-

tracted as the high potential materials for the elec-

tromagnetic wave absorbers in the GHz to THz re-

gions, nano/micro-sized tactile sensors, actuators, 

resonators, mechanical springs, and so on [5-7]. 

Recently many researchers have interest in the use 

of the one dimensional carbon nanomaterials (1D- 

CNMs), like the carbon coils, as the support for the 

high performance catalyst of the fuel cells because 

their use seemed to increase the catalytic capability 

[8-10]. For the direct alcohol fuel cells (DAFCs), the 

use of 1D-CNMs as the catalyst support was reported 
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to greatly enhance the electro-catalytic activity for 

the alcohol oxidation [8,9]. The main cause for the 

enhanced catalytic activity by the support seemed to 

be associated with not only its noble hosting geome-

try for the metal catalyst particles but its protection 

ability from the degradation by the carbon monoxide 

poisoning [8-13]. Anyway, it is obvious that the geo-

metrical nanostructures of the 1D-CNMs as the cata-

lyst support would strongly influence on the catalytic 

capability. 

Meanwhile, the surface area of the catalyst in-

creases with decreasing the size of the catalyst. 

Consequently, it gives rise to the enhanced active 

sites for the catalytic performance. From the view-

point of the catalyst size, therefore, the good cata-

lytic capability of the catalyst should have the size as 

small as possible. Accordingly, the preparations of 

the 1D-CNMs for the good catalytic support would 

require the novel-shaped geometries for holding the 

catalyst having the size as small as possible. 

In this work, we introduce the method for the no-

ble-shaped geometrical nanostructure of the carbon 

coils as the 1D-CNMs for the good support of the 

catalyst. Indeed, the noble-shaped geometrical nano-

structures for holding the very tiny catalyst grain in 

this work were composed by the formation of the nu-

merous carbon nanocoils along the growth of the car-

bon microcoils. To make the noble-shaped nano-

structures, we adopted the H2 plasma pretreatment 

process prior to the carbon coils deposition reaction. 

The pretreatment processes on the Ni-layered SiO2 

substrate were varied according to the H2 plasma 

pretreatment times, namely the relatively short (1 

minute) or long (30 minutes) time. The different Ni 

thicknesses and the surface state on the substrate 

due to the different H2 plasma pretreatment process 

were employed during the reaction. Among the vari-

ous techniques to synthesize carbon coils, the in-

corporated additives, a trace of the sulfur-related 

species [14-16], was regarded as the promising meth-

od for the formation of carbon coils. We chose SF6 as 

a sulfur impurity and tried to reduce the amount of 

the used SF6 gas by shortening the injection time 

[17-19]. In this way, the formation of the carbon 

coils having the noble-shaped geometrical nano-

structures could be obtained. The characteristics of 

the as-grown carbon coils were examined and 

discussed. Based on these results, we suggested and 

discussed the formation and the cause for the for-

mation of the numerous carbon nanocoils along the 

growth of the carbon microcoils as the noble-shaped 

geometrical nanostructures.

II. Experimental

SiO2 /Si substrates in this work were prepared by 

the thermal oxidation of the 2.0×2.0 cm2 p-type Si 

(100) substrates. The thickness of the silicon oxide 

(SiO2) layer on Si substrate was estimated about 300 

nm. To form the Ni catalyst layer, about 0.01 g of Ni 

powder (99.7%) was evaporated for 1.5 minutes on the 

substrate using the thermal evaporator. The esti-

mated Ni catalyst layer on the substrate was about 

400 nm.

For H2 plasma pretreatment, Ni-coated substrate 

was placed in the radiofrequency (13.56 MHz, 25 W) 

plasma enhanced chemical vapor deposition (PECVD) 

system prior to the carbon coils deposition reaction. 

H2 gas was introduced into the PECVD chamber. The 

flow rate for H2 was fixed at 17 standard cm3 per mi-

nute (sccm). The substrate was pretreated for 1 or 30 

minutes using H2 plasma at 0.5 Torr total pressure. 

To improve the etching characteristics by H2 plasma, 

we used the protruded substrate holder. 

For the carbon coils formation, thermal chemical 

vapor deposition system was employed. C2H2 and H2 

were used as the source gases. SF6 was injected as 

the additive during the initial deposition reaction 

stage. We fixed C2H2 , H2, and SF6 flow rates as 15, 
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Figure 1. The cross sectional FESEM images for the Ni
catalyst-layered substrate after (a) 1 and (b)
30 minutes H2 plasma pretreatment process.
Inset shows the magnified FESEM image of 
the square area of Fig. 1(a).

Table 1. Experimental conditions for the deposition of carbon coils on the substrates. 

C2H2 flow 

rate

(sccm)

H2 flow

rate

(sccm)

SF6 flow

rate

(sccm)

Total 

pressure 

(Torr)

Total 

deposition 

time (min)

Source gases flow time (min) Substrate 

temp.

(oC)C2H2 H2 SF6

15 35 35 100 90 90 90 5 750

35 and 35 sccm, respectively. The overall injection 

time for C2H2 and H2 was 90 minutes, while the in-

jection time for SF6 was 5 minutes merely during the 

initial reaction stage. The detailed reaction con-

ditions for the formation of the carbon coils were 

shown in Table 1. 

Detailed morphologies of CNFs-deposited sub-

strates were investigated by using field emission 

scanning electron microscopy (FESEM). Ni chemical 

composition in the catalyst grain located in the head 

of the carbon nanocoils was analyzed using Energy 

Dispersive X-ray Spectroscopy (EDS).

III. Results and Discussion

Fig. 1 show the cross sectional FESEM images for 

the Ni catalyst-layered substrate after (a) 1 and (b) 

30 minutes H2 plasma pretreatment process, respec-

tively. Compared to the Ni layer thickness (∼300 nm) 

of the substrate after 1 minute H2 plasma pretreat-

ment process, the Ni layer thickness was reduced to 

∼200 nm by the long time (30 minutes) H2 plasma 

pretreatment process. As the previous reports [20- 

23], the hydrogen plasma etching rate for Ni-SiO2 

substrate seems to be comparable to the conventional 

wet etching or halogen atom plasma etching case. 

Furthermore, the surface states of the sample in Fig. 

1(b) seemed to be much more deteriorated by the long 

time (30 minutes) H2 plasma pretreatment process. 

These results indicate that the long time (30 minutes) 

H2 plasma pretreatment process can give rise to not 

only the reduction of the Ni catalyst layer thickness 

but the deterioration of the surface state of the 

substrate. 

Two substrates having the different H2 plasma 

pretreatment times (1 or 30 minutes) were prepared 

and they were simultaneously mounted on the sub-

strate holder in the reaction chamber. So, the carbon 

coils formation reaction on the different substrates 

would have an identical experimental condition.

Fig. 2(a) shows FESEM images revealing the for-

mation of the as-grown carbon coils on the substrate 

having the 1 minute H2 plasma pretreatment process. 

Fig. 2(b) and (c) show the magnified FESEM images 

for Fig. 2(a) and (b), respectively. As shown in these 

Figures, we can see the well-developed carbon mi-

crocoils. Diameters of the microsized carbon coils are 

in the range of one micrometer to several micrometers. 

The length ranges of the coils are between a few mi-

crometers and a few millimeters. 

The details of the micro-sized carbon coils were 

investigated by the high-magnified FESEM image as 

shown in Fig. 3. Their individual carbon nanofila-
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Figure 2. (a) FESEM images for the formation of the as-grown carbon coils on the substrate having the 1 minute
H2 plasma pretreatment process, (b) the magnified FESEM image for Fig. 2(a), and (c) the magnified FESEM 
image for Fig. 2(b).

Figure 3. The high-magnified FESEM image for the 
micro-sized carbon coils. The double helix 
structure and the ending points of the rings
constituting the coils could be clearly 
observed.

ments constituting the coil have the several sub-

micrometers-sized diameters. First and second end-

ing points of the rings could be clearly observed (see 

the rings in Fig. 3). It indicates that the formation of 

the microsized carbon coils in this work follows a 

typical double-helix structure for the geometry. For 

the shape of the rings constituting the coils, circu-

lar-type morphology could be observed. The head of 

the coil could be clearly observed as shown in the ar-

row head in Fig. 3. As our previous report, the head 

of the coil seems to be the initiation point for these 

two rings [24].

Fig. 4(a) shows FESEM images revealing the for-

mation of the carbon coils having the noble-shaped 

geometrical nanostructures on the substrate having 

the 30 minutes H2 plasma pretreatment process. Fig. 

4(b) and (c) show the magnified FESEM images for 

Figs. 4(a) and (b), respectively. As shown in Fig. 4(c), 

the noble-shaped geometrical nanostructures for 

holding the very tiny catalyst in this work were com-

posed by the formation of the numerous carbon 

nanocoils along the growth of the carbon microcoils. 

Fig. 5(a) shows the magnified FESEM images of the 

formation of the carbon coils having the noble- 

shaped geometrical nanostructures. The bright spot, 

regarded as the Ni catalyst, could be shown in the 

several points, especially in the bent points, of the 

carbon nanocoils (see the head points of the arrow in 

Fig. 5(a)). Fig. 5(b) shows the high-magnified image 

focusing the carbon nanocoils area along the carbon 

microcoils. As shown in Fig. 5(a), the numerous car-

bon nanocoils seemed to be interconnected with one 

another and eventually forming the nanocoils net-

work like the bush (see the bottom area of the carbon 

microcoils in Fig. 4(c)). The bright spot was also 

shown in Fig. 5(b) and it seemed to be composed by 

Ni3C as the previous report [25]. The estimated sizes 
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Figure 4. (a) FESEM images for the formation of the as-grown carbon coils on the substrate having the 30 minutes
H2 plasma pretreatment process, (b) the magnified FESEM image for Fig. 4(a), and (c) the magnified
FESEM image for Fig. 4(b). The numerous carbon nanocoils network llike the bush type could be clearly
observed. 

Figure 5. (a) The magnified FESEM images of the formation of the carbon coils having the noble-shaped geo-
metrical nanostructures and (b) the high-magnified image focusing the carbon nanocoils area along
the carbon microcoils. Inset shows the line (see the dotted line in the circle of Fig. 5(b)) mapping examin-
ing for the Ni component. 

of the spots diameters are around 200 nm. 

For the component investigation of the bright spot 

in Fig. 5(b), EDS line mapping examining for the Ni 

component was carried out. As shown in the inset of 

Fig. 5(b), the EDS result clearly confirms that the 

bright spot located in the bent points of the carbon 

nanocoils has a lot of the Ni component. This result 

reveals that lots of Ni catalyst grains spread out in 

the numerous carbon nanocoils along the carbon 

microcoils. Consequently, we are sure that the no-

ble-shaped nanostructures in this work could hold a 

large number of the Ni catalyst grains having around 

200 nm in diameter. 

Based on the results from Figs. 1∼5, it is under-

stood that altering the characteristics of the nickel 

catalyst layer by the long time H2 plasma pretreat-

ment prior to the carbon coils synthesis reaction 

could form the noble-shaped geometrical nanostru-

ctures. For the SiO2 substrate, the long time H2 plas-

ma pretreatment seems to etch the Ni catalyst layer 

thickness from ∼300 nm to ∼200 nm. In addition, it 

deteriorates the surface state of the substrate. 

Consequently, it may increase the stress between the 

pre-deposited Ni catalyst layer and SiO2 substrate. 
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Figure 6. (a) FESEM images for the cracked and the damaged Ni layers on the substrate with the long time H2

plasma pretreatment process after cooling down the substrate from 750oC to 25oC under vacuum con-
dition, (b) the magnified images of Fig. 6(a), and (c) the high-magnified image of Fig. 6(b). 

The cause for the stress between the metal layer and 

the substrate may be explained as follows. As our 

previous report [26], the difference of the thermal 

expansion coefficient value between Ni catalyst layer 

and the different substrates was known to be higher 

for SiO2 substrate compared with that for the other 

substrate, especially for Si substrate [27,28]. The 

higher difference of thermal expansion coefficient 

between the metal layer and the SiO2 substrate may 

induce the higher stress between them. Due to the 

stress between the metal layer and the substrate, the 

long time H2 plasma pretreated-Ni layer might be 

more easily peeled off and broken into very tiny 

nanosized Ni pieces and eventually scattered in sur-

rounding area. So, the peeled-off tiny nanosized Ni 

pieces could be the seed of the carbon nanocoils. 

Consequently, the density of the as-grown carbon 

nanocoils would be higher on the substrate having 

the 30 minutes H2 plasma pretreatment process. 

Fig. 6 shows FESEM images indicating the sit-

uation of the cracked and the damaged Ni layers on 

the substrate with the long time H2 plasma pretreat-

ment process after cooling down the substrate from 

750oC to 25oC under vacuum condition. As shown in 

this image, SiO2 substrate with the long time H2 

plasma pretreatment seems to give rise to the partly 

cracked and the damaged state for the Ni layer, 

which partly producing the nanosized Ni pieces dur-

ing the reaction. Basically, the mechanism of the 

carbon coils growth was dependent on the metal size 

and shape [29]. The nanosized carbon coils were 

formed from the nanosized Ni pieces. This seems to 

be the reason why the long time H2 plasma pretreat-

ment gives rise to the formation of the numerous 

carbon nanocoils along the carbon micro coils.

IV. Conclusions

The long time (30 minutes) H2 plasma pretreatment 

prior to the carbon coils synthesis reaction could 

form the noble-shaped geometrical nanostructure, 

namely the formation of the numerous carbon nano-

coils along the growth of the carbon microcoils. A lot 

of Ni catalyst grains spread out in the numerous car-

bon nanocoils. So, we are sure that the noble-shaped 

nanostructures in this work could act as a good cata-

lyst support for holding a large number of the Ni 

catalyst grains having around 200 nm in diameter. 

The increased stress between the pre-deposited Ni 

catalyst layer and SiO2 substrate by the long time H2 

plasma pretreatment seemed to be the main reason 

for the formation of the noble-shaped geometrical 

nanostructures. 



Synthesis of the Carbon Nano/micro Coils Applicable to the Catalyst Support to Hold the Tiny Catalyst Grain

한국진공학회지 22(6), 2013 283

References

[1] J. H. Ming and W. C. Lin, Nanotechnology 20, 

0256081 (2009).

[2] A. K. Geim and K. S. Novoselov, Nat. Mater 6, 

183 (2007).

[3] Z. L. Tsakadze, I. Levchenko, K. Ostrikov, and S. 

Xu, Carbon 45 2022 (2007).

[4] D. Fejes and K. Herna´di, Materials 3, 2618 (2010).

[5] L. J. Pan, T. Hayashida, M. Zhang and Y. Naka-

yama, Jpn. J. Appl. Phys. 40, L235 (2001).

[6] S. Amelinckx, X. B. Zhang, D. Bernaerts, X. F. 

Zhang, V. Ivanov, and J. B. Nagy, Science 265, 

635 (1994). 

[7] S. Hokushin, L. J. Pan, Y. Konishi, H. Tanaka, and 

Y. Nakayama, Jpn. J. Appl. Phys. 46, L565 (2007).

[8] C. W. Xu, L. Q. Cheng, P. K. Shen, and Y. L. Liu, 

Electrochem. Commun. 9, 997 (2007).

[9] D. S. Yuan, S. Z. Tan, Y. L. Liu, J. H. Zeng, and 

F. P. Hu, Carbon 46, 531 (2008).

[10] E. Antolini, Appl. Catal. B 88, 1 (2009).

[11] V. Hacker, E. Wallnofer, W. Baumgartner, T. 

Schaffer, J. O. Besenhard, and H. Schrottner, 

Electrochem. Commun. 7, 377 (2005).

[12] M. Tsuji, M. Kubokawa, R. Yano, N. Miyamae, 

T. Tsuji, M. S. Jun, S. Hong, S. Lim, S. H. Yoon, 

and I. Mochida, Langmuir 23, 387 (2007).

[13] C. C. Chien and K. T. Jeng, Mater. Chem. Phys. 

99, 80 (2006).

[14] S. Motojima, S. Asakura, T. Kasemura, S. Takeuchi, 

and H. Iwanaga, Carbon 34, 289 (1996).

[15] S. Yang, X. Chen, and S. Motojima, Carbon 44, 

3352 (2004).

[16] X. Chen and S. Motojima, Carbon 37, 1817 (1999).

[17] S. H. Kim, J. Korean Vac. Soc. 20, 374 (2011).

[18] S. H. Kim, J. Korean Vac. Soc. 21, 48 (2012).

[19] S. H. Kim, J. Korean Vac. Soc. 20, 374 (2011).

[20] N. Kniffer, A. Pfluegaer, T. Schulz, Sven Sommer, 

and B. Schroeder, Thin Solid Films 519, 4582 

(2011).

[21] S. G. Ri, H. Watanabe, M. Ogura, D. Takeuchi, 

S. Yamasaki, H. Okushi, and J. Cryst. Growth 293, 

311 (2006).

[22] F. N. Dultsev and L. A. Nenasheva, Appl. Surf. 

Science 253, 1287 (2006).

[23] C. A. Figueroa and F. Alvarez, Appl. Surf. Science 

253, 1806 (2006).

[24] S. Park, Y. C. Jeon, and S. H. Kim, to be published 

in ECS Solid State Science & Technology (2013).

[25] M. Kawaguchi, K. Nozaki, S. Motojima, and H. 

Iwanaga, J. Cryst. Growth 118, 309 (1992).

[26] S. Park, S. H. Kim, and T. G. Kim, J. Nanoma-

terials 2012 Article ID 389248 (2012).

[27] H. Tada, A. E. Kumpel, R. E. Lathrop, J. B. 

Slanina, P. Nieva, P. Zavracky, I. N. Miaoulis, and 

P. Y. Wong, Journal of Applied Physics I 87, 4189 

(2000).

[28] T. G. Kollie, Physical Review B 16, 4872 (1977).

[29] Q. Zhang, L. Yu, and Z. Cui, Mater. Res. Bull. 

43, 735 (2008).



284  Journal of the Korean Vacuum Society 22(6), 2013

≪연구논문≫ 한국진공학회지 제22권 6호, 2013년 11월, pp.277∼284
http://dx.doi.org/10.5757/JKVS.2013.22.6.277

매우 작은 크기의 촉매 알갱이를 지지하기 위한 

촉매 지지대용 탄소 나노/마이크로 코일의 합성

박찬호ㆍ김성훈*

신라대학교 에너지응용화학과, 부산 617-736

(2013년 9월 3일 받음, 2013년 10월 9일 수정, 2013년 10월 23일 확정)

아세틸렌과 수소기체를 원료기체로 하고 육불화황을 첨가기체로 하여 열화학 기상 증착하에서 탄소코일을 합성하였다. 이 때 

산화실리콘 기판위의 니켈막을 탄소코일 성장의 촉매로 사용하였다. 성장된 탄소코일의 생성밀도, 형상, 기하구조 등을 수소

플라즈마 전처리의 유무에 따라 조사하였다. 상대적으로 짧은 시간(1분)의 수소 플라즈마 전처리는 탄소 마이크로 코일을 우세

하게 성장시켰다. 긴 시간(30분)동안의 수소플라즈마 전처리는 탄소마이크로 성장 축을 따라 수많은 탄소 나노코일이 들어붙

어 있는 특이한 구조를 보였다. 이 특이한 구조는 매우 작은 니켈 촉매의 알갱이를 효과적으로 지지할 수 있는 촉매 지지대로

서의 역할을 할 수 있을 것으로 예견되었다. 

주제어 : 탄소코일, 수소플라즈마 전처리, 기하구조 변화, 촉매 지지대, 열화학기상증착
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