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A hybrid structure, carbon nanohorns (CNHs) particle which includes Ni-contained carbon 
nanocapsule (CNCs) in its center was synthesized by arc discharge between Ni-contained graphite 
anode and pure graphite cathode in liquid nitrogen. Transmission electron microscopy revealed that 
the CNHs particle in nearly spherical shape of diameter around 50-100 nm has one Ni nano particle of 
diameter 5-20nm encapsulated by graphitic shells as carbon nanocapsules (CNCs). Ni core of these 
particles are characterized as fee Ni by EDX, XRD and electron diffraction. 
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1. lNTRODUCTION 
Several types of nano carbon structures have been 

found in a past decade as new functional materials. For 
example, fullerenes [1], multi-walled carbon nanotubes 
(MW-CNTs) [2], single-walled carbon nanotubes 
(SW-CNTs) [3], single-walled carbon nanohoms 
(SW-CNHs) [4], nano onions [5], and metal-included 
carbon nanocapsules (CNCs) [6] are widely known. To 
produce such nano materials, there are several known 
methods, such as arc discharge in reduced-pressure 
gases [7,8], plasma-enhanced chemical vapor deposition 
[9,10), and thermal pyrolysis of hydrocarbon gases 
[11,12]. In these methods, Ni, Fe and Co are common to 
use as catalysts to fabricate SW-CNTs and CNCs 
[3,9-12]. 

In addition to the above conventional methods, 
arc-in-liquid method has been recently developed as a 
relatively new cost-effective method [13-23]. 
MW-CNTs [13,15,16,18,19,21-23], SW-CNHs 
[20,22,23], nano onions with C60 core [17], MoS2 

fullerenes [21] were reportedly fabricated by this 
method. As water can dissolve many electrolyte 
substances, metal-included nanocarbons were tried to be 
produced by arc in water with dissolved aqueous 
metallic ions. It was reported that metal-included CNTs 
were synthesized by using water with ionic Ni and Co 
[ 14]. In addition, non-elongated metal-included nano 
particles were fabricated by use of metal-doped graphite 
electrodes or metal-dissolved water [15, 16]. 

In the arc-in-liquid method, relatively cold liquid is 
used to quench the hot arc with evaporated materials 
from electrodes. Liquid component can be selected for 
target nano materials [22]. This article describes a 
structure of a unique hybrid structure, CNHs including 
Ni-contained CNCs, and its formation process using arc 
plasma generated by aNi-doped graphite anode in liquid 
nitrogen [23]. 

2. EXPERIMENTAL 
Experimental set-up used in this study is shown in Fig. 

1, which is similar to previous works on arc-in-water 
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method [17,18]. Here, we used liquid nitrogen in Dewar 
flask, instead of water in beaker. A Ni-contained 
(0.7mol%) composite graphite rod commercially 
available (TOYO TANSO, diameter= 7 mm) was used 
as an anode. A normal graphite rod (99.99% carbon) of a 
diameter 12 mm was used as a cathode. These electrodes 
were submerged in liquid nitrogen, and arc discharge 
was generated between these electrodes (60A, 25V). 
Fine powdery products were found at the bottom of the 
flask after the arc discharge, and these as-grown 
powders were analyzed by a transmission electron 
microscopy (TEM) (JEOL2010). Furthermore, a 
cylindrical solid deposit of approximately same diameter 
as the anode rod was formed at the tip of the cathode 
during the arc discharge. This deposit was also analyzed 
by TEM after it was ground using a mortar and pestle. 

Arc 
discharge 

Fine powder (nanohorns) 

Fig. 1 Apparatus of arc-in-liquid method to 
synthesis carbon nano particles. 
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3. RESULTS AND DISCUSSION 
3.1 Products from fine poweders 

Agglomerated CNHs particles were found in the 
fme powders collected from the flask bottom by TEM 
observation. Figure 2 shows a TEM image of these 
CNHs particles. It was observed that the diameter of 
CNHs particles ranges within 40-120mn. 

When the observation was further scanned, a hybrid 
structure, CNHs particles including Ni-contained CNCs 
in their centers, were discovered. Figure 3 shows the 
aggregated such hybrid particles. Energy dispersive 
X-ray (EDX) analysis revealed that dark spots observed 
in the centers of nanohom particles as marked by arrows 
should contain Ni. As a feature of this hybrid particle, 
each CNHs particle includes one Ni particle in its center. 

Figure 4 shows the single walled carbon horns from 
the hybrid particles at a high magnification scale. Each 
horn in these particles shows the same structural feature 
as the normal CNHs particles. The TEM view of the 
aggregated-horns particles is considered to be different 
from that of the aggregated root-grown SW-CNTs 
around catalytic particles. Such SW-CNTs show their 
bundled aligmnent in radial directions from the catalyst 
[22]. An inset in Fig. 4 shows a high magnification 
image of the Ni core existing in the hybrid particles. It is 
shown that the Ni core is encapsulated by shelled fringes. 
The spacingofthe shell was measured as 0.34mn, from 
which these shells are graphite layers. This feature was 
kept under tilting TEM observation. This result reveals 
that the structure of the Ni nano particles are 
Ni-contained CNCs (Ni-CNCs). 

Figure 5 shows tilting observation of the three 
particles of the hybrid structure. From this observation, 
the particles seem to be nearly spherical in the 
projections in all angles. The shift of the relative 
position of the central particle in this tilting observation 
indicates that these particles are agglomerated 
three-dimensionally. If the central particle is located 
approximately 50 mn higher than the other two particles, 
the relative position of the central one can be shifted by 
20 nm in the TEM view due to 23. degrees tilting. 

Figure 6 shows the result of EDX spectrum and 
electron diffraction of the Ni cores of the hybrid 
particles. EDX result confirms that the core in the hybrid 
particles contains Ni. The electron diffraction pattern 
shown in this figure corresponds to fee Ni. Beside fee Ni, 
a rhombohedral carbide Ni3C was detected as minor 
portion. This result that carbide is contained is consistent 
with a fact that metallic cores of CNCs produced by arc 
in reduced-pressure gases can contain carbon dnring the 
formation process [6,23]. It was observed that the 
diameter of the Ni-contained nano-particles ranges 
within 5-20mn. 

Although the CNHs-CNCs hybrid particles were 
observed in the product formed by the present synthesis 
metho~, a scanning work was necessary to find such 

Fig. 2 Carbon nanohorns produced by arc in liquid 
nitrogen. 

Fig. 3 Aggregates of Ni-included carbon nanhom 
particles. Scale bar=50mn. 

Fig. 4 Protruded horn and graphitic shell of Ni 
included in nanohorn particles. Horn is marked by 
arrow (scale bar=20nm). Inset shows shell of Ni 
core (scale bar=5nm). 
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structures because the most of nano-structural 
products here were normal CNHs particles which do 
not have the Ni-CNC cores. If the concentration of 
Ni in the composite anode is increased, the higher 
yield of CNHs-CNCs hybrid particle is expected. 

As it is known that SW-CNTs are produced by arc 
discharge in gas environment with composite 
graphite anode with metallic catalyst [3,22], one 
must be interested in the possibility to form 
SW-CNTs in the present reaction field because the 
present system also uses metallic catalyst in the 
anode. However, in spite of this expectation, 
SW-CNTs were not found in the products collected 
from the flask bottom. Moreover, MW-CNTs were 
not observed there. Contrary to these materials of 
elongated-structures, spherical carbon onions were 
observed as a minor impurity as agglomerated form. 

3.2 Products from cathode deposit 
When the deposit formed on the cathode tip was 

closely analyzed by TEM, high concentration 
MW-CNTs were found together with caged 
polyhedrons. This feature was found also in the case 
when a pure graphite anode was used. The TEM 
images of the MW-CNTs collected from the cathode 
deposit formed by the present reactor with liquid 
nitrogen are shown in Fig. 7. Each MW-CNTs is 
observed to be straight tubular forms. This feature is 
consistent with MW-CNTs produced by arc-in-gas 
method [7,8]. For the structural similarity of the 
products, the formation mechanism of this deposit 
may be the same as in the arc-in-gas method. 
Significant directionality of evaporated carbon in ion 
current in arc is expected to play a role to form 
elongated structures. TEM observation revealed 
that Ni-contained particles were not produced in this 
cathode deposit. 

3.3 Mechanism to form CHNs hybridized with 
Ni-CNCs 

In arc-in-liquid method, it would be reasonable to 
think that nano-structural particles are formed in the 
gas phase around the hot arc region by rapid 
quenching of materials evaporated from anode [18, 
21]. Thus, carbonaceous nano particles containing Ni 
are expected to be produced if Ni doped graphite 
anode was used. To consider the formation 
mechanism of the CNHs-CNCs hybrid particle, an 
experiment replacing liquid nitrogen to water was 
conducted for reference. When water was used, the 
CNHs-CNCs hybrid particles were not found 
although Ni-contained CNCs were observed. Hence, 
the nitrogen gas environment, which is more 
chemically inert, may play an important role to form 
carbon horn structures. If water is used, water vapor, 
H2 and CO are expected to be present as main 
components in the gas bubbles around the arc plasma 
[14]. Horn structures should be less stable than 

Fig. 5 Tilted TEM images of Ni-included nanohorn 
particles. Scale bar 20 nm. 

Fig. 6 EDX (Energy Dispersive X-ray) spectrnm on 
core structure of nanohom particles as shown in 
Figs. 3-5. Ni is detected. Cu is from TEM grid. Inset 
shows electron diffraction spots indicating fee Ni. 

Fig. 7 MWCNTs found in cathode deposit formed in 
arc in liquid nitrogen method. Scale bar-50nm. 
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MW-CNTs and onions which can be produced by arc in 
water because each horn structure is single walled and 
sharper than MW-CNTs and nano-onions. Therefore, the 
chemical inertness of N2 should be important to grow 
the horn structures without being reacted with gas 
species. 

We have proposed a three-steps model how 
CNHs-CNCs hybrid particles are formed as a hypothesis 
[23]. In stage-1, carbon and Ni are evaporated from 
anode by arc plasma, and carbon is dissolved into the 
liquidized Ni nano particles in gas bubbles around the 
arc spot. In stage-2, when the evaporated carbon and Ni 
nano particles supersaturated with carbon transfer to the 
cold zone inside the gas bubble, Ni-contained CNCs are 
formed by salting-out growth of carbons at the Ni 
particle surfaces. Simultaneously, carbon horns are 
produced by collision of carbon atoms or carbon clusters 
[24] in the same gas bubbles. In stage-3, horns are 
aggregated around the CNCs as a nucleation core to 
from the CNHs-CNCs hybrid structure. 

4. CONCLUSIONS 
A hybrid structure, CNHs including Ni-contained 

CNCs, were synthesized by the submerged arc in liquid 
nitrogen. To produce the CNHs-CNCs hybrid particle, 
Ni-contained (0.7mol%) graphite composite anode was 
used to generate the arc discharge. XRD and electron 
diffraction analysis indicated that encapsulated core is 
mainly fee Ni. Compared with the arc-in-water method, 
gas bubbles at the arc plasma is quite inert. Horn 
structures may be produced in such bubbles by 
self-assembling of evaporated carbon, and they would 
aggregate around CNCs to form the CNHs-CNCs hybrid 
particle. 
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