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Abstract Formation of carbon nanofibers (CNFs) and

carbon nanotubes (CNTs) through the decomposition of

ethylene at 973 K was achieved using various metal cata-

lysts covered with silica layers. CNFs of various diameters

were formed by ethylene decomposition over a Co metal

catalyst supported on the outer surface of the silica. In

contrast, silica-coated Co catalysts formed CNTs with

uniform diameters by ethylene decomposition. Silica-

coated Ni/SiO2 and Pt/carbon black also formed CNTs with

uniform diameters, while CNFs and CNTs with various

diameters were formed over Ni/SiO2 and Pt/carbon black

without a silica coating. These results indicate that silica

layers that envelop metal particles prevent sintering of the

metal particles during ethylene decomposition. This results

in the preferential formation of CNTs with a uniform

diameter.
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1 Introduction

Carbon nanotubes (CNTs) and carbon nanofibers (CNFs)

have attracted a great deal of interest because they have

remarkable and unique magnetic, electronic, chemical and

mechanical properties. Catalytic decomposition of

hydrocarbons (CCVD, catalytic chemical vapor deposition)

is a promising method for the production of CNTs and CNFs.

Supported transition-metal catalysts such as Ni and Co are

frequently utilized for the production of CNTs and CNFs

through the decomposition of hydrocarbons [1, 2]. The

properties of these nano-scaled carbons are strongly related

to their diameters. Therefore, CNTs and CNFs with uniform

diameters are required for the use of these carbon materials in

applications such as catalysis and sensing. In hydrocarbon

decomposition over supported metal catalysts, the metal

particles decompose hydrocarbon molecules and deposit

carbon atoms on the metal surface. The carbon atoms then

diffuse throughout the surface and within the bodies of the

metal particles, resulting in the growth of CNTs and CNFs [3,

4]. The diameters of CNTs and CNFs formed from the metal

catalysts are similar to that of the metal particles [5].

Therefore, the metal particles in the catalysts must be uni-

form in size to form CNTs and CNFs with uniform diameters

[6]. However, metal nanoparticles in conventional supported

metal catalysts are easily aggregated during hydrocarbon

decomposition, since the reactions are generally carried out

at temperatures higher than 900 K [7]. Supported metal

catalysts with good tolerance for sintering at high tempera-

tures should thus be investigated for the preferential

formation of CNTs and CNFs with uniform diameters.

We have prepared metal nanoparticle catalysts covered

with silica layers using a microemulsion [8–10]. This

method of preparation allows metal particles, such as Ni, Pt

and Rh of a few nanometers in diameter to be uniformly

covered with silica layers. In addition, we recently reported

that metal nanoparticles supported on carriers were covered

with silica layers of a few nanometers thickness by

hydrolysis of silicon alkoxides such as tetraethoxysilane

(TEOS) [11]. We demonstrated that the metal particles in

these silica-coated catalysts showed good tolerance for
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sintering, even at high temperatures, because the metal

nanoparticles were covered with silica layers. These silica-

coated metal catalysts are thus expected to be effective for

the preferential formation of CNFs and CNTs with uniform

diameters through hydrocarbon decomposition.

In the present study, silica-coated metal nanoparticles

were used as catalysts for ethylene decomposition to form

CNTs and CNFs. We thus demonstrate that silica-coated

metal nanoparticles form CNFs and CNTs with a uniform

diameter.

2 Experimental

2.1 Preparation of Silica-Coated Co Catalysts Using

a Microemulsion

Silica-coated Co catalysts (coat-Co) were prepared by using

a water-in-oil microemulsion. The microemulsion system

was prepared by adding aqueous Co(NO3)2 into a surfactant

solution in cyclohexane. Polyoxyethylene (n = 5) nonyl-

phenyl ether (NP5) was used as the surfactant. Nanoparticles

containing Co cations were synthesized by addition of

aqueous NH3 into the microemulsion system. Hydrolysis

and polycondensation of tetraethoxysilane (TEOS) were

done at 323 K by addition of TEOS and aqueous NH3 to the

microemulsion system. The precipitates obtained were

washed several times with isopropanol after filtration and

then calcined at 773 K for 2 h under an air stream. A silica-

supported Co catalyst (Co/SiO2) was prepared by a con-

ventional impregnation method for comparison. The silica

supports (BET surface area = 42 m2 g-1) were prepared in

a similar manner to that of coat-Co. These Co catalysts were

reduced with hydrogen at 773 K for 1 h prior to ethylene

decomposition.

2.2 Coverage of Supported Metal Catalysts with Silica

A silica-supported Ni catalyst (Ni/SiO2) and carbon black-

supported Pt catalyst (Pt/CB) were covered with silica

layers. The surface area of silica and CB was estimated to

be 42 and 195 m2 g-1, respectively. Ni(3.4 wt%)/SiO2 and

Pt(10 wt%)/CB were prepared by a conventional impreg-

nation method. Coverage of Ni/SiO2 with silica was done

using hydrolysis of TEOS. Hydrolysis and polycondensa-

tion of TEOS were done at 323 K by addition of TEOS and

aqueous NH3 to an ethanol solution containing Ni/SiO2.

The obtained precipitates were calcined at 623 K under an

air stream, followed by reduction with hydrogen at 773 K.

Silica-coated Ni/SiO2 is denoted as coat-Ni/SiO2 hereafter.

The coverage of Pt/CB with silica layers was done using

successive hydrolysis of 3-aminopropyl-triethoxysilane

(APTES) and TEOS [11]. Pt/CB was dispersed into a mixed

solution of ethanol and water after which triethylamine and

APTES were added at 333 K. Hydrolysis of TEOS was then

carried out by addition of TEOS to this solution. The sample

was then dried at 333 K in air, followed by treatment with

hydrogen at 623 K for 3 h. The silica-coated Pt/CB (coat-Pt/

CB) was reduced with hydrogen at 673 K prior to ethylene

decomposition. The reduction temperature for Pt/CB with

hydrogen was lower than that for coat-Ni/SiO2 and coat-Co,

since the reduction of Pt/CB at high temperature resulted in

the hydrogenation of CB supports.

2.3 Formation of CNFs and CNTs Through Ethylene

Decomposition

Decomposition of ethylene over the metal catalysts was

done using a conventional gas flow system with a fixed

catalyst bed at atmospheric pressure. Before ethylene

decomposition, the catalysts were treated with hydrogen at

the required temperatures. The temperature was increased

to 973 K under an Ar stream after the remaining hydrogen

in the reactor was purged with Ar. The formation of CNFs

and CNTs was accomplished by contact of the reactant gas

(pure ethylene or a mixed gas of ethylene and hydrogen)

with the catalysts.

TEM images of the catalysts before and after ethylene

decomposition were obtained with a JEOL JEM-3000F.

The catalyst samples were dispersed ultrasonically in

2-propanol. An aliquot of the solution was dropped onto a

grid for the measurement of the TEM images.

3 Results and Discussion

3.1 Catalytic Performance of Silica-Coated

Co Catalysts

Figure 1 shows the TEM images of fresh Co/SiO2 and

coat-Co catalysts. These catalysts were reduced with

hydrogen at 773 K prior to obtaining the TEM images. In

the TEM image of fresh Co/SiO2, spherical silica particles

with diameters of 20–30 nm were observed and darker

spots were observed as well. The darker spots in this TEM

image are assigned to Co metal particles, as described

below. Co metal particles in fresh Co/SiO2 seemed to be

present on the outer surfaces of the silica particles but the

shape of the Co metal particles could not be clearly seen in

this TEM image. Spherical particles with a diameter of ca.

20 nm are also present in the TEM image of fresh coat-Co

and no darker spots were observed. The loading of Co was

estimated by X-ray fluorescence (XRF) spectra to be

5.0 wt% for Co/SiO2 and 5.4 wt% for coat-Co. The Co

species in fresh coat-Co would thus have to be highly

dispersed in the silica.
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Figure 2 shows TEM images of Co/SiO2 and coat-Co

after ethylene decomposition at 973 K. The carbon yield in

ethylene decomposition for 1 h of time on stream was

estimated to be 29 mol-C/mol-Co for Co/SiO2 and 18 mol-

C/mol-Co for coat-Co. The carbon yield was less for coat-

Co due to the coverage of Co catalysts with silica. Some

Co species that are covered with silica can not grow CNTs

through ethylene decomposition. In the TEM images of

Co/SiO2 after ethylene decomposition, fibrous carbons and

aggregated metal particles were observed [12]. The diam-

eters of these fibrous carbons ranged from 20 to 50 nm.

The fibrous carbons seemed to have a hollow structure but

the hollow structure was not complete as shown in Fig. 2b.

In addition, Co metal particles were observed at the tip or

Fig. 1 TEM images of fresh

Co/SiO2 (a) and coat-Co (b)

Fig. 2 TEM images of Co/SiO2

(a, b) and coat-Co (c, d) after

ethylene decomposition at

973 K. Reaction conditions;

temperature = 973 K, reaction

time = 1 h,

P(C2H4) = 101.3 kPa,

F = 60 mL min-1, catalyst

weight = 0.10 g
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within the body of the fibrous carbons. The Co metal

particles decomposed ethylene to grow the fibrous carbons.

The coat-Co decomposed ethylene to form multi-walled

CNTs as observed in TEM images (c) and (d). The diam-

eters of the CNTs formed on coat-Co were smaller and

more uniform than the diameters of fibrous carbons formed

on Co/SiO2. The graphite layers of the CNTs on coat-Co

were parallel to the axes of the tubes, whereas the graphite

layers of the fibrous carbons on Co/SiO2 were highly dis-

ordered. These results indicate that coat-Co can form CNTs

with a uniform diameter through ethylene decomposition

[6, 13, 14]. The darker spots, which implied the presence of

Co metal particles, are seen in the TEM image (c) of coat-

Co after ethylene decomposition, while the aggregated Co

species are not seen in the TEM image of fresh coat-Co.

These results suggest that the structure of the Co species in

coat-Co was changed during ethylene decomposition. The

structure of the Co species in fresh and used coat-Co cat-

alysts was examined by Co K-edge XANES spectra. The

results are shown in Fig. 3. The Co K-edge XANES

spectrum of fresh Co/SiO2 was very similar to that recor-

ded for Co foil, suggesting that the Co species in fresh

Co/SiO2 were present as Co metal. The XANES spectrum

of Co/SiO2 did not change appreciably after the growth of

fibrous carbons by ethylene decomposition at 973 K.

Therefore, the Co metal in Co/SiO2 catalyzed ethylene

decomposition to form fibrous carbons. In contrast, the

XANES spectrum of fresh coat-Co was similar to the

XANES spectrum of Co3O4, rather than that of Co foil, i.e.,

peaks which are characteristic of Co3O4 were observed at

about 7710 and 7725 eV in the XANES spectrum of fresh

coat-Co catalyst. This result strongly suggests that most Co

species in fresh coat-Co exist in the oxidized state. Contact

between ethylene and fresh coat-Co at 973 K changed the

features of the XANES spectra. A shoulder peak at

7710 eV which is characteristic of Co foil appeared and the

intensity of the peak at 7725 eV, due to Co oxides,

decreased after contact between ethylene and coat-Co. The

oxidized Co species in fresh coat-Co were thus reduced

with hydrogen and/or carbon atoms deposited on Co

species to Co metal particles during ethylene decomposition

at 973 K. These metal particles worked as catalytically

active sites for the growth of CNTs with uniform diameters.

The Co metal particles in coat-Co do not seriously aggre-

gate during ethylene decomposition as they are covered

with silica. The coat-Co can therefore form CNTs with

small and uniform diameters by ethylene decomposition.

The coat-Co catalysts produced single or double walled

CNTs through methane decomposition at 1073 K. The

TEM images of coat-Co after methane decomposition are

shown in Fig. 4. The shape of the fibrous carbons formed

by methane decomposition over coat-Co was significantly

different from that of CNTs formed by ethylene

decomposition, as shown in Fig. 2. The high resolution

TEM image in Fig. 4b strongly suggests that bundles of

single or double-walled CNTs are formed during methane

decomposition over coat-Co [15–17]. From the results

described above, we concluded that the coat-Co catalysts

prepared using microemulsion were effective for the for-

mation of CNTs with uniform diameters by hydrocarbon

decomposition.

3.2 Catalytic Performance of Ni/SiO2 and Pt/CB

Covered with Silica

Ni/SiO2 and Pt/CB were uniformly covered with silica

layers to suppress the sintering of metal particles in these

catalysts during ethylene decomposition. Figure 5 shows

Fig. 3 Co K-edge XANES spectra of Co/SiO2 (a) and coat-Co (b)

before and after ethylene decomposition; included are the reference

samples (Co foil and Co3O4)
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TEM images of fresh and used Ni/SiO2 catalysts which

were not covered with silica. Many darker spots were

observed in the TEM image of fresh Ni/SiO2. The XRD of

fresh Ni/SiO2 showed the presence of crystallized Ni metal

in the catalyst (the result is not shown). The darker spots in

the TEM image of fresh Ni/SiO2 are thus assigned to Ni

metal particles. The diameter of Ni metal particles in fresh

Ni/SiO2 ranged from 3 to 10 nm. CNFs were observed in

the TEM image for Ni/SiO2 after ethylene decomposition,

and Ni metal particles were present at the tips of the CNFs.

The Ni metal particles at the tips of the CNFs decomposed

ethylene to form the CNFs. The CNFs were observed to

have a wide distribution (5–50 nm) of diameters in the

TEM image. The diameter distribution of Ni metal parti-

cles in fresh Ni/SiO2 is narrower than the diameter

distribution of CNFs formed on the catalysts. Therefore, Ni

metal particles in Ni/SiO2 severely aggregate during

ethylene decomposition and the larger Ni metal particles

result in the formation of CNFs with various diameters.

Figure 6 shows TEM images of the coat-Ni/SiO2 cata-

lyst before and after ethylene decomposition. Spherical

silica particles with diameters from 80 to 100 nm were

observed in the TEM image (a) for fresh coat-Ni/SiO2,

whereas the diameters of silica particles in Ni/SiO2 before

the silica-coating ranged from 20 to 30 nm as shown in

Fig. 5a. Ni metal particles could not be found in the TEM

image of the fresh coat-Ni/SiO2 catalyst. Many Ni metal

particles were, however, supported on the silica particles in

Ni/SiO2 before coverage with silica, as shown in Fig. 5a.

These results strongly suggest that the Ni/SiO2 catalyst can

Fig. 4 TEM images of coat-Co after methane decomposition. Reaction conditions; temperature = 1073 K, reaction time = 1 h,

P(CH4) = 101.3 kPa, F = 60 mL min-1, catalyst weight = 0.10 g

Fig. 5 TEM images of fresh Ni/SiO2 (a) and Ni/SiO2 after ethylene decomposition (b). Reaction conditions; temperature = 973 K, reaction

time = 30 min, P(C2H4) = 101.3 kPa, F = 60 mL min-1, catalyst weight = 0.020 g
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be uniformly covered with silica using the hydrolysis of

TEOS. This coat-Ni/SiO2 was used as a catalyst for eth-

ylene decomposition. As shown in TEM image (b) of

Fig. 6, coat-Ni/SiO2 also formed CNFs by ethylene

decomposition despite the Ni metal particles being covered

with thick silica layers. The diameters of the CNFs formed

on coat-Ni/SiO2 were more uniform and smaller than the

diameters of the CNFs formed on Ni/SiO2 without the

silica coating. We concluded that the coat-Ni/SiO2 can

form CNFs with uniform diameters because silica, which

envelops the Ni metal particles, prevents aggregation of Ni

metal particles during ethylene decomposition. The carbon

yield in ethylene decomposition for 30 min of time on

stream for the coat-Ni/SiO2 was significantly less (3 mol-

C/mol-Ni) than that for the Ni/SiO2 (500 mol-C/mol-Ni).

The TEM images in Fig. 6 show that the coat-Ni/SiO2 is

covered with thick silica layers. Many Ni metal particles in

coat-Ni/SiO2 may thus not grow CNFs during ethylene

decomposition. We have previously reported that Ni metal

particles with diameters from 40 to 100 nm show higher

activity for hydrocarbon decomposition than Ni metal

particles with diameters \40 nm [18]. These are reasons

why the carbon yield for Ni/SiO2 decreases by the cover-

age with silica.

Pt/CB was also used as a catalyst for the growth of nano-

scaled carbons through ethylene decomposition. CNTs and

CNFs are usually modified with another phase to produce a

highly functionalized composite. For example, CNT-sup-

ported Pt metal is used as an active electrocatalyst for the

oxygen reduction reaction at the cathode in proton-

exchange membrane fuel cells (PEMFCs) [19]. The CNTs

and CNFs which are formed by hydrocarbon decomposi-

tion over the metal catalysts intrinsically contain metal

particles, as shown previously. The CNTs and CNFs are

thus used as highly functionalized composites without

further modification [20]. Precious metals such as Pt show

excellent chemical performance in catalytic and electro-

chemical reactions. The formation of nano-scaled carbons

by hydrocarbon decomposition over precious metal cata-

lysts is of interest for the preparation of CNT-precious

metal composites. Only a few reports have described the

formation of CNFs and CNTs by hydrocarbon decompo-

sition over precious metal catalysts [21, 22].

Figure 7 shows the TEM images of fresh Pt/CB and

fresh coat-Pt/CB catalysts. Pt metal particles with diame-

ters from 1 to 5 nm were observed on the surface of CB in

the TEM images of fresh Pt/CB. This Pt/CB catalyst was

covered with silica layers using successive hydrolysis of

APTES and TEOS. In the TEM images for fresh coat-Pt/

CB catalysts, Pt metal particles with diameters from 1 to

5 nm were observed. The outer surface of coat-Pt/CB

seems to be covered with thin silica layers. The content of

Pt, CB and SiO2 in coat-Pt/CB was estimated by XRF

spectra and thermogravimetric analysis under an air stream

to be 9.1, 68.4 and 22.5 wt%, respectively. These results

strongly suggest that Pt/CB can be covered with silica

layers by the successive hydrolysis of APTES and TEOS.

Figure 8 shows TEM images of Pt/CB and coat-Pt/CB

after ethylene decomposition. As shown in Fig. 8a, CNTs

were formed by ethylene decomposition over Pt/CB. In

addition, Pt metal particles were frequently observed at the

tip of CNTs and their diameters were similar to that of the

CNTs. Pt metal particles thus have catalytic activity in

ethylene decomposition and form CNTs. The diameters of

CNTs formed on Pt/CB ranged widely from 10 to 30 nm,

while the diameter of Pt metal particles in fresh Pt/CB

ranged from 1 to 5 nm as shown in Fig. 7a. These results

indicate that Pt metal particles in Pt/CB are seriously

aggregated during ethylene decomposition at 973 K,

resulting in the formation of CNTs with various diameters.

In contrast to Pt/CB, coat-Pt/CB formed CNTs with uni-

form diameters by ethylene decomposition as shown in

Fig. 6 TEM images of fresh

coat-Ni/SiO2 (a) and coat-Ni/

SiO2 after ethylene

decomposition (b). Reaction

conditions;

temperature = 973 K, reaction

time = 30 min,

P(C2H4) = 101.3 kPa,

F = 60 mL min-1, catalyst

weight = 0.020 g
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Fig. 8b. The diameters of CNTs formed on coat-Pt/CB

were more uniform and smaller than the diameters of CNTs

formed on Pt/CB without silica coating. Pt metal particles

could not be found at the tips or within the bodies of CNTs

formed by coat-Pt/CB catalysts. The CNTs likely grow via

a base-growth mechanism during ethylene decomposition

over coat-Pt/CB, i.e., Pt metal particles are always present

on the CB supports during ethylene decomposition. The

Fig. 7 TEM images of fresh

Pt/CB (a, b) and coat-Pt/CB

(c, d)

Fig. 8 TEM images of Pt/CB (a) and coat-Pt/CB (b) after ethylene decomposition. Reaction conditions; temperature = 973 K, reaction

time = 90 min, P(C2H4) = 20 kPa, P(H2) = 81.3 kPa, F = 100 mL min-1, catalyst weight = 0.10 g
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carbon yield in ethylene decomposition for 90 min of time

on stream was improved from 32 mol-C/mol-Pt to 97 mol-

C/mol-Pt by covering Pt/CB with silica layers. It is likely

that small Pt metal particles have higher activity for pro-

moting the growth of CNTs in ethylene decomposition

compared to larger ones. In fact, Pt metal particles with

diameters larger than 30 nm in Pt/CB after ethylene

decomposition had surfaces covered with thick carbon

layers (the results are not shown). The carbon yield in

ethylene decomposition over Pt/CB would therefore be

improved by coverage with silica layers.

4 Conclusion

This study investigated the catalytic activity of silica-

coated metal catalysts for the growth of CNFs and CNTs

through ethylene decomposition. The coverage of metal

catalysts with silica layers resulted in the preferential for-

mation of CNFs and CNTs with uniform diameters. The

inhibition of metal particle aggregation during ethylene

decomposition at 973 K by silica layer coverage brought

about the formation of CNTs and CNFs with uniform

diameters.
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