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A B S T R A C T

Vertically aligned carbon nanotube (VACNT) arrays grown on ceramic spheres are obtained

from ethylene using a floating catalysis process. The exhaust gas mainly contains light gas-

eous hydrocarbons, which decreases the contamination at the outlet of the reactor. Linear

synchronous growth of the VACNT arrays is demonstrated and the morphology evolution of

VACNT array grown on spheres is shown. The VACNT arrays on the spheres crack radially

into a flower-like structure when the length of CNT is above 400 lm. The VACNT arrays

grown on spheres still possess good flowability even when the length of the array reaches

1100 lm after a 2-h growth at 800 �C. The arrays on the spheres show good alignment, high

purity and good graphitization. Meanwhile, with a decrease in temperature, the diameter

of CNTs in the array correspondingly decreases, the distribution becomes narrower, and

the growth rate decreases. The apparent activation energy is 180 ± 8 kJ/mol, indicating that

ethylene is a good carbon source for fast and continuous radial growth of millimeter VAC-

NT arrays on ceramic spheres.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Vertically aligned carbon nanotube (VACNT) arrays have been

a topic in carbon materials research since they were first syn-

thesized in 1996 [1]. Since then, various structures of VACNT

arrays have been obtained [2–7]. VACNT arrays grown into

small bundles can be used as a field emission display [2]. They

can also be grown on a fiber to produce a CNT bush to clean

the surface of nanoparticles [4] or to enhance the texture of

cloth [5]. The structure of VACNT array can display amazing

architecture for various applications [7]. Aligned CNTs have

many attractive properties such as identical tube length, uni-

form orientation, extra high purity, and can be easily spun

into macroscopic fibers. Therefore, the as-grown arrays can

be used to construct field emission devices, anisotropic con-

ductive materials, multi-functional membranes and super

strong yarn. Even with the loss of the original alignment,
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longer and straighter multi-walled CNTs (MWCNTs) from

the VACNT arrays are found to be better than randomly aggre-

gated multi-walled or even single-walled CNTs (SWCNTs) in

improving the electronic, mechanical and thermal properties

of a polymer. These applications will become feasible if VAC-

NT arrays can be produced at a low cost on a large scale.

It is commonly reported that VACNT arrays can be synthe-

sized on a flat surface [1–3,8–11]. However, the surface area of

the flat substrate is often limited and its mobility is poor. Only

1 g/h VACNT array can be obtained with flat silica as substrate

[11]. The quantity of the VACNT array is proportional to the

surface area of the substrate. If a substrate with a larger sur-

face area is used, more VACNT arrays can be produced. Spher-

ical particles have the largest surface area. Specifically, when

spheres with diameters of around 0.8 mm and a total volume

of 1 dm3 are used as the growth substrates, the surface area

increases by as much as 7.5 m2 (equivalent to the surface area
.
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Table 1 – Typical weight percentage composition of the
hydrocarbon in the exhaust of the floating catalysis
process using ethylene, LPG, and cyclohexane as carbon
sources at 800 �C

CH4 C2H6 C2H4 C3H8 C3H6 C4 C5 C6+

C2H4 9.2 14.6 65.7 0.41 0.59 8.4 1.1 –

LPG 38.8 5 45.8 1.8 0.2 1.3 1.6 5.5

C6H12 2.1 9.8 3.3 3.9 6.2 11.6 10.8 52.3
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of 14,500 pieces of 1-in. wafer). These spheres exhibit good

flowability and can be transferred easily in the reactor. We

have recently synthesized VACNT arrays from cyclohexane

on ceramic spheres [12]. However, cyclohexane is in liquid

state at room temperature, so a delicate pump is needed to

quantitatively feed it into the reactor. Cyclohexane is a chem-

ical reactant with a high price and limited supply, and the

cracking mechanism is complex. Some heavy hydrocarbons

are deposited on the walls of the reactor. If a gas phase hydro-

carbon, such as methane, ethylene, or propylene, is used as

the carbon source, the process will be more efficient. Lique-

fied petroleum gas (LPG) can be used as carbon source for

CNT growth on spheres, but the growth rate of the array is

slow and the length of the CNTs is limited [13]. In this study,

vertically aligned CNT arrays on ceramic spheres are success-

fully obtained using the floating catalyst process with ethyl-

ene as the carbon source.
2. Experimental

Typical experiments are performed in a horizontal quartz

tube, 25 mm in diameter and 1200 mm in length using a

two-stage furnace. Ferrocene is used as the catalyst precursor

and ethylene is used as the carbon source. The substrates

were commercially available ball-milling spheres consisting

of 50% SiO2, 30% Al2O3, and 20% ZrO2. They were about

700 lm in diameter. The spheres were rinsed with ethanol

for 5 min and then placed in the second stage of the quartz

tube. The ferrocene was placed in a ceramic boat and was

evaporated in the first stage of the furnace at 80 �C. The sec-

ond stage was heated to 800 �C in an atmosphere of 95% Ar

(99.999%) and 5% H2 (99.999%) with a flow rate of 800 sccm.

Then the ethylene (99.95%) was introduced into the reactor

with a flow rate of 100 sccm. The growth continued for a spe-

cific time at 800 �C, after which the product was removed

from the reactor for further analysis. The gas product compo-

sitions were analyzed using an on-line gas chromatograph

(Shimazu 14B) with a 50 m Al2O3 capillary column and a flame

ionization detector. The morphology of the VACNT array was

visualized using a JSM 7401F scanning electron microscope

(SEM) operated at 5.0 kV and a JEM 2010 transmission electron

microscope (TEM) operated at 120.0 kV. The sample for the

TEM observation was prepared using a common sonication

method. Raman experiments were performed using a Reni-

shaw RM2000 Raman spectrophotometer. The spectra were

recorded using a He–Ne laser excitation line at 633.0 nm.

The purity of the CNTs in the as-grown product was mea-

sured using thermal gravimetric analysis by TGA Q500.
3. Results and discussion

Ethylene was used as carbon source for VACNT arrays grown

on spheres using the floating catalysis process. One part of

ethylene was converted into VACNT arrays, while the other

part was kept as gaseous hydrocarbon in the exhaust gas.

Table 1 shows a typical composition of hydrocarbon products

in the exhaust of the floating catalysis process using ethylene,

LPG, and cyclohexane as carbon sources. When ethylene was

used, the hydrocarbons in the exhaust were mainly ethylene,
ethane and methane. LPG was mainly composed of C3 and C4

alkanes and alkenes. When it was used as carbon source, not

only ethylene, ethane and methane were found in the ex-

haust, but also hydrocarbons above C5 were present at spe-

cific concentrations. For the liquid phase carbon source,

such as cyclohexane, the main compositions of the exhaust

were hydrocarbons above C5. The differences among the ex-

haust were mainly dependent on the carbon atom number

in the initial hydrocarbons. For ethylene, the gaseous cracking

products were mostly methane and ethane. Some of ethylene

can be combined into C4, while for the LPG, more heavy

hydrocarbons were present. This is because LPG consists of

heavier hydrocarbons. For cyclohexane, apart from solid car-

bon products, heavier hydrocarbons were produced. The

hydrocarbons above C5 in the exhaust were liquid or solid at

room temperature and deposit easily on the reactor when

the temperature was low. The outlet of the reactors thus be-

came seriously contaminated. The coagulation on the wall

of the reactor was sticky, making the continuous transfer of

as-grown VACNT array out of reactor difficult. For ethylene,

few heavy hydrocarbons existed in the exhaust, and the wall

of reactor was kept clean. Thus, continuous delivering as-

grown VACNT array on spheres became easier when ethylene

served as a carbon source.

In another aspect, VACNT arrays were deposited during the

floating catalysis process (Fig. 1, Figs. S1 and S2 in the supple-

mentary material). The arrangement of CNTs is dependent on

the size of the catalyst carriers. If the sphere or particles had a

size of several to tens nanometers (such as CNTs growth on

Fe/Mo/Al2O3 powders, Fe/MgO powders [14,15]) as the catalyst

carrier, the CNTs grown were in a random tangled state.

When spheres of a diameter similar to the diameter of CNTs

were used, CNT mats were always deposited [16]. In this

study, the diameter of the sphere was about 700 lm, which

is larger than that of the CNTs. Thus, the surface of the

sphere is almost flat relative to the scale of CNT growth. After

the floating catalysis process which lasted for 2 h, all of the

spheres had a flower-like structure, with 15–25 mats of long

VACNT arrays oriented perpendicular to the surface of the

sphere (Fig. 1a, Fig. S2b). The CNTs in each array were in good

alignment (Fig. 1b). Some of the CNTs in the array were

straight (Type 1), while the others were curved (Type 2) with

a tortuosity factor of 1.13 ± 0.05 [17,18]. They displayed a

structure similar to the VACNT arrays grown on a flat sub-

strate in a synchronous growth [18]. Because the surface of

the spheres was almost flat at the scale of a single CNT, VAC-

NT arrays showed a fast linear growth time on the spheres as

shown in Fig. 2.

The morphology evolution of the arrays with the reaction

time is shown in the inserted SEM images of Fig. 2. When



Fig. 1 – (a) Large amounts of VACNT array grown at 800 �C on

spheres with ethylene as carbon source for 2 h; (b) SEM of

the VACNTs in (a). Type 1 (straight, the arrow pointed CNTs

in (b)) and Type 2 (curved) CNTs, which were related to the

synchronous growth, were shown in the VACNT arrays.
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Fig. 2 – The relationship of growth time and the length of

VACNT array grown at 800 �C (scale bar: 100 lm).
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Fig. 3 – The relationship of SRA and the length of VACNT

array grown on the ceramic spheres at 800 �C.
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the arrays were short, they were in the form of films similar to

CNT arrays grown on a plate. When the length reached

300 lm, the woven structure on the top broke and the film be-

gan to crack through large CNT bundles with a diameter of a

few hundred micrometers. When the length of a VACNT array

reached the millimeter scale, VACNT bundles with a diameter

of several hundred micrometers grew radially from the

sphere. The morphology changes led to a reduction in the

flowability of the spheres. The static repose angle (SRA),

which can be measured using the methods proposed by San-

tomaso et al. [19], quantitatively reflects the flowability of the

VACNT sphere arrays. The ceramic spheres were round and

slippery and had an SRA of 17� (Fig. 3), indicating an excellent
flowability, and could roll in the reactor easily [20,21]. During

the floating catalyst process, the SRA of the sphere gradually

increased due to the coarse surface of the CNT spheres. It is



Table 2 – Details of VACNT array grown via the floating catalysis process using ethylene, LPG, and cyclohexane as carbon
sources at 800 �C

Growth rate
(lm/min)

Amount of array on
single sphere (lg/h)a

Tortuosity
factorb

Typical ID/IG
ratioc

Purity (%)d Inner diameter
(nm)e

Outer diameter
(nm)e

C2H4 �8.9 �21 1.13 ± 0.05 0.66 �98 �10 �23

LPG �1.5 �3.5 1.41 ± 0.08 0.72 �97.5 �10 �35

C6H12 �8 �19 1.15 ± 0.04 0.46 �93.7 �9 �35

a The amount of VACNT array was calculated from the volume with the assumption of the density is 25 g/L.

b The tortuosity factor of the Type 2 (curved) nanotube [18], which is defined as the ratio of the length of the curved line between two points to

linear distance between the two points [17,18], was obtained at a calculated scale of 10 lm.

c Typical ID/IG ratios were obtained from the related Raman spectra.

d The purity were obtained using TGA test.

e The diameter is a mean value. The original distribution of CNTs in the array from LPG and C6H12 can be found in Refs. [12,13].
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Fig. 4 – (a) and (b) TEM images of the as-grown VACNT array on the ceramic sphere at 800 �C for 2 h. (c) Diameter distribution

of the CNTs in the array.
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believed that when the SRA is below 30�, the particles will still

have excellent flow and when the SRA is in the range of 30�–
45�, the particles will be free-flowing. Here, when the length

of as-grown VACNT arrays was less than 400 lm, the VACNT
array held together and the SRA was less than 30�. As the

length of the array increased, the VACNT arrays cracked into

the CNT bundles. There was more interaction among CNT

bundles when they crossed each other during flow. Fortu-
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nately, even when the length of the CNT arrays reached

1100 lm, the SRA was just 35� (Fig. 3), indicating that the

spheres can still flow freely in the reactor. Thus, millimeter-

sized VACNT arrays can be transferred in the reactor easily.

In this study, long VACNT arrays can be grown on the

spheres from ethylene. After a 2-h growth at 800 �C, the

length reached 1100 lm. The length was 1.1 times and 5.9

times of arrays grown from cyclohexane and LPG, respectively

(Table 2). Also, the VACNT array grown from ethylene on the

sphere showed the highest yield, at 21 lg/h on a single

sphere. Meanwhile, as shown in Table 2, the VACNT arrays

grown on the sphere from ethylene were of high quality. A

typical MWCNT Raman spectrum of the VACNT array with

D and G peaks is shown in Fig. S3 and the ID/IG ratio are about

0.66. From the TGA results, the VACNTs in the array grown

from ethylene were of high purity, which was about 98% (Fig

S4). TEM images (Fig. 4a and b) showed that the VACNT arrays

on the spheres at 800 �C were tubular in structure with a high

purity. No other impurities, including the amorphous carbon,

iron catalyst encapsulated with carbon, could be found in the
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as-grown product. The inner diameter of the CNTs was about

10 nm, while the outer diameter showed a wide distribution

(Fig. 5c) with a mean value of 23 nm, which could be modu-

lated further by growth temperature. VACNT array can still

be grown on ceramic spheres at 700 �C with a growth rate of

1.0 lm/min. As shown in Fig. 5a and b, the CNTs produced will

still have a high level of purity and good graphitization. How-

ever, the outer diameter decreased to 19 nm, the diameter dis-

tribution was narrow, and the number of graphite layer

decreased. The ratio of inner to outer diameter was increased.

For VACNT array growth via floating catalysis process, the in

situ formed Fe nanoparticles were sitting at the bottom of

the array [22]. The diameter of the CNTs was noted to be

mainly proportional to the size of catalyst particle [23]. At

low temperatures, the sintering of the in situ formed Fe nano-

particles was apparently lowered, leading to the formation of

small diameter CNTs with narrow distribution in low temper-

ature floating catalysis process. This is similar to the VACNT

array grown on plate substrate. The modulation techniques

of VACNT arrays on the plate, including lithography to design
24 32
eter (nm)

c

he ceramic sphere at 700 �C for 2 h. (c) Diameter distribution
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ceramic spheres using ethylene as carbon source.

C A R B O N 4 6 ( 2 0 0 8 ) 1 1 5 2 – 1 1 5 8 1157
a pattern, and select area growth, were also effective in the

formation of VACNT arrays on the sphere [2,3].

The growth rate was noted to have decreased with low tem-

perature. In our study, the VACNTarrays always showed linear

growth if the growth time was less than 2 h, and arrays could

be obtained with a growth temperature ranging from 700 to

800 �C. The temperature effects on the kinetics of array growth

can be quantitatively described by the activation energy. Since

we could obtain apparent growth rate of VACNT array at vari-

ous temperature, the natural logarithms of growth rate can be

plotted against the inverse of temperature 1/T, which is shown

in Fig. 6. As is well known, the reaction rate is proportional to

the reaction constants k and the mole concentration of reac-

tants Cethylene. In our experimental study, the composition of

the reactant is kept constant because the flow rates of ethyl-

ene and carried gas were fixed. Therefore, the growth rate is

directly proportional to the reaction constant k, which follows

the Arrhenius equation, k = Aexp (�Ea/RT), wherein A is the

frequency factor, Ea is the activation energy, T is the tempera-

ture, and R is the gas constant. When the natural logarithms of

growth rate is plotted against 1/T (Fig. 6), the slope of the fitted

line should be equal to�Ea/R. Using this method, the apparent

activation energy Ea is computed at 180 ± 8 kJ/mol. The

activation energy values for CNT growth are in the range

130–180 kJ/mol [9,24–28]. Some researchers believe that either

a surface reaction at the gas-catalyst interface [24] or carbon

diffusion in the catalyst particle is the rate determining step

[9,25]. Various arguments have been proposed [28]. In our case,

the CNT arrays grew synchronously on the sphere [18], which

contained the interaction among carbon source, catalysts,

CNTs at molecular scale and the interaction among CNTs in

the array at a scale of single CNT. This is a complex process

for CNTs to grow into the arrays on the ceramic sphere, and

the determining step is still unclear, requiring further detailed

study. However, it has been noted that if the manner of the

growth of the VACNT arrays does not change, the VACNT will

grow faster with increasing temperature. To produce high

quality VACNT array on a large scale, a relatively high growth
temperature, good flowability of as-grown particles, and clean

growth space without heavy hydrocarbon contaminations are

necessary. The needs can be satisfied by ethylene as carbon

source with ceramic as growth substrate at relatively high

temperature, providing a guide for optimizing VACNT arrays

growth with high quality.
4. Conclusion

When ethylene is used as carbon source, radially aligned VAC-

NT arrays on ceramic spheres are produced, and only light

gaseous hydrocarbons exist in the exhaust. The VACNT array

on the sphere grows at a linear rate of 8.9 lm/min at 800 �C,

showing a faster growth rate as compared to that of cyclohex-

ane and LPG. The VACNT arrays on the spheres are noted to

crack radially into a flower-like structure; the arrays are of

high quality. The inner diameter of the CNTs is about

10 nm, while the outer diameter shows a wide distribution

with a mean value of 23 nm. The VACNTs in the array have

a 98% purity level. When the growth temperature is decreased

to 700 �C, the distribution of the outer diameter becomes nar-

row with a mean value of 19 nm. The SRA of particle increases

from 17� to 35� with the growth of the VACNT arrays, but the

spheres can still move freely even if the length of the arrays

reaches 1100 lm. The VACNT array will grow fast at high tem-

perature, with the activation energy of array growth on

spheres at 180 ± 8 kJ/mol. Compared to LPG and cyclohexane,

ethylene is an optimized carbon source for continuous radial

growth of high quality VACNT arrays on ceramic spheres.
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Appendix A. Supplementary data

The online version of this article contains additional supple-

mentary material. The quality of CNT array grown from ethyl-

ene on the ceramic sphere, the morphology of VACNT arrays

on spheres (Fig. S1, S2), Raman spectra (Fig. S3), TGA evalua-

tion (Fig. S4) of the as-grown VACNT arrays are provided. Sup-

plementary data associated with this article can be found, in

the online version, at doi:10.1016/j.carbon.2008.04.017.
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