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A B S T R A C T

Conical carbon nanotube (CCNT) arrays were synthesized over a large area of approxi-

mately 1 cm2 or more on graphite and tungsten foil substrates. Experimental observations

reveal that nucleation is caused by catalyst metal cluster in the initial stages, but the

tapered morphology occurs due to the difference in the rates of vertical growth by attach-

ment carbon atoms at edges of growing graphene sheets and radial growth with epitaxial

nucleation of new graphene layers near bottom at the substrate. The above mechanism is

supported through re-growth experiments on straight multi-walled nanotubes and growth

kinetics data, which suggest a linear relationship between the growth rate and ratio of

diameter to length (d/l) of CCNT.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Conical carbon nanostructures present a number of interest-

ing characteristics compared to multi-walled carbon nano-

tubes (MWNTs). Different conical forms include graphitic

cones [1], conical crystals of graphite [2], carbon nanopipettes

[3], tubular graphite cones [4], carbon nanocones [5], tubular

carbon cones [6], conical carbon filaments [7,8], fibers [9],

single-crystalline [10] and amorphous carbon nanocones

[11]. An earlier study reported conical shaped carbon nano-

tube tree structures [12]. The synthesis of such structures

occurred with nucleation of graphitic branches perpendicular

to the central nanotubes. Among the various forms of conical

structures, the so-called ‘‘carbon nanopipettes’’ [3] or ‘‘conical

carbon nanotubes’’ (CCNTs) are interesting due to their

unique features, which include a tapering geometry from

micron scale at the base to nanoscale at the tip and the

presence of a high density of graphitic edge planes surround-

ing the central hollow core consisting of MWNT. Such CCNT
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arrays can easily be converted to nanoelectrode ensembles

[13] and have exhibited high sensitivity toward detection of

neurotransmitters such as dopamine due to the presence of

reactive graphitic edge planes along the entire surface. In

addition, these structures with high mechanical and good

electrical contact with substrates can support high current

densities and exhibit superior field emission characteristics

compared to any MWNTs reported to date [14]. CCNTs with

their open tips, mechanical rigidity and high aspect ratios,

can be of probable interest for drug delivery applications sim-

ilar to those using fabricated micro needles [15,16].

The CCNT structures have primarily been synthesized on

iron, platinum and gold wire substrates that are vertically

immersed into microwave plasma [3,4,6]. The synthesis of

CCNT arrays over flat substrates is necessary to understand

fundamental field emission properties but has not been

accomplished to-date. Although, the control over the struc-

tural properties of CCNTs on a wire substrate was achieved

[14], several aspects regarding the actual prevailing conditions
.
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for nucleation and growth have not been clearly defined.

Thus, it has been difficult to replicate the growth parameters

such as radical species concentration and temperature on

wire substrates when immersed in plasma discharges for flat

substrates. However, the synthesis of these structures on pla-

nar steel substrates [17] and a silicon substrate [18] was re-

ported recently. The reproducibility of such experiments is

still unclear as such experiments typically result in the

growth of MWNTs.

Many studies reported to-date have suggested several dif-

ferent mechanisms to explain the conical shape evolution

during growth that are not consistent with each other. For

example, one study suggested a mechanism in which a

shrinking catalyst along with simultaneous growth of graph-

ene layers was proposed to be responsible for the conical

growth of tubular carbon cones [6]. In other studies on tubular

graphitic cones [17,18] and conical carbon fibers [7], continu-

ous nucleation of new graphene layers from a large catalyst

particle at the base was attributed to the observed conical

shape evolution during growth. The studies on carbon nan-

opipettes [3] and conical carbon fibers [9] suggested a growth

mechanism in which simultaneous etching along with

growth as responsible for the observed conical shape. In the

case of carbon nanocones [5] and conical carbon fibers [9], a

tip-led growth mechanism was proposed but the surface of

these conical structures was non-crystalline graphitic in nat-

ure. Due to the lack of consistency in the suggested mecha-

nisms, several questions regarding the growth of the conical

structures still remain unanswered. The two most important
Fig. 1 – (a) Schematic illustration of the series of steps for the syn

an experimental configuration for CCNTs with in-situ nickel wi
questions are: (1) Does the catalyst play any role in the conical

growth apart from the nucleation of the inner MWNT? (2) If

so, where is the catalyst present (i.e., tip or base) and what

is responsible for the growth and formation of the new graph-

ene layers?

Therefore, in this study, we conducted a detailed investiga-

tion on the nucleation and growth of CCNTs on graphite and

tungsten foil substrates using different catalyst metals with

time-resolved growth kinetics and short-duration experi-

ments to gain insight into the role of the catalyst and the pos-

sible route for conical shape evolution. Furthermore, the

experiments were performed on foil substrates to obtain a

large area of CCNT arrays on flat substrates.

2. Experimental methods

2.1. Synthesis experiments on foil substrates

First set of experiments were conducted using rectangular

sheets of graphite, tungsten foils (0.13–0.15 mm thick), sput-

tered with platinum to obtain a thin layer of catalyst

(10 nm). The foils were rolled around a 1–3 mm diameter

graphite rod and immersed vertically into microwave plasma

by graphite susceptor similar to the wire substrates [3]. The

schematic illustration of the experimental configuration for

a single foil rolled into cylinder is shown in Fig. 1a. Using this

method; several foils can be employed simultaneously by

utilizing a susceptor with multiple holes. Experiments were

conducted at 30–50 torr pressure with microwave power of
thesis of CCNTs on foil substrate; (b) schematic illustration of

re.
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900–1000 W using a gas composition of 1–1.5% methane in

hydrogen (total flow rate of 200 sccm) for about 40 min.

2.2. Experiments using different catalyst metal (in-situ)

Second set of experiments were performed using different

carbide (iron and nickel) and non-carbide (platinum) forming

catalytic metals on graphite foils to study the role of catalytic

metal on the nucleation of CCNTs. Here, the catalyst metal

wire (2 cm long) was supported by a hole in graphite rod

around which the foil was rolled as shown in Fig. 1b. Upon

exposure to the plasma discharge, the catalyst metal evapo-

rated onto the foil, which created an in-situ catalyst during

the experiment. Similar experimental conditions mentioned

above were employed. To study the effect of pressure along

with different catalysts, experiments at higher pressures

ranging from 60 to 75 torr were also conducted.

2.3. Regrowth experiments

In these experiments, the CCNT arrays were post-treated by

etching those to MWNTs by placing the wire substrate hori-

zontally on the graphite susceptor, using plasma power of

550 W and pressure of 25 torr for approximately 30 min in

hydrogen plasma. Later, the straight MWNT arrays were used

for regrowth experiments by immersing the substrate verti-
Fig. 2 – SEM images showing: (a) an array of CCNTs on graphite

ended tip; (c) surface of CCNT consisting of concentric cylindrica

sheets around the CCNT.
cally into the plasma operated at 980 W and 30 torr for

10 min with 1% methane in hydrogen.

3. Results and discussion

First set of experiments were conducted to understand the

growth of CCNT arrays on graphite and tungsten foil sub-

strates using a 1.5 mm diameter graphite rod and platinum

catalyst. The experiments on graphite foil resulted in CCNT

arrays (Fig. 2a) over an area as large as 0.5–1 cm2. The result-

ing CCNTs were as long as 30–40 lm from 40-min synthesis.

The growth rates were estimated at approximately 60 lm

per hour, which is an order of magnitude higher compared

to results on wire substrates [3]. The density of the resulting

CCNTs is 106/cm2. High aspect ratio of a typical CCNT is

shown in Fig. 2b with inset showing the close-up view of

the open tip. CCNTs exhibit a smooth surface as shown in

Fig. 2b, which consists of concentric cylindrical graphene

sheets (epitaxial growth) around the central MWNT as shown

in Fig. 2c. In some cases, after attaining conical shape, some

structures have exhibited interesting growth, i.e., spiral coil-

ing of multi-layer graphite sheets around the original CCNT

as shown in Fig. 2d. The inset clearly shows the spiraling ef-

fect of multilayer graphene sheets around CCNT. The result-

ing CCNTs on the foil substrates taper from the lowest base

level into perfect conical structures, even up to lengths of
foil; (b) an individual CCNT with inset showing the open-

l graphene sheets and (d) non-epitaxial coiling of graphene
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75 lm compared to those obtained on wire substrates. Results

also suggested that the deposition area can be increased by

increasing either the diameter or the height of the foil im-

mersed into the plasma. The upper limit on the diameter of

the rolled foil depends upon the size of the plasma discharge

(1 in. in diameter for the reactor used in the present studies).

The density of CCNTs on tungsten metal foils is 1–2 orders of

magnitude lower than on graphite foil with significant

variation in their uniformity. Moreover, after the synthesis,

the tungsten foil became very brittle making it difficult to

handle. Thus, for fundamental studies geared toward the

understanding of such properties, graphite foils are chosen

as appropriate.

The second set of experiments using nickel and iron as

catalytic metals resulted in different morphological varia-

tions in conical structures as shown in Fig. 3a. Some of them

had sharp tips (similar to Fig. 2b), some blunt tips (Fig. 3b) and

others developed an inverted conical shape starting from the

sharp tip and ending with a big bulb (Fig. 3c). Further analysis

of these structures was carried out using transmission elec-

tron microscopy (TEM). Fig. 4a shows that typical CCNT with

sharp tips maintain central hollow core with no catalyst at

the tips. The closing of tip can be attributed to the presence

of a hydrogen-dominant plasma environment favoring the

curving of the graphene sheets [19]. The bulb-like tip of the

conical structure shown in Fig. 4b was examined extensively

using transmission electron microscope and was found to be

devoid of any metal. The presence of existing inner hollow

core can be seen from Fig. 4c. The high-resolution image of

bulb-like tip shown in the inset of Fig. 4d clearly displays

the presence of graphitic planes rolling around in a circular

fashion forming a spherical tip, not the catalyst. In the case

of the CCNT with a morphology similar to Fig. 3c, the inner

hollow core extends to the end, kinks at the tip (as shown

in Fig. 4e), and extends expansive growth to form the inverted

conical geometry. Around this region, the hollow core be-

comes closed and does seem to continue the other side with

limited allowance. However, such spherical graphitic and re-

lated variations at tips were only observed in fraction of the

resulting structures and also only in experiments that used

iron and nickel as catalysts. These observations indicate that

the spherical graphitic clusters do not play a significant role

in the formation of CCNTs.
Fig. 3 – SEM images of: (a) an array of CCNTs with different morp

individual CCNT with a blunt tip and (c) an individual CCNT wit
The resulting density of CCNTs in all the experiments was

on the order of 106/cm2 irrespective of the type of catalyst me-

tal or the deposition method employed on graphite foils.

CCNTs were also observed in experiments without using

any catalyst metal, but the densities were 2–3 orders of mag-

nitude lower, which suggest an important role of the catalyst

metal in the nucleation of CCNTs. The observed nucleation

can be due to the presence of residual catalyst contamination

in the reactor from earlier experiments. Based on scanning

electron microscope (SEM) observations, smaller catalyst me-

tal clusters in the initial stages seem to either evaporate

quickly from graphite foil substrates or agglomerate into lar-

ger clusters that result in low density CCNTs. Therefore, the

substrate pretreatment and the catalyst optimization seem

necessary to increase the density of CCNTs. In the given pres-

sure range of 30–50 torr, the temperature at the center of plas-

ma (near the tip of foil substrate) could reach as high as

1800 �C, higher than the melting point of the platinum ob-

served in our present and earlier report [3]. Experiments with

no graphite rod inside the foil showed no difference in the

resulting density of CCNTs, but excess deposition of carbon

was observed on the grown CCNTs. The presence of the rod

ensures proper conduction of heat across the foil preventing

the excess build up of heat. The observed variation in the

morphologies in the absence of the rod was included in the

supporting document.

Experiments conducted at higher pressures of 75 torr re-

sulted in a black deposition on graphite foil. TEM studies re-

vealed the formation of onions, rings, polyhedral shells and

nanohorns. Most of them consisted of tubular structures with

conical tips as shown in Fig. 5a, with individual multi-walled

carbon nanohorns shown in Fig. 5b. Similar observations

were reported during the arc discharge process [20,21].

Although the synthesis of carbon nanohorns was attributed

either to the presence and modification in the catalyst parti-

cle in few studies [22,23] or to reaction of catalyst powders

[24], the structures were one order of magnitude larger than

the present ones. Experiments performed with different and

no catalyst also resulted in similar findings, suggesting the

role of higher synthesis temperatures on the nucleation of

graphene layers but not the catalyst. Harsh conditions em-

ployed in the earlier studies [20,21] have also resulted in sim-

ilar structures without the use of any catalyst. In microwave
hologies resulted during experiments with nickel wire; (b) an

h inverted conical tip.



Fig. 4 – TEM images of CCNTs showing the absence of catalyst: (a) CCNTs with sharp tip; (b) CCNTs with blunt tip; (c) CCNTs

with inset showing the presence of a hollow core; (d) CCNTs with inverted conical tip with inset showing the high resolution

image of the tip consisting of graphitic planes and (e) high-resolution image of a kink at the tip with inset showing the abrupt

change in the hollow core.
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plasma chemical vapor deposition reactor, higher pressures

lead to higher temperatures on substrates immersed in plas-

ma discharges. So, our experiments at higher pressures in

microwave plasmas suggest even harsher environment (tem-

peratures in excess of 2500 �C) leading to spontaneous nucle-

ation and growth of carbon onions, rings and conical carbon

tube morphologies without the use of metal catalysts [20].

Based on our results with CCNTs, it can be inferred that

nucleation is initiated with a MWNT from small catalyst clus-

ters that have critical dimensions. The underlying mecha-

nism is similar to tip-led growth described earlier for

MWNT [25,26]. Therefore, any agglomeration of catalyst clus-

ters in the initial stages could reduce the resulting density of

CCNTs. If the growth was attributed to a shrinking catalyst

mechanism [6], the presence of catalyst at the tip should be

evidently seen at least in short duration experiments. How-

ever, an open-ended tip with absence of catalyst was clearly

shown in Fig. 4a. Short duration experiments resulted in

CCNTs with smaller base diameters and lengths less than

1 lm, which also did not show the presence of any catalyst

particles at their tips or bases. In addition, smaller base diam-
eters (much less than 1 lm) seen in the short duration exper-

iments also indicate that the radial growth continues without

the assistance of any catalyst. It was previously speculated

that a large catalyst cluster at the base of growing conical

structure assisting the initiation of new layers for radial

growth at the base [7,17]. As such, to examine the interface

between the substrate and the base of CCNTs, tungsten foils

were chosen instead of graphite for ease of handling and clear

observation of interface. The cross-sectional SEM images in

Fig. 6a and b shows that the conical structure grew directly

from the tungsten foil and does not have any big catalyst par-

ticle at the base. In addition, though a continuous supply of

the catalyst was claimed to be necessary for the growth of

tubular graphite cones [17], it was achieved in case of limited

catalyst [18], with the actual role of catalyst not apparent.

However our findings suggest that the formation of new

graphene layers at the base could occur without the help of

a catalyst, which is further verified by regrowth experiments

discussed below.

All the above experimental observations suggest a simpler

mechanism for nucleation and growth for CCNTs, which is



Fig. 5 – TEM images of: (a) bundle of nanohorns and (b) a high-resolution image of individual multi-walled nanohorn.

Fig. 6 – (a) SEM image showing the side, cross-sectional view of a CCNT grown on tungsten foil substrate and (b) SEM image of

a broken CCNT with inset showing the absence of a catalyst particle at the base.
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shown schematically in Fig. 7. In the initial stages, first the

formation of catalyst metal clusters on the substrate takes

place (Fig. 7a), then straight MWNTs nucleate with the help

of small catalyst metal clusters at their tips (Fig. 7b). Later,

the MWNT continue to grow vertically, but at the same time,

the nucleation of new graphene layers occurs at the bass as

shown in Fig. 7c. In the fourth step, the small metal catalyst

clusters will be evaporated along with continuous growth of

new epitaxial layers (Fig. 7d). The epitaxial growth of such

graphene sheets in the form of concentric cylinders around

the central MWNT can be evidently seen in Fig. 2c. Finally,

the conical shape evolves with a steady state vertical growth

by the addition of carbon adatoms at exposed edge planes

across its surface and radial growth through the addition of

new graphene layers with no catalyst at the tip or base

(Fig. 7e). In few cases, once the CCNT attains the conical

shape, additional spiral coiling of multi-layer graphite sheets

around the original CCNT could be taking place as mentioned

earlier (Fig. 2d). The presence of elevated temperatures

(>1800 �C) higher than the melting point of the platinum (ob-

served in our present and earlier report [3]) and strong electric

field discharge at the tip of coiled foil immersed in the center

of the plasma, force the evaporation of catalyst clusters at the

tips. This is because the radical recombination rates can be

severe on the catalytic metal clusters and result in heating.

The temperature of the catalyst cluster supported at the tip

being heated continuously can increase rapidly due to poor

thermal transport back to substrate. A simple thermal trans-

port analysis was earlier presented for diamond crystals at
Fig. 7 – A schematic illustration of the suggested nucleation and

clusters on the substrate; (b) nucleation of a MWNT; (c) continu

nucleation of new graphene layers; (d) evaporation of the catalys

radial growth via addition of graphene layers and steady state
tips of CCNTs [19]. In our case, higher recombination rates

due to high densities of radicals within the plasma discharge

can easily heat and evaporate the catalyst particle. Similarly,

the presence of high energy ions and various radical species

from the electron impacts and neutral reactions has been

shown to influence plasma assisted CVD [26,27]. In the case

of thermal CVD, only surface reactions play a dominant role

[27]. Other studies have observed the evaporation of the cata-

lyst with thermal annealing at high temperatures (>2000 �C)

in the case of carbon nanofibers [28]. Proposed mechanism

is confirmed from the regrowth experiments discussed in

Section 2. CCNT arrays were etched to MWNTs using hydro-

gen plasma (Fig. 8a) followed by regrowth in methane and

hydrogen plasma. Fig. 8b shows the growth of conical

structures in the same region with the inset showing the indi-

vidual CCNT grown from the MWNT. The regrowth experi-

ments resulted in the deposition of a thick carbon layer,

which undermines the actual length of regrown conical struc-

tures compared to their original lengths. The results indicate

that the evolution of conical morphology takes place through

the nucleation and growth of new graphene layers in the

presence of higher synthesis temperatures which was also

observed in the case of graphite poly crystals [29] and graphite

whiskers [30]. In some cases, heat treatment through high

temperatures (1500–2800 �C) has been attributed to the ob-

served purely crystalline graphitic character of carbon nanof-

ibers [28]. Similarly the growth of crystalline graphitic sheets

in the present case of CCNTs can also be attributed to the

existence of such high temperatures, which helps in perfect
growth mechanism for CCNTs: (a) formation of small catalyst

ed catalyst-assisted growth of MWNT along with the

t with continued growth of epitaxial layers and (e) continued

vertical growth via addition of carbon atoms.



Fig. 8 – SEM image of: (a) CCNTs etched and (b) regrowth of

etched CCNT to conical structures with inset showing

magnified view of one of the CCNTS rounded.
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crystalline graphitization preventing the formation of any

amorphous carbon [16,28–30]. The presence and dominance

of higher molecular species of carbon resulting from the plas-

ma CVD can also help with the epitaxial nucleation of new

graphitic sheets [29].

The above growth model could be further understood by

examining the growth kinetics of CCNTs. At the given exper-

imental conditions (several tens of torr and 1–2% methane in
Fig. 9 – (a) Plot showing the length of conical structures at variou

relationship between the growth rate and the ratio of the diam
hydrogen), the mean free path lengths of growth species

(hydrocarbon and atomic hydrogen radicals) are estimated

to be on the order of several tens of microns. Under such con-

ditions, the flux reaching the growing nanostructure in the

initial stages will be same as that for a flat surface. At sizes

below hundreds of microns, the growth of CCNTs can only

be limited by impingement kinetics. In this case, the volumet-

ric growth rate will be directly proportional to impingement

rate. The number of molecules impinging per unit time (I)

can be derived as:

Ið#=sÞ ¼ F� ðpd2
=4Þ;

where F is the molecular impingement flux (#/s m2) and pd2 is

the cylindrical cross-sectional area (m2) with d being the base

diameter of the conical structure. Volumetric growth rate, V

(volume increase per unit time) can be derived as:

Vðm3=sÞ ¼ Linear growth rateðm=sÞ � p
d

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ d

2

� �2
s

;

where p d
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ d

2

� �2
q

is the surface area (m2) of the cone with l

and d being the length and diameter of the cone. The number

of molecules forming one molar volume per unit time (M) can

be given by:

Mð#=sÞ ¼ V � X;

where X is the number of molecule attaching per unit volume

(#/m3). Equating the number of molecules resulting from

impinging flux (I) to the number of molecules forming a molar

volume (M) and assuming F and O as constants, the growth

rate can be derived as:

Linear growth rate / d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ d

2

� �2
s0

@
1
A, 1
A

0
@ :

With the diameter of the conical structure being one order of

magnitude smaller than the length (d� l), the growth rate

can be finally simplified as:

Linear growth rate / ðd=lÞ:

In the case of cylindrical structures, the growth rate should

be constant irrespective of the length and diameter under the

attachment kinetics limitations.

To verify the kinetic impingement limited growth for

CCNTs, we conducted a series of experiments on graphite
s time scales during the growth and (b) plot showing linear

eter to length (d/l) of the conical structures.
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foils using the similar conditions mentioned in Section 2.1 at

different time scales. The average length (l) and diameter (d)

of CCNT at each time scale was determined from SEM images.

The instantaneous growth rates were calculated from the

slopes at different time scales for the data shown in Fig. 9a.

The instantaneous growth rates were plotted against the (d/

l) as shown in Fig. 9b, which shows that the growth rate is lin-

early proportional to the ratio of diameter to length (d/l) of the

CCNT. Additional investigations would be needed to extend

the range of the d/l values for further understanding of rela-

tionship between the growth rate and individual parameter.

4. Summary

This study presents a method of preparing arrays of CCNTs

over a large area on flat graphite and tungsten foil substrates.

The aspect ratio and the uniformity of the structures obtained

were superior to those using wire substrates. However, the

density of resulting CCNT arrays was limited to 106/cm2 and

further optimization of catalyst particle size distribution in

the initial stages might be necessary to increase the nucleation

density. Higher synthesis pressures resulted in nanohorns,

rings and polyhedral shells. From the absence of catalyst at

the tip or the base of CCNT, it was proposed that the catalyst

might play a role only in the nucleation, whereas the evolution

of conical morphology takes place through nucleation and

growth of new graphene layers. The proposed mechanism

for the growth was also verified by regrowth experiments on

MWNTs. From the growth kinetics data, it was shown that

the growth rate is linearly proportional to the ratio of diameter

to length (d/l) of the CCNT, which validates the kinetic

impingement limited growth model for CCNTs.
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