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One-dimensional and conical carbon structures were reported 
as early as 1960 [1,2], however, no evidence of hollowness was 
presented at that time. The carbon nanotubes were discovered 
much later in 1991 [3], consisting of single or multiple layers of 
cylindrical graphene sheets. The morphology of all the derived 
structures of nanotubes was primarily cylindrical in nature with 
internal diameters ranging from 1 to 25 nm [4].

In the last five years, a number of new morphologies of carbon 
tubular structures with hollow cores have been discovered. These 
include the conical carbon morphologies tapering from micron-
sized base to a nanometer scale tip [5–7], with a hollow core not 
exceeding few tens of nanometers, and micron-scale morphologies 
with internal diameters exceeding several hundred nanometers 
[8–10]. All these morphologies are unique compared to carbon 
nanotubes in that they provide a clearer connection between the 
micrometer and nanometer scales, at the same time facilitating 
newer applications [6]. The promising application areas include 
electrochemistry, biosensors, field emission, high surface area 
catalysts/supports, and possibly drug delivery. This chapter is 
devoted to providing a detailed discussion on their synthesis, 
possible growth mechanisms, and applications.

22.1 Introduction

In this chapter, all the new morphological forms of carbon are 
considered and are divided in to two main categories for ease of 

discussion: (a) carbon microtubes (CMTs), which include all the 
structures containing internal diameters greater than 100 nm, 
and (b) conical carbon nanotubes (CCNTs), which include all 
tapered morphologies with hollow cores and internal diameters 
of only a few nanometers.

22.1.1 Carbon Microtubular Morphologies

Typically, carbon nanotubes are formed as a result of self-assembly 
of graphene sheets into tubular structures on the surface of the 
nanometer-sized catalyst cluster [3]. However, such self-assembly 
processes cannot take place readily on micron-sized catalyst 
clusters. Many of the earlier processes using micron-sized catalyst 
particles yielded solid graphite/carbon whiskers but not tubular 
structures [11]. So, a set of different process conditions than those 
used for typical self-assembly processes are required for making 
carbon tubular structures with large internal diameters.

The main types of morphologies of carbon microtubes 
achieved are illustrated with electron microscopic images in 
Figure 22.1: (a) Graphite tubes with internal diameters ranging 
from 70 to 1300 nm having inner obstructions reminiscent of 
bamboo styling; (b) thin-walled, straight carbon tubular structures 
with internal diameters ranging from few hundred nanometers 
to few microns; (c) thin-walled, conical microtubular structures; 
and (d) micro-tubular carbonaceous tubes made by the pyrolysis 
of polymeric fibers.
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22-2 Smart Materials

FIGURE 22.1 Various carbon microtubular morphologies. (a) CMTs with encapsulated liquids and catalyst particles using a hydrothermal method. 
(From Libera, J. and Gogotsi. Y., Carbon, 39, 1307, 2001. With permission.) (b) Straight CMTs with diameters in the range of a few microns obtained 
using low-melting metals such as gallium. (c) Tapered CMTs with thin walls using low-melting metals such as gallium with a different set of conditions 
than (b). (d) Carbon tubes made by pyrolizing polymeric fibers. (From Han, C.C. et al., Chem. Mater., 11, 1806, 1999. With permission.)
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The wall structures of the carbon microtubes, shown in 
Figure 22.1, are all different from each other depending upon 
their morphology and method of synthesis. The graphite 
tubes shown in Figure 22.1a exhibit crystalline, graphitic 
walls but contain bamboo-styled internal obstructions remi-
niscent of the nickel catalyst used for their synthesis. The 
walls of the microtubes resulting from the pyrolysis of polymeric 
fibers typically contain disordered carbon. The thin-walled, 
carbon microtubes shown in both Figures 22.2b and c con-
tain clear internal channels and their walls are made of gra-
phene sheets. However, the straight morphologies with 
uniform diameter contain walls of parallel graphene sheets 
similar to that of multiwalled carbon nanotubes (see Figure 
22.2a). Even a slight conical angle makes the walls exhibit 
discontinuous regions with parallel graphene sheets. The 
walls within the conical microtubular structures cannot 
maintain any sort of ordered arrangement and so break down 
into an ordered arrangement of small graphitic domains 
within a disordered carbon matrix as shown in Figure 22.2c. 
Almost all of the microtubular structures with their thin 
walls are electron transparent even at modest accelerating 
voltages of 15 keV or more.

22.1.2  Conical Carbon Nanotube 
Morphologies

Theoretical calculations predict that a single graphene sheet can 
be folded through a specific arrangement of pentagonal and 
hexagonal rings to produce a set of conical morphologies with a 
limited number of discrete conical angles [12]. Some of the 
structures synthesized to-date include fullerene cones [13] and 
nanohorns [14]. All the above structures are true nanoscale 
morphologies. However, there is another important class of 
conical morphologies that extend from micron to nanometer 
scale. By definition, we refer to them as CCNTs in which the wall 
thickness tapers from micron to nanometer scale but contains 
a uniform hollow interior with a diameter range similar to that 
of multiwalled carbon nanotubes. Several morphologies of the 
conical carbon nanotubes were referred to earlier as tubular 
graphite cones (TGCs) [6], carbon nanopipettes (CNP) [5], 
conical graphite tubes [15], and conical nanocarbon (CNC) [7]. 
The morphologies of several of these CCNT structures are 
illustrated in Figure 22.3. All of them have micron-scale bases 
extending conically to form nanoscale tips similar to that shown 
in Figure 22.3a. In some cases, as seen in Figure 22.3b, carbon 

43722_C022.indd   2 7/2/2008   6:45:45 PM



Carbon Microtubes and Conical Carbon Nanotubes 22-3

nanotubes with extended lengths can be found at the tip of a 
CCNT [16]. In some cases, thick multiwalled carbon nanotubes 
can themselves be tapered at the tips to produce conical shape 

(see Figure 22.3c). In other cases, conical structures having a 
hollow core with the catalyst particle closing the tip have been 
observed (see Figure 22.3d).

Although these morphologies look similar from the exterior, 
the wall structures could be completely different. The CCNTs 
can be divided into three main types based on the wall structure 
as shown in Figure 22.4. One type of structure consists of a cen-
tral carbon nanotube with graphene sheets helically rolled over 
the tube giving the conical structure [5] (Figure 22.4a). The second 
type also consists of a central nanotube, but its wall is made of 
concentric cylinders of graphene sheets with gradual reduction 
in the thickness along the length to yield conical shape [6] 
(Figure 22.4b). Neither of these structures contain any metal 
contamination or obstructions within their internal channels. 
The third structure has stacked graphene layers (similar to 
multiwalled carbon nanotubes) and tapers after a certain length 
towards its tip. The internal channel of the third type of structure 
may not be as perfect as that of the first two types and also contains 
several types of internal obstructions resulting from the cata-
lyst particle assisted growth for extended periods of time [17] 
(Figure 22.4c).

22.2  Synthesis and Morphological 
Control of Carbon Microtubes

22.2.1  Synthesis Methods and Growth 
Mechanisms

The synthesis of carbon microtubes requires totally different 
process conditions and catalysts compared to that of MWNTs. 
Carbon microtubes with thick walls, as shown in Figure 22.1a, 
were produced using micron-sized nickel catalyst particles by a 
hydrothermal synthesis method at temperatures and pressure of 
∼800°C and ∼100 MPa, respectively [9]. The precipitation of 
carbon at high pressures onto larger nickel catalyst particles sus-
pended in water leads to the formation of highly crystalline 
graphite tubes with larger internal diameters. The bamboo-
styled internal obstructions observed are similar to those seen in 
the MWNTs grown using nickel catalysts.

The most predominant morphologies of CMTs, i.e., thin-
walled carbon microtubes with no internal obstructions are 
made only using low-melting metals such as Ga, Sn, Zn, and In. 
See Table 22.1 for a concise review of all the synthesis studies 
reported. The first set of studies used carbothermal reduction of 
gallium oxide powder to produce thin-walled, straight CMTs 
half-filled with Ga [8,18]. Several other reports showed minor 
variations to produce CMTs with encapsulated metals with a 
range of internal diameters [19–23]. With subtle variations in the 
gas phase chemistry along with low-melting metals, a number of 
morphological shapes ranging from conical to straight tubes 
have been reported [10]. As shown in Table 22.1, all methods 
except the hydrothermal synthesis utilize chemical vapor 
deposition of carbon onto low-melting metals such as Zn, Sn, In, 
and Ga. These studies utilized various oxide, nitride, and sulfide 
sources for metals such as ZnS, SnS, GaN, Ga2O3, CdS, SnO, In, 
and Ga along with different gases and solid carbon sources.

AQ1

FIGURE 22.2 Variations observed in the wall structures for CMTs 
synthesized using low-melting metals: (a) CMT walls made of long 
continuous concentric graphite sheets. (From Hu, J. et al., Adv. Mater., 
16, 153, 2004. With permission.) (b) The walls made up of parallel, but 
discontinuous graphene sheets. (From Bhimarasetti, G. et al., Adv. 
Mater., 15, 1629, 2003. With permission.) (c) TEM photograph of the 
wall structure showing aligned nanocrystals of graphite. (From 
Bhimarasetti, G., Cowley, J.M., and Sunkara, M.K., Nanotechnology, 16, 
S362, 2005. With permission.)
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22-4 Smart Materials

All methods that employed sulfides, nitrides, and oxides for 
metal sources produced straight, thin-walled CMTs. Another 
method using a mixture of activated carbon, ZnS and SnS, 
produced both straight and conical carbon tubes using different 
process conditions [21]. The reaction was carried out in low-
pressure N2 atmosphere at 1350°C. It was suspected that the Sn 
nanostructures with different morphologies templated the 
growth of carbon microtubes with a similar variation in mor-
phology. When Ga2O3 was used as the metal source, the gallium 
droplets formed during dissociation assisted the growth of 
carbon wall around them [8,18]. In the case where Mg and Fe 
catalyst were used as the metal sources, growth of carbon tube at 
the interface of MgO and Fe was proposed [23].

There are different mechanisms proposed for CMT growth 
using low-melting metals. However, only two of the suggested 
mechanisms are generic and can explain the growth of a variety 
of CMT morphologies. One of the suggested mechanisms 
involves vapor-liquid-solid type growth, i.e., preferential disso-
lution of carbon into low-melting metals such as Zn followed by 
precipitation as a thin wall forming the tube around the 
micron-sized droplets (see the schematic in Figure 22.5a). Here, 
ZnS was used as the source for Zn metal along with activated 
carbon [19]. The synthesis was carried out in N2 atmosphere at 
200 mtorr base pressure and 1400°C. However, there is no 
thermodynamic data available to suggest the possibility of 
carbon dissolution into molten gallium and other low-melting 
metals. On the other hand, the hydrocarbon adsorption onto the 

surface of low-melting metal melt is more likely (similar to that 
of bonding in trimethyl gallium). The adsorbed hydrocarbons 
could contribute to the growth of graphene wall around the 
molten metal droplet, leading to the growth of the carbon 
microtube. The molecular level aspects of carbon precipitation 
on molten metal surface still need to be explored.

The droplet-led mechanism by itself does not provide any 
insight into the growth of various CMT morphologies. In order to 
understand the low-melting metal droplet led growth of CMTs, it 
is proposed that the addition of carbon at the molten metal–
carbon interface occurs in such a way that the contact angle 
between the metal and carbon is constantly maintained. This 
mechanism is schematically illustrated in Figure 22.5b. As the 
carbon tube grows in length, the interface lifts the metal droplet 
maintaining a steady contact angle between the meniscus and the 
growing carbon wall, thus setting up the conical angle of the overall 
structure. The meniscus angle and the conical angle of the result-
ing carbon tube are related by the following relationship:

 f q = 2 180−   (22.1)

where f is the conical angle and q is the meniscus angle. The 
latter is directly related to the contact angle between the liquid 
metal and the carbon wall. For example, a meniscus angle of 90° 
should lead to a straight microtube [10].

The meniscus angle is primarily controlled by the wetting 
behavior of molten metal with carbon. The wetting or contact 

FIGURE 22.3 Various morphologies of conical carbon nanotube morphologies: (a) CCNT structures termed as “carbon nanopipettes” with 
constant hollow cores and open tips. (From Mani, R.C. et al., Nano Lett., 3, 671, 2003. With permission.) (b) A CCNT structure termed as “tubular 
graphitic cone” with a nanotube at the tip. (From Shang, N., Milne, W.I., and Jiang, X., J. Am. Chem. Soc., 129, 8907, 2007. With permission.) 
(c) Long carbon nanotubes with conical tips and the inset shows the high resolution image of the conical tip. (d) A conical carbon nanotube with 
the catalyst encapsulated at the tips. (From Merkulov, V.I. et al., Appl. Phys. Lett., 79, 1178, 2001. With permission.)
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Carbon Microtubes and Conical Carbon Nanotubes 22-5

FIGURE 22.4 Different wall structures observed for conical carbon nanotube structures: (a) TEM image of a CCNT with the diffraction 
pattern showing spiral graphene sheets. (From Mani, R.C. et al., Nano Lett., 3, 671, 2003. With permission.) (b) HRTEM image of a CCNT wall 
showing stacked graphene layers forming tapered inner hollow core. (From Zhang, G., Jiang, X., and Wang, E., Science, 300, 472, 2003. With 
permission.) (c) TEM of CCNT showing graphene edge planes. (From Gogotsi,Y., Dimovski, Y.S., and Libera, J.A., Carbon, 40, 2263, 2002. 
With permission.)
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TABLE 22.1 Review of All Synthesis Methods Reported to-Date for Carbon Microtubes

Carbon Source Metal Source Carrier Gas
Other Gas Phase 

Components Process Conditions Resulting Morphology Reference

Graphite powder ZnS, SnS N2 S (from dissociation of ZnS 
and SnS)

Thermal CVD, 1400°C, 
20 Pa base pressure

Straight tube, conical horn [19]

C2H2 GaN Ar N (from dissociation of 
GaN)

Thermal CVD, 1150°C, 
200 torr

Tubes with very low conical angles 
with bulb like morphology on the 
top

[8]

Activated carbon Ga2O3 N2 O from dissociated Ga2O3 Thermal CVD, 1360°C Straight morphology [9,17]
Activated carbon CdS, SnO N2 S and O from dissociated 

CdS and SnO
Thermal CVD, 1150°C, 

1 atm
Straight tubes with very small 

conical angle
[20]

Polyethylene Ni powder — — Pyrolysis, 730°C–800°C, 
90–100 MPa

Straight tubes [54]

CH4 Ga H2 Varying amounts of O2  
and N2

PECVD, 600–800°C, 
40 torr

Straight tubes, cones, tune- 
on-cones, funnels, n-staged 
morphologies capsule, dumbbells

[22]
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22-6 Smart Materials

FIGURE 22.5 Schematics illustrating various suggested mechanisms for growth of CMTs using low-melting metals. (a) A schematic illustrating 
a mechanism in which carbon dissolves into the molten metal droplet and precipitates as carbon microtube. (b) A schematic illustrating another 
mechanism, which explains the molten metal-carbon wall interface and its influence on the morphology of the resulting CMT.
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angle of molten metal on carbon surfaces could vary both 
with the gas phase composition and the temperature. If the 
contact angle q , between carbon and the low melting metal 
droplets, can be varied in-situ during growth, it is possible to 
control the morphology of the growing carbon structure. In 
the case of gallium, it is known that the contact angle between 
gallium and carbon can be reduced in the presence of oxygen 
or nitrogen [24,25], resulting in carbon tubular structures 
with very small conical angles or near straight tubes as pre-
dicted by Equation 22.1. It is also likely that the presence of 
sulfur in the gas phase could modify the surface of the low-
melting metal melt reducing its surface tension and, in turn, 
improving its wetting on carbon surface [26]. This mecha-
nism of “wetting angle controlled growth” can also be applied 
to almost all the methods reviewed in Table 22.1. For exam-
ple, the use of gallium oxide powder provides the necessary 
dosing of oxygen in the gas phase and can explain the results 
of straight CMTs with encapsulated gallium when using 
Ga2O3 and carbon powder [8]. Similarly, the straight CMT 
structures were obtained when using ZnS [21], which is also 
consistent with the proposed mechanism of the gas-phase 
sulfur reducing the surface tension. However, the wetting 
properties also depend on the temperature with contact 
angles being higher at lower temperatures. The observation of 
conical CMTs in the low-temperature regions of the furnace 
lead to better understanding about the wetting properties as a 
function of temperature.

22.2.2 Control of Morphology

According to Equation 22.1, the conical angle of the CMTs can 
be varied by changing the wetting behavior of molten metals 
with carbon, which in turn, can be controlled by changing the 
gas phase composition or temperature during their growth. In 
the absence of oxygen or nitrogen, experiments done at  
600–1100 W microwave power, 40–90 torr pressure over 
molten gallium with molybdenum as the promoter and CH4/H2 
plasma environments, yielded only conical morphologies with 
conical angles of +20° (Figure 22.6a). Similar experiments with 
intentional gas phase dosing of 5 sccm of oxygen have yielded 
straight morphologies (Figure 22.6b). Later experiments in the 
absence of oxygen and then followed by oxygen dosing yielded a 
predictable shape of tube-on-cone morphology as shown in 
Figure 22.6c. As predicted, the reverse sequence during CMT 
growth, i.e., initial dosing of oxygen followed by no dosing of 
oxygen produced a cone-on-tube or funnel-shaped morphology 
(Figure 22.6d). Repeating these dosing sequences “n” times, one 
can obtain “n-staged” morphologies as shown in Figure 22.6e.

Even small amounts of O2 (5 sccm) leads to reduced surface 
tension of Ga, in turn reducing the conical angle of the resulting 
morphology significantly. However, there is a limitation to how 
much O2 can be used before gallium oxidizes, resulting in Ga2O3 
nanostructures [24]. Nitrogen on the other hand, does not read-
ily form GaN at the process temperatures used, and therefore, 
can be used to further fine-tune the conical angles. In fact, the 
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Carbon Microtubes and Conical Carbon Nanotubes 22-7

experiments using nitrogen dosing with amounts ranging from 
0 to 35 sccm yield morphologies with conical angles ranging 
from +20° to −15° (see Figure 22.7a and b). At higher nitrogen 
dosing, the conical angles of the resulting structures were nega-
tive, leading to converging cones compared to the observed 
diverging cones with no or little amounts of dosing (Figure 
22.7c). The converging conical geometry limits the length of the 

resulting morphologies, ultimately leading to nanocapsules with 
high nitrogen dosing (Figure 22.7a). The ability to create con-
verging cones could be used to create pinched morphologies 
using a three-step sequence of nitrogen dosing: the first step 
involves growth for few minutes without the presence of nitro-
gen; the second step involves high amounts of nitrogen during 
the growth for few minutes to create a converging cone; and the 

FIGURE 22.6 SEM images showing various morphologies of CMTs synthesized by controlled, in-situ oxygen dosing: (a) funnels (From 
Bhimarasetti, G., Cowley, J.M., and Sunkara, M.K., Nanotechnology, 16, S362, 2005. With permission), (b) cone-on-tube, (c) straight tubes, 
(d) tube-on-cone, and (e) six-stage morphology. (Figures c, d, e taken from Bhimarasetti, G. et al., Adv. Mater., 15, 1629, 2003. With permission.)
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FIGURE 22.7 SEM images and a plot showing the control of conical angle of the resulting microtube morphology using nitrogen dosing during 
growth: (a) capsule, (b) a plot showing the effect of increasing nitrogen concentration as a function on the conical angle of the resulting CMT, 
(c) horn structures with converging conical angles, and (d) dumbbell-shaped morphologies. (From Bhimarasetti, G., Cowley, J.M., and Sunkara, 
M.K., Nanotechnology, 16, S362, 2005. With Permission.)
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22-8 Smart Materials

third step involves growth without the presence of nitrogen. The 
net morphology will be a dumb-bell-shaped pinched structure 
as shown in Figure 22.7d in which the lengths of each portion are 
controlled by the durations used for each step. One can also con-
trol the internal diameters of the resulting structures by varying 
the times at which nitrogen is introduced during the CMT 
growth [26].

The walls of the conical CMTs contain nanocrystals of graphite 
whose orientation with respect to the wall depend very much on 
the conical angle of the tube. The specific orientation of each 
nanocrystal can be directly related to the contact angle between 
carbon and gallium during the tube formation [26]. The molten 
metal droplets on the tips of two or more CMTs could coalesce 
quickly into one larger droplet during growth upon physical 
impingement leading to Y- and multiple-junction CMTs for 
microfluidic applications as shown in Figure 22.8a and b. The 
as-synthesized CMT structures are partially filled with the low-
melting metal used. As the CMTs have open channels, it is fairly 
easy to remove the low-melting metals using either acids to 
dissolve the metals or by heating them in vacuum.

The availability of CMT structures in large quantities will find 
uses as mesoporous materials, lithium ion batteries, and for 
other electrochemical energy conversion applications. Current 
efforts in the laboratories of the authors and others are aimed a 
large-scale production and purification of these structures from 
the metal contamination. In addition to large-scale production, 
the integration of these structures into microfluidic devices will 
also need to be addressed.

22.3  Synthesis and Morphological 
Control of Conical 
Carbon Nanotubes

22.3.1  Synthesis Methods and Growth 
Mechanisms

The synthesis of the CCNT structures differs extensively from 
that of thin-walled, carbon microtubular structures. Firstly, 

the synthesis methods do not involve low-melting metals 
and secondly, the CCNT structures are synthesized at much 
higher temperatures. Most of these CCNT structures are 
formed with the help of transition metal catalyst particles and 
characteristically contain a nanometer scale hollow core or a 
central nanotube.

The plasma discharge assisted growth of multiwalled carbon 
nanotubes using catalysts resulted in the formation of conical 
carbon nanotubular structures or termed as CNC [7]. These 
structures contained the catalyst particle encapsulated at their 
tips while the thickness tapered from microns at the base to 
nanometers at the tip. The synthesis was performed using a 
PECVD system with acetylene and ammonia in the gas phase at 
700°C and pressures of 2–5 torr. The growth of conical morphol-
ogy is explained by the growth of central carbon nanofiber from 
the catalyst particle, and further carbon deposition from the 
plasma-assisted hydrocarbon decomposition. The net result is 
the growth in two directions, vertically (inner carbon fiber) and 
laterally (the deposition on the outer wall) forming the carbon 
nanocone. Figure 22.9a depicts the various steps in the above 
mechanism [7].

Two similar synthesis studies were reported for CCNT 
structures with open-ended tips and inner channels free of 
any internal obstructions: One of the studies produced coni-
cal morphologies termed as TGC by placing iron needles ver-
tically in a microwave plasma discharge with methane and 
nitrogen, at 750 W, 600°C, 15 torr pressure [6]. In this case, 
the iron from the needle acted as the catalyst to promote the 
central carbon nanotube growth. In the other report, similar 
CCNT morphologies termed as CNPs were synthesized on 
platinum wires placed vertically in a microwave plasma dis-
charge containing methane and hydrogen, at 950 W and 
25 torr pressure [5]. Both types of structures are very similar, 
having open tips with no metal catalyst particles and no 
obstructions within the internal channel. In both reports, it 
was suggested that small amounts of methane diluted in 
either hydrogen or argon resulted in high surface tempera-
ture at the wire substrate. In both cases, a catalyst particle 

(a) 0.5 µm
(b)

2 µm0.5 µm

Channel 2

Channel 1

Main channel

FIGURE 22.8 TEM images of branched morphologies: (a) Y-junctions formed by spontaneous coalescence of liquid metals upon physical 
impingement of two CMTs. (b) A CMT structure with multiple branches resulting through coalescence of several CMTs during growth.
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(either iron or platinum) helped with the nucleation and 
growth of a multiwalled carbon nanotube. However, there are 
two contrasting suggestions on how tapered growth occurs: 
The first suggested mechanism implies that the basal accu-
mulation of iron catalyst initiates nucleation of new graphene 
walls thickening at the base and its competition with vertical 
growth allows tapering (Figure 22.9b). The second suggested 
mechanism states that as the central multiwalled nanotube 
continues to grow axially with catalyst at its tip, it acquires a 
tapered morphology in the early stages as an effect of the 
shrinkage of the catalyst particle due to evaporation. Because 
of the presence of plasma discharge containing methane and 
hydrogen, further growth can occur with initiation of new 
scrolling graphene sheets and growth at the open-ended tip 
without the presence of catalyst (Figure 22.9c). In addition to 
deposition, the plasma exposure leads to greater etching near 
the tip, preserving the conical morphology even at longer 
synthesis timescales.

Experiments involving hydrocarbon decomposition on to 
presynthesized carbon fibers also resulted in sparse growth 
of conical-shaped morphologies on carbon fiber substrates 
[27]. The underlying mechanism is not clear but may be simi-
lar to that shown in Figure 22.9b. Conically shaped tips on 
multiwalled carbon nanotubes were also observed with fur-

ther hydrocarbon decomposition onto iron catalyst loaded, 
presynthesized carbon fibers [28]. Similar structures of coni-
cal shaped tips on multiwalled carbon nanotubes shown in 
Figure 22.4c were synthesized using a synthesis temperature 
of 1325°C and bubbling of ferrocene in toluene, using hydro-
gen and argon gas mixtures [15]. One of the suggestions is 
that the conical shape is acquired from the multiwalled 
carbon nanotube growth basally on a conically faceted cata-
lyst in the early stages.

Irrespective of the underlying growth mechanism, it is essen-
tial to grow CCNT arrays on to large area, f lat substrates for 
applications. However, it is difficult to reproduce the exact 
conditions on the f lat substrates with those existing on the 
wire substrates immersed in plasma discharges for forming 
the CCNT structures. For example, the temperature and the 
radical species density that exist on the immersed wire sub-
strates are much higher than the typical conditions that can 
be obtained for f lat substrates. Only one to two reports beyond 
the authors’ laboratory exist on the growth of CCNTs on 
planar substrates and the results indicated limited control 
on the resulting morphology and the array density [16,29]. 
Much more work needs to be done in obtaining similar CCNT 
array structures on large area, f lat substrates for various 
applications.

FIGURE 22.9 Schematics illustrating different growth mechanisms suggested for conical carbon nanotubular growth: (a) the catalyst assisted 
growth of central carbon nanotube along with uneven plasma deposition/etching enables the observed growth of conical graphite structure, (b) the 
catalyst-assisted basal growth of a central carbon nanotube followed by continuous nucleation of new graphene walls for thickening the base while 
tapering vertically in thickness forming a conical structure, and (c) catalyst assisted tip-led growth of a central carbon nanotube followed by the 
evaporation of the catalyst particle and simultaneous deposition and etching of the helical graphite edge planes leading to the conical morphology.
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22.3.2 Morphological Control

The shape of the conical carbon nanotube structures grown 
on planar substrates with tip-led growth were mostly affected 
by the gas phase composition [7]. In the case of the CCNT 
structures grown using direct immersion of substrates inside 
plasma discharges, the length, tapering, and the array den-
sity are affected by varying different process conditions such 
as pressure, microwave power, and the wire substrate’s place-
ment inside the plasma discharge [5,6,16,29]. The latter con-
dition seems to be the most effective in terms of controlling 
the tapering geometry and the structure of the resulting 
tapered morphology with simultaneous etching and growth. 
Rapid deposition of loose carbon at bases results in low 
aspect ratio conical structures as shown in Figure 22.10a. 
The high aspect ratio CCNTs are grown where growth/etch-
ing is optimized as shown in Figure 22.10b. The aspect ratios 
can also be controlled by changing the composition of H2 
and CH4 [30]. In a similar way, the density of the CCNTs can 
be varied by changing the process conditions as shown in 
Figure 22.10c.

Postsynthesis strategies could also be used for altering the 
tapered morphology of the presynthesized CCNT structures. 
The H2 plasma etching can be used to remove the loose carbon 
flakes and prolonged etching can lead to straight multiwalled 
CNT as shown in Figure 22.11a and b [30]. Hydrogen etching 
can also result in carbon nanotube on CCNT tips as shown in 
Figure 22.11c. The oxidation of conical carbon tubular structures 
grown on silicon wafers [16] modified the CCNT structure to 
stepped cylindrical morphology as shown in Figure 22.11d.

The tip size and inner diameter can be altered by changing the 
initial catalyst particle size as the latter plays a key role in 
determining the size of the MWNT. It is also assumed that the 
spinning of the catalyst droplet formed on the surface promotes 
the growth of helical graphite sheets surrounding the core CNTs 
[29]. The temperature (controlling the size of catalyst particle) 
and the methane concentration should be sufficient for the growth 
on flat substrates, where conditions are different from the wires 
immersed into the plasma. Though the temperature of substrate 
was low, self-bias around the iron needles including the strong 
electric field in the plasma resulted in conical structures [6]. 

FIGURE 22.10 SEM images illustrating different morphologies of CCNT structures grown using platinum wire substrates placed vertically in 
the microwave plasma discharge: (a) the CCNTs with large bases containing heavy amount of loose carbon around their bases, (b) the typical 
morphology of a high density of CCNTs grown in an array fashion, and (c) low-density arrays of CCNTs.

5 µm 5 µm1 µm

(a) (b) (c)

FIGURE 22.11 SEM images of the CCNTs after postsynthesis etching treatments: (a) an as-synthesized CCNT; (b) the CCNT after fully etched 
using hydrogen plasma exposure at 800–900°C temperature; (c) the CCNT structure after partial etching with hydrogen plasma exposure, and (d) 
the telescopic structure of the CCNT structure formed with thermal oxidation using oxygen. (From Shang, N., Milne, W.I., and Jiang, X., J. Am. 
Chem. Soc., 129, 8907, 2007. With permission.)
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Continuous supply of metal suppressed the growth of CNTs, 
encouraging the growth of TGCs [29]. The formation of tubes 
having a continuous tapered morphology, as shown in Figure 
22.3c, can be explained by catalyst assisted growth, with con-
tinuous evaporation of the catalyst particle, forming ∼200 nm 
long conical structures, before the catalyst particle evaporates 
completely. A steady supply of catalyst particles leads to the 
growth of new tapered tubes on top of the already existing ones 
from the new catalyst particles, ultimately forming long tubes. 
Structures, similar to this, as shown in Figure 22.4b can also be 
explained by the same growth mechanism.

22.4 Applications

22.4.1 New Electrode Materials

All conical carbon tubular structures have unique surface struc-
tures compared to both single walled and multiwalled carbon 
nanotubes. The surfaces of the conical carbon tubular structures 
are completely made up of highly reactive graphene edge sites [5]. 
So, the electrochemical properties of any conical carbon 
material will be different from that of traditional carbon-based 
materials such as highly oriented pyrolytic graphite, carbon nano-
tubes, and diamond. Typically, several redox reactions involving 
neurotransmitters such as dopamine exhibit irreversibility on a 
number of carbon-based materials with peak separations as high 
as 1000 mV. However, the kinetics of the same redox reaction on 
the as-synthesized conical carbon tube arrays are fast and revers-
ible with peak separations less than 150 mV. In addition, dopamine 
needs to be detected in the presence of high amounts of ascorbic 
acid. But, the oxidation peaks of dopamine and ascorbic acid 

compounds occur at nearly the same potential (∼200 mV vs. Ag/
AgCl). The as-synthesized conical carbon tube array electrodes 
after one-time oxidation treatment at anodic potential of 2.0 V 
vs. Ag/AgCl in 0.5 M H2SO4 shifts the ascorbic acid peak while 
leaving the dopamine peak intact. See Figure 22.12 showing well 
resolved peaks of ascorbic acid and dopamine [31]. In essence, 
the CCNT arrays can become an important class of electro-
chemical materials for sensing neurotransmitters and other 
important biological species.

22.4.2  Templates for Nanoelectrode 
Ensembles

Conical carbon nanotubular structures are also of interest  
for nanoelectrode applications due to their nanoscale tips. 
Nanoelectrodes offer several advantages compared to their 
micron-sized counterparts due to their small critical dimen-
sions. Nanoelectrodes exhibit radial diffusion, rapid attainment 
of steady state currents, increased signal to background ratios, 
higher sensitivities, and decreased effects from an ohmic poten-
tial drop compared to large electrodes [31]. However, an ensem-
ble of nanoelectrodes instead of a single nanoelectrode is 
required for obtaining the increased signals. In order to make 
such an ensemble, the spacing between each nanotip should be 
in the order of microns to avoid overlapping concentration 
boundary layers.

Conical CNP arrays, due to their conical geometry, contain 
tips spaced from each other by few microns depending upon 
their base widths. However, the as-synthesized conical carbon 
nanopippette arrays behave as microelectrodes. This is because 
the conical carbon structures touch each other at their bases. 

FIGURE 22.12 A cyclic voltammogram using CNP electrode at 100 mV/s scan rate in a 0.1 mM dopamine and 10 mM ascorbic acid solution in 
0.1 M KCl in 0.2 M phosphate buffer solution, pH 7, after a single anodic oxidation treatment. (From Lowe, R.D. et al., Electrochem. Solid State Lett., 
9, H43, 2006. With permission.)
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FIGURE 22.13 Fabrication and electrochemical testing of nanoelectrode ensembles using the conical carbon nanotube arrays: (a) a schematic 
illustrating the effect of dip coating of CCNT array using a polymer for the separation of diffusion boundary layers for each nanotip exposed. 
Polymer coating helps to space the electrodes; (b) the SEM of CNP NEE after polymer coating showing the well-spaced nanotips; (c) the cyclic 
voltammograms taken at 10–400 mV/s scan rates for an uncoated CNP array exhibiting planar electrode behavior with peak-shaped responses; 
and (d) the cyclic voltammograms using polymer-coated CNP NEE showing the sigmoidal response indicating the nanoelectrode behavior. 
(From Lowe, R.D. et al., Electrochem. Solid State Lett., 9, H43, 2006. With permission.)
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A simple dip coating of CNP arrays using a polymer exposes 
only the top portion of well-separated, conical tips to electrolyte 
as shown in Figure 22.13a and b. Electrochemical studies per-
formed on these electrode assemblies show a very clear shift 
from microelectrode behavior to nanoelectrode behavior 
when coated with the polymer. Cyclic voltammetry performed 
on these electrodes is shown in Figure 22.13c and d. The plots 
show that the uncoated electrodes exhibit a planar electrode 
behavior with a peak-shaped response and the coated elec-
trodes exhibit a sigmoidal response, indicative of steady-state, 
diffusion-limited currents [31].

Even though carbon itself is an interesting material for several 
applications based on nanotips, conical-shaped nanotip arrays 
of other materials are also interesting. In this regard, the nano-
electrode ensembles of other materials could easily be fabricated 
by depositing materials of interest onto the conical carbon tube 
arrays. The diamond nanotip array electrodes are fabricated 
easily by depositing boron-doped diamond on to conical carbon 
tube arrays (see Figure 22.14a and b).

22.4.3 Field Emission Applications

The CCNT structures with conical geometry and nanoscale tips 
are interesting for field emission applications. A recent study 

[32] reported very low threshold voltages of 0.27 V/µm and a 
current density of 1 µA/cm2. A stable emitting current density 
of 1.9 mA/cm2 at only 0.6 V/µm was reported. In addition to 
having low work function, the conical bases allow for maximum 
contact with the substrate for high field emission currents over 
long periods of time. The threshold voltage shown by these 
structures was three times lower than that shown by conical 
nanofibers [33]. The results shown in Ref. [32] are affected to 
some extent by the presence of encapsulated metal catalyst par-
ticles at their tips. However, the true work function and field 
emission properties of conical carbon nanotube structures are 
yet to be understood.

22.4.4 Porous Carbons

Large quantities of carbon microtubes with controlled inter-
nal diameters and conical angles could be useful as mesopo-
rous carbons for high surface area and catalyst support 
applications. In general, the applications of porous carbons 
can be grouped into two categories: (i) based on the architec-
ture of their pores for structural and thermal applications and 
their use as templates for making ceramics and (ii) as activated 
carbons. Activated carbons are used extensively as catalysts 
and catalyst supports for water and air purification, removing 

43722_C022.indd   12 7/2/2008   6:46:01 PM



Carbon Microtubes and Conical Carbon Nanotubes 22-13

FIGURE 22.14 (a) SEM image of conical carbon nanotube arrays covered with diamond, (b) visible Raman spectra obtained on the diamond 
coated conical carbon nanotube arrays, (c) SEM image of a diamond coated carbon microtube, and (d) UV Raman spectra obtained on the 
diamond coated carbon microtube indicating the presence of ultrananocrystalline diamond.
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color from various types of sugar syrups, separating amino 
acids from their solution acetic acid, separating aromatic 
acids, catalysts, and catalyst supports [34]. Activated carbon 
materials are also being investigated for possible applications 
in hydrogen storage [35]. Microtubular materials can offer 
highly interconnected porous structures enabling facile diffu-
sion of species into and out of the carbon structures. The non-
carbon-based microtubular materials are also of interest. For 
example, the aluminum borate microtubular materials are 
used in structural applications [36,37], zinc oxide microtubes 
show promise in gas sensing [38], and ZnO nano/microtubes 
are good candidates for safe biological cavities and template 
materials due to their innocuity and chemical characters. High 
surface area silicon carbide (SiC) is used as an important 
high-temperature structural material, such as catalyst support 
and hot-gas filter, and offers many advantages due to its unique 
properties, e.g., low thermal expansion coefficient, good 
thermal shock resistance, and chemical stability at elevated 
temperature [39] Similarly, TiO2 microtubes for photocata-
lytic applications [40], diamond microtubes as reinforcement 
agents [41] are known applications. The carbon microtubes 
can serve as templates for producing microtubes of other 
materials. For example, diamond can easily be deposited on 
to carbon microtubes transforming them into diamond 
microtubes with shapes of the original carbon microtubes as 
shown in Figure 22.14c and d.

22.4.5  Drug Delivery, Fluid Flow, and Other 
Miscellaneous Applications

Conventional syringes used for drug delivery are often painful 
and limit targeted drug delivery. In this regard, nano and 

microneedles present a suitable alternative as they are painless 
and can be used for highly localized drug targeting. Many differ-
ent designs of microneedle-based drug delivery systems have 
been demonstrated. In many cases, these micropipettes are fab-
ricated rather than synthesized. One limitation in microfabri-
cating vertical microneedles is their maximum achievable length 
[42]. Also, the materials which have been used for fabricating 
these needles are mainly limited to silicon [43], glass [44], metal, 
and biodegradable polymer [45]. Carbon based nanopipettes 
were fabricated using chemical vapor deposition of carbon onto 
catalyst coated, interior surfaces of pulled quartz capillary (or 
nanopipette) tubes, and removing the quartz exterior [46]. Such 
carbon-based nanopipettes situated at the end of a long quartz 
capillary will be useful in both drug delivery and sensing 
applications.

The synthesized carbon based micro/nanopipette arrays 
and needles are also of immense interest to the above type of 
transdermal drug delivery applications if they can be inte-
grated into macroscale systems. Moreover, recent studies on 
fluid flow through carbon nanotubes have shown interesting 
fluid behavior due to the hydrophobicity of the interior sur-
face. The fluid flow through 7 nm diameter nanotubes was 
shown to be four to five orders of magnitude faster than that 
predicted by conventional fluid dynamics [47]. This was attrib-
uted to the almost frictionless interface at the CNT wall. 
Similar results were obtained using even smaller nanotubes 
(∼2 nm) for liquids and gases [48]. Further studies showed that 
by attaching different end groups to nanotubes, selective liq-
uids can be flown [49,50]. With open-ended tips and the 
mechanical rigidity of the conical structure, the fluid flow 
through CCNT arrays should find several applications includ-
ing drug delivery.
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Micropipette structures are also of interest for many new types 
of applications such as fountain pen chemistry when integrated 
with atomic force microscope’s cantilever [51]. Nanopipette 
syringes, which can dispense fluids with a precise control of 
volume, are of tremendous interest. Two kinds of syringes were 
reported, a double barrel nanopipette [52] and an electrochemical 
attosyringe [53]. In the double barrel type nanopipette, an electro-
chemical potential is applied to two different fluid compartments, 
which sets up an electroosmotic flow of the fluid out of the nano-
pipette. By controlling para meters, such as the applied voltage and 
pulse duration, the volume of fluid coming out of the syringe can 
be controlled to attoliter precision. In the electrochemical attosy-
ringe [54], an applied potential between electrodes immersed in 
the fluid inside and the fluid surrounding the nanopipette induced 
the fluid flow into or out of the pipette with attoliter precision.

Another interesting application for the electron transparent 
micro tubes, partially filled with gallium is their use as nano-
thermometers [8]. Gallium exists as liquid from 29.8°C to 1050°C 
while exhibiting low vapor pressure. Interestingly, the expansion 
coefficient of gallium inside the nanotube was the same as the 
expansion coefficient of gallium in the macroscopic state. This 
was unlike the melting point for nanoquantities of materials 
which are influenced by surface effects.

22.5 Summary

The synthesis, structure, and applications of various micron-
scale and conical morphologies of carbon tubes have been 
described and discussed.
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