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(54) Title: CARBON NANOTUBE(S) AND METHOD FOR MAKING THE SAME

(a)

(57) Abstract: The present
invention provides a carbon
nanotube  (CNT)  comprising
at least one outer tube and
at least one inner tube. In
particular, the carbon nanotube
is a tube(s)-in-tube carbon
nanotube (TiT-CNT). The present
invention also provides a method
for preparing carbon nanotubes
(CNTs) comprising the steps
of: (a) providing at least one
nanotemplate; (b) performing a
first pyrolysis in the presence of
at least one first carbon source,
wherein the at least one first
carbon source contacts the at
least one nanotemplate; and (c)
performing at least one further
pyrolysis in the presence of at least
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one second carbon source, wherein the at least one first carbon source and the at least one second carbon source are the same or

different.
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Carbon nanotube(s) and method for making the same

Field of the invention

The present invention relates to carbon nanotube(s) and to method(s) for
making the same. The carbon. nanotube(s) according to the invention have
applications in many fields, such as hybrid power sources for electrical energy,
digital telecommunication systems, uninterruptible power supply - (UPS) for

computers, and pulse laser technique.

Background of the invention

The power requirements for a number of portable electronic devices have
exceeded the capability of conventional batteries to such an extent that great
attention is being focused on supercapacitors with higher power density and

less reduction in energy density.

Electrode materials for electrochemical capacitors (EC) have been extensively
studied due to the increasing demand for new kind of energy storage devices
with high specific power and long durability (B. E. Conway, 1999). These
storage devices can be used in digital telecommunication systems,
uninterruptible power supply (UPS) for computers, pulse laser technique, and
the like. The electrode materials can be conducting polymers (such as,
polyacetylene, polypyrrole, and polyaniline) (K. Lota et al., 2004: S. K. Ryu et
al., 2003), oxides (such as RuO, and Co304) (K. H. Chang et al., 2004; D.
Rochefort and D. J. Guay, 2005; J. N. Broughton and M. J. Brett, 2005), or their
composites. Recently, carbon nanotubes (CNTs) have been studied for

electrochemical supercapacitor electrodes due to their unique properties, such

.-as large surface area, high chemical stability, flexibility and high conductivity (C.

Niu et al., 1997; K. H. An et al., 2001; J. Y. Lee et al., 2003). The capacitance of
CNTs strongly depends on the purity of the CNT and electrolyte (E. Frackowiak
et al, 2001, J. N. Barisci et al, 2003; J. N. Barisci et al., 2004).
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Functionalization of CNTs (C. Niu et al., 1997; J. Y. Lee et al.,, 2003; E.
Frackowiak et al., 2000; B. J. Yoon et al., 2004) and modification of the CNTs
with conducting polymers can also increase the capacitance of CNT
supercapagcitors because conducting polymers are also common electrode

5 materials for supercapacitors and are known to create pseudocapacitance
through Faradaic process (C. Zhou et al., 2005; M. Hughes et al., 2002: C.
Downs et al., 1999).

Summary of the invention

10 The present invention seeks to address the problems above, and in particular -
provides tube(s)-in-tube carbon nanotubes (TiT-CNTs) for use in various
applications including, but not limited to, khybrid power sources for electrical
energy, digital telecommunication systems, uninterruptible power supply (UPS)
for computers and pulse laser techniques. The TiT-CNTs may be prepared by a

15 two-step pyrolysis process.

According to a first aspect, the present invention provides a method for

preparing carbon nanotubes (CNTs) comprising the stepsvof:
(a) providing at least one nanotemplate:

(b) performing a first pyrolysis in the presence of at least one first carbon
20 | source, the at least one first carbon source contacting -the at least one

nanotemplate; and

(c) performing at least one further pyrolysis in the presénce of at least one

second carbon source,

wherein the at least one first carbon source and the at least one second carbon

25  source are the same or different.
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The CNTs may comprise at least one outer tube and at least one inner tube.
CNTs comprising at least one tube may be formed after step (b). In particular,
CNTs comprising at least one outer tube and at least one inner tube may be
formed after step (c). The tube formed after step (b) may be the outer tube of
the CNTs formed after step (c). The CNTs may- be tube(s)-in-tube CNTs (TiT-
CNTs). The TiT-CNTs are formed after the at least one further pyrolysis. The at
least one outer tube and the at Ieést one inner tube may be single-walled CNTs
(SWCNTs) and/or multi-walled CNTs (MWCNTS).

According to a second aspect, the present invention provides a method for

preparing tube(s)-in-tube carbon nanotubes (TiT-CNTs) comprising the steps of:

(a) providing at least one nanotemplate;

(b) preparing carbon nanotubes (CNTs) by performing a first pyrolysis in the
presence of at least one first carbon source, the at least one first carbon

source contacting at least one nanotemplate; and

(c) performing at least one further pyrolysis in the presence of at ieast one

second carbon source,

wherein the at least one first carbon source and the at least one second carbon

source are the same.or different.

The CNTs formed from step (b) may be single-walled CNTs (SWCNTSs) and/or
multi-walled CNTs (MWCNTSs). The TiT-CNTs may comprise at least one outer
tube and at least one inner tube. The at least one outer tube ‘and the at least

one inner tube may be single-walled CNTs (SWCNT.s) and/or mulii-walled
CNTs (MWCNTSs).

According to a particular aspect, the average diameter of: the at least one tube
of the CNTs formed after step (b) of any method of the present invention; and/or

the at least one outer tube of the CNTs formed after step (c) of any method of
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the present invention, may be from 30 nm to 400 nm. The average diameter of:
the at least one inner tube of the CNTs formed after step (c) of any method of
the present invention may be less than or equal to about 20 nm. More in
particular, less than or equal to about 10 nm, and even more in particular, about

7 nm.

In the method according to any aspect of the present invention, the first
pyrolysis and/or the at least one further pyrolysis may be performed in the
presence of a catalyst. Any suitable catalyst may be used. For example, the
catalyst may be a transition metal. The catalyst may be selected from a group
consisting of: Ni, Fe, Co, Al, Mn, Pd, Mo, W, Cr and alloys thereof. The catalyst
may be deposited onto and/or inside the at least one nanotemplate. The
catalyst may be deposited onto the inner walls of the CNTs prepared from the

first pyrolysis of step (b).

The catalyst may be deposited onto the inner walls of the CNTs formed after
step (b) by immersing the at ieast one nanotemplate and/or CNTs into a
catalyst-containing solution. Any suitable catalyst-containing solution may be
used. For example, the catalyst-containing solution may comprise at least one
of the catalysts described above. In particular, the catalyst-containing solution

may be NizSOs4. The immersion may be carried out for a suitable period of time.

The at least one nanotemplate according to any aspect of the present invention

may’ be-porous. For example,- the at ieast one nanotemplate may be anodic

‘aluminium oxide and/or titanium oxide. The average‘pore'diameter‘ of .the

nanotemplate may be from 10 nm to 400 nm. The average thickness of the

nanotemplate may be from 0.5 to 500 um.

Any suitable carbon source may be used for the methods according to the
present invention. The carbon source may be a hydrocarbon source. The at
least one first carbon source and the at least one second carbon source may be

independently selected from the group consisting of: alkane, alkene, alkyne,
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aromatic hydrocarbon, carbon monoxide, metal organic compound and a
mixture thereof. In particular, the at least one first carbon source and the at
least one second carbon source may be independently selected from the group
consisting of: methane, ethylene, benzene, acetylene, carbon monoxide,
Co(CO)s, Fe(CsHs)2 and a mixture thereof. Even more in particular, the at least
one first carbon source and/or the at least one second carbon source is

ethylene, acetylene or a mixture thereof.

According to a particular aspect, the first pyrolysis and the at least one further
pyrolysis may be performed under the same or different conditions. The
conditions may include temperature and time. The first pyrolysis and/or the at
least one further pyrolysis may be performed at a temperature greater than
300°C. In particular, the temperature may be from 400°C to 1000°C. Even more
in particular, the temperature is from 500°C to 650°C. The first pyrolysis and/or
the at least one further pyrolysis may be performed from 10 fo 120 minutes. In
particular, the first pyrolysis and/or the at least one further pyrolysis may be
performed from 30 to 80 minutes.

According to a particular aspect, the first pyrolysis and/or the at least one further

pyrolysis may be performed in the presence of a mixture of gases, the mixture

comprising hydrogen- gas and/or an inert gas. For example, the inert gas may

be argon, helium, neon, nitrogen, krypton, xenon, radon, or a mixture thereof.

- According to another particular aspect, the method according to any aspect of

the-preseht invention may comprise the step of removing the CNTs formed after

step (b) and/or step (c) from the at least one nanotemplate.

Accordjng to - another aspect, the present invention also provides carbon

nanotubes (CNTs) obtainabie by any method of the present invention.

The present invention also provides a carbon nanotube (CNT) comprising at

least one outer tubé and at least one inner tube. The at ieast one outer tube
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and/or the at least one inner tube may be a single-walled CNT (SWCNT) or a
multi-walled CNT (MWCNT).

The average diameter of the at least one outer tube of the CNTs may be from
30 nm to 400 nm. The average diameter of the at least one inner tube of the
CNTs may be less than or equal to about 20 nm. More in particular, less than or

equal to about 10 nm, and even more in particular, about 7 nm.

The present invention also provides -a use of carbon nanotubes (CNTs)
comprising at least one outer tube and at least one inner tube in the

manufacture of: electrodes; fuel cells; hydrogen storage devices: batteries:

- sorbents for air/water purificaﬁon and/or gas separation systems; catalyst

supports; and/or supercapacitors.

The present invention also provides an electrode and/or a supercapacitor
comprising at least one CNT prepared according to any method of the present
invention. The at least one CNT may comprise at least one outer tube and at
least one inner tube.

The present invention also provides an electrode and/or a supercapacitor
comprising at least one carbon nanotube (CNT), the at least one carbon

nanotube comprising at least one outer tube and at least one inner fube.

Brief description of the figures

Figure 1: SEM images of the AAO-template after a first step of pyrolysis of
ethylene: (a) 50 nm multi-walled carbon nanotubes (MWCNTS) are imbedded in

the AAO template nanopores; and (b) after partially removing the surface of the

- AAO template.
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Figure 2: SEM images of the tube-in-tube carbon nanotubes (TiT-CNTs) after
the second step of pyrolysis of ethylene and total removal of the AAO template:
(a) Sample ATM50: 50 nm outer diameter and (b) Sample ATM300: 300 nm
outer diameter.

Figure 3: The cyclic voltammetry (CV) plots of five samples in 0.5M H.SO4 at a
scan rate of 50 mV/s.

Figure 4: Pore size distribution of five samples calculated using Barrett-Joyner-
Halenda (BJH) method.

Detailed description of the invention

Bibliographic references mentioned in the present specification are for
convenience listed in the form of a list of references and added at the end of the
examples. The whole content of such bibliographic references is herein

incorporated by reference.

In this invention, it was found that high capacitance value of supercapacitors
made of tube(s)-in-tube carbon nanotubes (TiT-CNTs) can be realized. The TiT-
CNTs, optionally with uniform diameteks,) may be synthesized by a two-step

chemical yapbur‘ deposition kp\roceSS or two-step pyrdlysis of ethylene on AAO .

template. For example, in the first step, large-diameter mu]ti-walled carbon

nanotubes (MWCNTs) may be grown from the pyrolysis of ethylene (CaHy)

using an anodic aluminium oxide (AAO) template which can be easily produced

by a two-step anodization of aluminium foil. In the second step, the TiT-CNTs

~ may be fabricated by the second pyrolysis of éthylene (C,H,). The capacitance

of the supercapacitors based on TiT-CNTs are related to the diameter and
structure of the TiT-CNTs, which may be controllable in the two-step process.
The TiT-CNTs may comprise at least one outer tube and at least one inner

tube. The diameter of the tubes formed may be controlied, as desired. This
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method is simple, easy and may be suitable for large scale production.
Accordingly, the present invention provides carbon nanotubes which can exhibit
high capacitance. Such carbon nanotubes may have applications as hybrid
power sources for electrical-energy, in digital telecommunication systems, as

uninterruptible power supply (UPS) for computers, and in pulse laser technique.

According to a first aspect, the present invention provides a method for

preparing carbon nanotubes (CNTs) comprising the steps of:
(a) providing at least one nanotemplate;

(b) performing a first pyrolysis in the presence of at least one first carbon
source, the at least one first carbon source contacting the at least one

nanotemplate; and

(c) performing at least one further pyrolysis in the presence of at least one

second carbon source,

wherein the at least one first carbon source and the at least one second carbon

source are the same or different.

The CNTs may comprise at least one outer tube and at least one inner tube.
CNTs comprising at least one outer ‘tube and at least -one inner tube may be‘
formed after step (c) In partlcular the CNTs comprising at least one outer tube
and at least one inner tube formed after step (c) may be referred to as tube (s)-
in-tube CNTs (TiT-CNTs). There may be a plurality of inner tubes. CNTs
comprising at least one tube may be formed after step (b). The at least one tube
of the CNT formed after step (b) may be the at least one outer tube of the CNT
formed after step (c). The CNTs may be single-walled CNTs (SWCNTs) and/or
multi-walled CNTs (MWCNTSs). In particular, the at least one outer tube and/or
at least one inner tube may be SWCNTs or MWCNTSs. The at least one tube of
the CNT formed after step (b) may be SWCNT or MWCNT.
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According to.a second aspect, the present invention provides a method for

preparing tube(s)-in-tube carbon nanotubes (TiT-CNTs) comprising the steps of:

(a) providing at least one nanotemplate;

(b) preparing carbon nanotubes (CNTs) by performing a first pyrolysis in the
presence of at least one first carbon source, the at least one first carbon

source contacting at least one nanotemplate; and

(c) performing at least one further pyrolysis in the presence of at least one

second carbon source,

wherein the at least one first carbon source and the at least one second carbon

source are the same or different.

' The CNTs formed from step (b) may be single-walled CNTs (SWCNTSs) and/or

multi-walled CNTs (MWCNTs). The TiT-CNTs may be SWCNTs and/or
MWCNTs. The TiT-CNTs may comprise at least one outer tube and at least one
inner tube. In particular, there may be a plurality of inner tubes. For example,
the at least one inner tube are comprised within the at least one outer tube to

form the T|T-CNTs The at least one outer tube and the at least one inner tube :

‘may be SWCNTs and/or MWCNTSs.

For the purposes of the present invention, carbon nanotubes (CNTs) are
defined as a substance in which a carbon atom is bonded to neighbouring three
carbon atoms, these bonded carbon atoms forming a hexagonal ring with other
adjacent bonded carbon atoms and such rings being repeated in a honeycomb
pattern to form a sheet which rolls into a cylindrical tube. CNTs are primarily or
completely carbon in a substantially cylindrical or rod-like form. The CNTs may
include both tubes and rods. The CNTs may be single-walled CNTs (SWCNTs)
or multi-walled CNTs (MWCNTe).
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SWCNTs are fullerenes consisting essentially of sp? -hybridized carbon typically
arranged in hexagons and pentagons. These carbon cylindrical structures,
known commonly as "buckytubes”, have extraordinary properties, including high

electrical and thermal conductivity, as well as high strength and stiffness.

MWCNTSs are nested single-wall carbon cylinders and possess some properties
similar to SWCNTs. However, since SWCNTs have fewer defects than

MWCNTs, SWCNTSs are generally stronger and more conductive. Additionally,

SWCNTs have considerably higher available surface area per gram of carbon

than MWCNTSs. Dislpersing SWCNTs, however, is much more difficult than
dispersing MWCNTs because the SWCNTs can "rope" together in aligned
bundles of a few to many hundreds of nanotubes and be held tightly together by
van der Waals forces. |

The CNTs formed according to any method of the present invention may have

an average diameter of less than 500 nm. In particular, the average diameter of

the at least one tube of the CNTs formed after step (b) and/or the average

diameter of the at least one outer tube of the CNTs formed after step (c) may be

from 30 nm to 400 nm. Even more in particular, the average diameter of the at

least one tube and/or the at least one outer tube may be from 50 nm to 300 nm.

For example, the average diéméter of the at least one tube and/or the at least
one outer tube is 50 nm-or 300 nm. The average diameter of the at least one
tube and/or the at least one outer tube. may depend -on the average pore

diameter of the at least one nanotemplate.

The average diameter of the at least one inner tube of the CNTs formed after
step (c) may be less than or equal to the éverage diameter of the at least one
outer tube. In particular, the average diameter of the at least one inner tube may
be less than or equal to 100 nm. The average diameter of the at least one inner
tube may be less than or equal to 20 nm. More in particular, less than or equal

to 10 nm, and even more in particular, about 7 nm.
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For the purposes of the present invention, the term ‘pyrolysis’ is defined as the
chemical decomposition of a compound by the action of heat. The conditions
under which pyrolysis is performed may be varied, such as catalyst (if used),
temperature, time, pressure and/or fiow rate of the material used in the
pyrolysis. The characteristics of the CNTs obtained may depend on the
conditions of the first pyrolysis and/or the at least one further pyrolysis. The first
pyrolysis and the at least one further pyrolysis may be performed under the
same or different conditions.

According to a particular aspéct, the first pyrolysis and/or the at least one further
pyrolysis may be performed in the presence of a catalyst. In particular, the first
pyrolysis may be performed in the presence of a catalyst. The catalyst may be
deposited onto and/or inside the at least one nanotemplate. In particular, the at
least one further pyrolysis may be performed in the presence of a catalyst. The
catalyst may be deposited onto the inner walls of the CNTs formed after step
(b). In particular, the catalyst may be deposited onto the inner walls of the at

least one tube of the CNTs formed after step (b).

The catalyst may be deposited by any suitable method. The catalyst may be
deposded by an impregnation process For- example, the catalyst may be
deposited by immersing the at.least one nanotemplate and/or CNTs into a
catalyst-containing solution for a suitable period of time. The immersion of the at
least one nanotemplate and/or CNTs into the catalyst-containing solution may

be carried out from 30 minutes to 4 hours.

Any suitable catalyst may be used for the purposes of thé present invention.
The catalyst may be a transition metal. The catalyst may be selected from the
group consisting of: Ni, Fe, Co, Al, Mn, Pd, Mo, W, Cr, Ti, Ru, Re, Rh, V and
alloys thereof. In particular, the catalyst may be Ni or Co. The catalyst-

containing solution may be NisSO, solution.
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The first pyrolysis and the at least one further pyrolysis may be carried out in
the presence of a carbon source. The carbon source used for each pyrolysis
may be the same or different. Any suitable carbon source may be used. The
carbon source may be a hydrocarbon source. The carbon source may include
but is not limited to aliphatic hydrocarbons, aromatic hydrocarbons, carbonyls,
halogenated hydrocarbons; silyated hydrocarbons, alcohols, ethers, aldehydes,
ketones, acids, phenols, esters, amines, alkyinitriles, thioethers, cyanates,
nitroalkyls, alkylnitrates, and/or mixtures of one or more of the above. In
particular, the carbon source may be independently selected from the group

consisting of: alkane, alkene, alkyne, aromatic hydrocarbon, carbon monoxide,

~metal organic compound and mixtures thereof. More in particular, the carbon

- source may be any one of the following or a miXture thereof: methane, ethane,

propane, butane, ethylenye, benzene, acetylene, methylsilane.carbon'monoxide,
Co(CO)s and ‘Fe(C5H5)2. Even more in particular, the carbon source may be
ethylene, acetylene or a mixture thereof. The type of carbon source may
determine the type of CNTs formed. For example, performing pyrolysis in the
presence of some carbon sources may form hlgher quality CNTs compared to

when other- carbon. sources are used due to better graphltlzatlon and/or

" carbonization- durmg pyrolysis. In particular, ethylene forms better graphltlzed

CNTs compared to acetylene (H. Pan et al, J. Nanosci. Nanotech., 2004). The |
volumetric flow rate of the carbon source being supplied to the pyrolysis step
may be controlled. For example, the volumetric flow rate may be from 1 scom to
100 sccm. In particular, the volumetric flow rate may be from 10 sccm to 50

sccm, more in particular, 16 sccm.

The first pyrolysis and the at least one further pyrolysis may be carried out at a
suitable temperature for a suitable period of time. The temperature may be
greater than 300°C. In particular, the temperature may be from 400°C to
1000°C. More in particular, the temperature may be from 500°C to 650°C. The

temperature ét which pyrolysis is performed may depend on the carbon source
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used for the pyrolysis. For example, between the use of acetylene and ethylene
for the carbon source, the temperature at which pyrolysis is conducted when
écetylene is used as the carbon source is much lower than when ethylene is
used. The temperature required when acetylene is used may be greater than
550°C, whereas using ethylene, a temperature of greater than 850°C may be

required. Methane, in turn, requires an even higher pyrolysis temperature.

The time period for which the first pyrolysis and/or the at least one further
pyrolysis is.carried out may be from 10 minutes to 120 minutes. In particular,

pyrolysis may be carried out from 30 minutes to 80 minutes.

The first pyrolysis and/or the at Ieasto_ne further pyrolysis may be carried out in
the presence of a gas or a mfxtur‘e of gasés. The gas and/or mixture of gases
may include, but fnay not be limited to, hydrogen gas and/or an inert gas. The
inert gas may be -argon, helium, neon, nitrogen,J krypton, xenon, radon and/or a
mixture thereof. The volumetric flow rate of the gas or mixture of gases may be
controlled. For example, the volumetric flow rate may be from 10 sccm to 300
sccm. In particular, the volumetric flow rate may-b'e‘ffom’ 50 scem to 200 sqcm;

more in particular, 100 sccm.

The at least one nanotemplat.e used in any aspect of the present invention may
be porous. The nénotemplate may be anodic aluminium oxide (AAO) and/or
titanium oxide. The nanotemplate may be formed by any suitable method. For
examplé, the AAO nanotemplate may be formed using a modified two-step
anodization method as disclosed in H. Pan et al, J. Nanosci. Nanotech., 2004.
As mentioned above, the average diameter of the nanopore of the at least one
nanotemplate may determine the average diameter of the diameter of the at
least one tube and/or the at least one *outér tube of the CNTs formed from the
method according to any aspect of the present invention. Accordingly, the
average diameter of the nanopores of the at least one nanotemplate may be

from 10 nm to 600 nm. in particular, the average diameter may be from 30 nm
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to 400 nm. Even more in particular, the average diameter may be from 50 nm to
300 nm. The average diameter may be 50 nm or 300 nm. Further, the average

thickness of the at least one nanotemplate méy be from 0.5 to 500 xm.

According to a particular aspect, the method of any aspect of the present
invention further comprises a step of removing CNTs formed after step (b)
and/or step (c) from the at least one nanotemplate. Any suitable method of
removal of the CNTs may be employed for the purposes of the present
invention. This may include the use of any suitable solvent(s). For example, HF
acid may be used to remove the CNTs from the nanotemplate. The CNTs may
then be cleaned to a pH of about 7 by using distilled water. The CNTs may be
dried. For example, the CNTs may be dried fo'a temperature of about 120°C.

According to another aspect, the present invention provides carbon nanotubes
(CNTs) obtainable by any method of the present invention. In particular, the

present invention provides tube(s)-in-tube carbon nanotubes (TiT-CNTs)

obtainable by any method of the present invention. \

The morphology of the CNTs obtained by the i‘nethbd of the preéent invention is

" described in the Examples below. In particular, the average diameter, pore size

(avefage pore diameter) and pore size distribution may be determined. Any
suitable method may be used to determine the pore size and the pore size
distribution. For example, the pore size distribution may be determined using
the Barrett-Joyner-Halenda (BJH) method (E.P. Barrett et al, 1951; F.
Rougquerol, 1999).

"Pore size" and "pore size distribution" can have different meanings. "Pore size"

- can be measured by (optical or electron) microscopy whereas pore size

distribution and pore volume are determined statistically from counting in a field
of view (of a representative portion of the material). Further, pore size of each
pore usually refers to the average pore diameter. Pore size is determined by

plotting pore volume (for large pore materials the volume of pores having a size
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of less than 100 nm can ignored) vs. pore size and "average pore size" is the
pore size at 50% of the existing pore volume (e.g., fer a material that has a 40%
pore volume, the "average pore size" is the size of the largest sized pore that
adds with all smaller sized pores to reach 20% pore volume). Where
practicable, the pore size and pore volume are measured on a cross-section of
the material that may be obtained with a diamond bladed saw.

The present invention also provides a carbon nanotube (CNT) comprising at
least one outer tube and at least one-inner-tube. The CNT may comprise at
least one outer tube and a plurality of inner tubes. in particular, the CNT may be
a tube(s)-in-tube CNT (TiT- CNT)' The CNT may be a ‘single-walled CNT.,

‘(SWCNT) or multi-walled CNT (MWCNT). In particular, the at least one outer

tube and/or the at least one inner tube may be a SWCNT and/or MWCNT.

The CNT of the present invention may have an average diameter of less than

500 nm. In particular, the average diameter of the at least one outer tube of the

-CNT may be from 30 nm- to 400 nm. Even more in partlcular the average

diameter ‘of the at least one outer tube may be from 50 nm to 300 nm. For
example, the ‘average diameter of the at least one outer tube is 50 nm or 300

nm.

The average diameter of the at least one inner tube of the CNT may be less
than or equal to the average diameter of the at least one outer tube. In
particular, the average diameter of the at least one inner tube may be less than
or equal to 100 nm. The average diameter of the at least one inner tube may be
less than or equal to 20 nm. More in particular, less than or equal to 10 nm, and

even more in particular, about 7 nm.

The CNT according to the present invention may have a specific capacitance
greater than 50 F/g. In particular, the specific capacitance of the CNT of the
present invention is greater than 100 F/g. Even more in particular, greater than

350 F/g. Specific capacitance of a device is the measure of the ability of the
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device to store energy in the form of an electrostatic field (such as charge) per
unit weight of the device. Specific capacitance may be measured by any
suitable method known to a person skilled in the art. An example of a method is

provided in the Examples below.

The capacitance of the CNT of the present invention-may be dependent on the
average diameter of the CNT. In particular, the capacitance of the CNT may be
dependent on the average diameter of the at least one outer tube of the CNT.

For example, the capacitance of the CNT may be higher for CNTs which have a

‘smaller average diameter. As seen in Table 1 vbelow,l the specific capacitance of

CNT with an éverage diameter of 50 nmn(ATM50) is-higher than the specific
capacitance of CNT with an average diameter of 300 nm (ATM300). The larger
specific capacitance of the CNT with a smaller diameter may be contributed to

the larger surface area, better pore size distribution and high conductivity.

Accordingly, the CNTs of the present invention may be used in digital
telecommunication systems, uninterruptible power supply (UPS) for computers,
bulse’ laser technique, and the like. The CNTs may also be gsed for other
applications such as in the construction of devices for practical applications in
many fields including electron emitters, field-emission transistors, electrodes for
photovoltaic cells and light emitting diodes, optoelectronic elements, bismuth
actuators, chemical and biological sensors, gas and energy storages, molecular

filtration membranes and energy-absorbing materials.

According to another aspect, the present invention provides a use of carbon
nanotubes (CNTs) according to any aspect of the present invention, comprising
at least one outer tube and at least one inner tube in the manufacture of:
electrodes; fuel cells; hydrogen storage devices; batteries; sorbents for air/water
purification and/or gas separation systems; catalyst supports; and/or
supercapacitors.
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The present invention also provides an electrqde comprising at least one
carbon nanotube (CNT) as described above.

The present invention also provides an electrode comprising at least one CNT
prepared by any method of the present invention. The at least one CNT may

comprise at least one outer tube and at least one inner tube.

The present invention also provides a supercapacitor comprising at least one

carbon nanotube (CNT) as described above.

The presént inventivo'n also provides a supercapacitor comprising at least one
CNT prepared by any method of the present invention. The at least one CNT

may comprise at least one outer tube and at least one inner tube

Supercapacitors are electrochemical capacitors formed by two polarizable
electrodes, a separator and an electrolyte. The capacitance of a supercapacitor
is the sum of double layer capacitance and pseudocapacitance. Double layer
capacitance arises when a charge accumulation is achieved electrostatically on
either side of the electrode and electrolyte interface, while 'pseudocapacitance is

brought about by surface redox-reaction.

Having now generally described the invention, the same will be. more readily
understood through reference to the following examples which are provided by

way of illustration, and are not intended to be limiting of the present invention.

EXAMPLES

All chemicals and solvents used in the present example were Sigma-Aldrich

chemicals.
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Preparation of anodic aluminium oxide (AAO) template

Carbon nanotubes were fabricated by a two-step pyrolysis. of ethylene process
at high temperatures on AAO template. The AAO template was prepared using
a modified two-step anodization process as described in H. Pan et al., IEEE
Trans. Nanotech., 2004.

~As the starting material, high purity (approximately 99.999%) aluminium foil was
‘annealed under argon atmosphere at 500°-600°C for approximately 2 hours, in

order to increase the grain size of the aluminium metal and to ensure the

homogenous growth of nanopores over a large area. After being degreased
with acetone and rinsed with ethanol, the aluminium foil was electrochemically
polished in a mixture of perchloric acid and ethanol (1:4 in volume) under

constant voltage of 20 V at 0°C for 4 minutes.

Thereafter, a two-step anodization was utilized to prepare an ordered AAO
template. The first anodization of the aluminium foil was performed at 40 V in an
oxalic acid solution ‘of 3 weight% (wit%) at about 25°C for 6 hours. The AAQ
template was then chemically etched in a mixed solution of phosphoric acid and
chromic acid (3:1 by weight) at 60°C to remove alﬁminium oxide formed. The
second anodization was performed under the same conditions as the first
anodization except for 8 hours. The average diameter of the nanopore of the
AAO template obtained was about 40 nm. The average thickness of the AAO

template obtained was about 100 xm. The remaining aluminium was removed

in 10 wt% CuCl, solution.

A second AAO template was formed in the same manner as described above,
except that the anodization was performed at 160 V instead of 40 V, and using
10 wt% phosphoric acid instead. This resulted in the formation of an AAO

template with nanopores having an average diameter of about 300 nm.
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Preparation of carbon nanotubes (CNTs)

(1)

(i)

Multi-walled carbon nanotubes (MWCNTS)

MWCNTs were prepared following the procedure described in H. Pan et
al, J. Nanosci. Nanotech., 2004. Generally, the growth of MWCNTs was
carried out in a quartz tube (80 cm in length, 2.5 cm in diameter). The
AAOQ template was placed at the centre of the quartz tube, which was
inserted into a horizontal high-temperature furnace(Carbolite 2416). A
flow of Ar (95%) and H, (5%) gas 'rﬁixture at 100 sccm was introduced to
the quartz tube via stainiess junctions and tubes (2 mm in diameter). The
temperature of the furnace was increased to 600°C at a rate of 25°C/min.

After the temperature reached about 600°C, a flow of acetylene at 16

'sccm was introduced into the quartz tube. Pyrolysis of acetylene was

carried out for a period of 30 minutes without catalysts. This resulted in
the formation of MWCNTSs within the nanopores of AAO template. After
the pyrolysis, the flow of acefylene was stopped and the furnace was
cooled down to room temperature under the flow of the gas mixture (Ar
and Hy).

The MWCNTs were removed from the AAO template using 10 wit% HF
acid, cleaned to a pH of 7 using distilled water and dried at a temperature
of about 120°C.

Tube-in-tube carbon nanotubes (TiT-CNTSs)

MWCNTs were produced following the procedure in (i) above, without

’ removing the MWCNTSs from the AAO template. The AAO template was

then immersed in Ni;SO4 solution for about 2 hours to enable the
deposition of Ni catalyst onto the inner walls of MWCNTs. A second
pyrolysis was carried out under the same conditions as the first pyrolysis,

except pyrolysis of ethylene was performed instead of that of acetyiene.
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This step resulted in the formation of carbon nanotubes within the
_MWCNTSs which were embedded in the nanopores of the AAO template
and covered by Ni catalysts, forming TiT-CNTs.

The TiT-CNTs were removed from the AAO template using 10 wt% HF

acid, cleaned to a pH of 7 using distilled water and dried at a temperature
of about 120°C.

Morphology of CNTs

The morphology of the CNTs was observed by scanning electron microscope

(SEM, JEOL JSM-6700F).

MWCNTs were normally confined within the nanopaore channels of the AAO
template because the alumina channel inner wall decomposes the hydrocarbon
(H. Pan et al., J. Nanosci. Nanotech., 2004). Figure 1 shows the SEM image of
MWCNTs produced on the AAO template. The average diameter of the
MWCNTSs is about 50 nm obtained after the first step of pyrolysis of ethylene.

Figure 1(a) clearly indicatéd that MWCNTs were formed within the nanopores in
the AAO template. The nanopores were widened, and the MWCNTs were
exposed out after the AAO template was partially etched. The exposed tips of
the MWCNTs have equal length and are tangled together, as seen in Figure
1(b).

Figure 2 shows the SEM images of TiT-CNTs after totally removing the AAO
template. The surface of the TiT-CNTs is rough with a lot of smaller pores. From
the open ends of TiT-CNTs, smaller carbon nanotubes within the MWCNTSs are
observable. For TiT-CNTs with a diameter of 300 nm, it is clear that the
MWCNTSs of diameter of 300 nm confine a lot of smaller CNTs inside. Some
TiT-CNTs (diameter of 300 nm) were broken and smaller CNTs were released
from inside during the removal of the AAO template in HF acid. This can be

seen in Figure 2(b). The reason is because of the CNTs poor graphitization.
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The average diameter of the smaller CNTs within the MWCNTs (300 nm) is
about 20 nm. For 50 nm TiT-CNTs, the smaller CNTs within the MWCNTs (50

nm) was less than 10 nm in diameter (Figure 2(a)).
Cyclic voltammetry (CV) measurements

The specific surface area of the samples was characterized by nitrogen
isotherm at 77K (NOVA 3200, Quantachrome Corp) based on the Brunauer-
Emmett-Teller (BET) method (S. Erunauer et al, 1938).

‘Cyclic voltammetry (CV) measurements were performed in an electrochemical

méasurement unit (Solartron S11280B), a combined electrochemical interface
and frequency response analyser (GCC 540, 724-01-004, Radiometer
Analytical SAS), at room temperature with a scan rate of 50 mV/s.

Five samples were used in our experiments for comparison. They included AAO
MWCNTSs (50 nm in diameter), AAO MWCNTSs (300 nm), AAO TiT-CNTs (50
nm), AAO TiT-CNTs (300 nm), and commercial MWCNTs (10-20 nm) (NTP,
Shenzhen Nanotech Port Co. Ltd.), which were labelled as AM50, AM300,
ATM50, ATM300 and CM20, respectively.

A working electrode was fabricated by casting a Nafion-impregnated sample
onto a 3 mm diameter glassy carbon electrode. 4 mg of sample dispersed in 0.5
mL of aqueous ethanol solution (ﬁ:1 volume/volume) was sonicated for 15
minutes (G Li and PG Pickup, 2003). This sample ink was dropped onto the
glassy carbon electrode and the cast-electrode was placed in a vacuum oven
until the catalyst was totally dry for the CV measurement. The cast working

electrode was then immersed in 0.5 M H,SO, which was de-aerated with high

- purity nitrogen gas for electrochemical measurement. A Pt foil and a saturated

calomel electrode (SCE) were used as the counter electrode and reference

electrode, respectively.
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The CV measurement is helpful in understanding the -electrochemical
performance on the electrode of the ‘superconductor during charging and
discharging processes. Figure 3 shows the CV plots of the five samples in
aqueous solution of 0.5 M HySO, at a scan rate of 50 mV/s. The CV plot of the
background (glassy carbon electrode) is almost a straight line, as seen in the
middle of Figure 3, indicating that the contribution of the glassy electrode to the
results is negligible.

There is an average of two peaks on every CV plot for each of the five samples.
This indicates that supercapacitors can be realized due to the existence of
Faradaic processes. The charger storage in the Faradaic process is achieved |
by an electron transfer that produces chemical or oxidation state changes in the
electroactive materials according to Faraday's law related to the potential (B. E.
Conway, 1999). in the present example, the well remarkable region with
reversible Faradaic reactions is observed within the range of 0.2 to 0.4 V, as
seen in Figure 3. The redox peaks on the CV plots can be ascribed to fUnc’tionaI
groups (for example oxegenated groups), such as carboxylic, OH" and H*
groups (E. Frackowiak et al., 2000) attached to the surface of the electrodes
comprising the CNTs. Accordingly, this makes H,SO; an ideal electrolyte for CV
measurements. Contribution from the residual catalyst shouid be ruled out since

the samples were washed thoroughly in HF.
Capacitance

The voltammetrié charge (q) integrated from positive or negative sweeps of CV
piots can be used as an effective signal in determining the pseudocapacitance
in redox transitions (B. E. Conway, 1999). Accordingly, the average specific
capacitance of the above-mentioned samples were estimated from the CV plots
shown in Figure 3 by integrating the area under the current (per gram of the
sample)-potential curve and then dividing by the sweep rate, and the potential

window according to .the following equation:



10

15

20

WO 2007/100306 A PCT/SG2007/000059

23

1 12, 1 r124(F) '
C =qgl(AV =— NaV =——| =247 1
me =G /(AV xm) 1.2mv-[° i) 1.2vj0 m ()

where

v is a constant of sweep rate applied for the CV measurements, i.e. %I;—;

i(V) i1s a current response depending on sweep voltage; and

voltammetric charge is thus estimated as ¢ = J‘:'“(—VldV .
’ v

~The sweep potential is from -0.2 to 1.0 V, and thus the potential window (A7 ) is

1.2 V.

The average spécific capacitance of the commercial CNTs (10-20 nm in
diameter) (CM20) was about 46 F/g, which was comparable to the value
reported in literature (Liu T et al., 2003). The CV plot of AM50 is very similar to
that reported in Q. L. Chen et al., 2004. The average specific capacitances of

the remaining four samples were 183, 57, 406 and 117 F/g for AM50, AM300,
ATMS50 and ATM300, respectively.

The average specific capacitance of ATM50 is about 8 times that of CM20 and
about twice the mean value of oxidatively purified single-wall carbon nanotubes
functionalized with arylsulfonic acid moieties and then treated with pyrrole, as
reported in C. Zhou, et al., 2005. The CV plot of ATM50 is close to the
rectangular shape of an ideal double layer capacitor. An electrode of ATM50
was tested by the CV measurement for 5000 cycles in aqueous solution of 0.5
M H.SO4. A decrease of the specific capacitance was not observed, which
indicated the cycling stability of ATM50.

The capacitance of carbon based electrochemical supercapacitors depends on

two kinds of accumulated energy (E. Frackowiak and F. Beguin, Carbon 2001):
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(a) the electrostatic attraction in electrical double layer capacitors (EDLC); and
(b) faradaic reactions inducing pseudocapacitance. The amount of electrical
charge accumulated due to electrostatic attraction in EDLC depends on the
area of the electrode/electrolyte interface that can be accessed by the charge
carriers. Therefore, the higher surface area of the electrode material could lead
to higher capacitance if the area can be fully accessed by the charge carriers.
However, the surface area is hardly accessible if the electrode consists of
micropores (i.e. <2 nm) (E. Frackowiak and F. Beguin, Carbon 2001). Thus,
higher surface area does not always result in higher capacitance because the

capacitance depends on the pore size and pore size distribution.

The average pore diameters and average specific capacitance is shown in
Table 1. For the present example, the average pore diameters of all five
samples were larger than 2 'nm. The average pore size distribution was
calculated using the Barrett-Joyner-Halenda (BJH) method (E.P. Barrett et al,

1951). The results are shown in Figure 4, and summarised in Table 1.

Table 1: Specific surface area, average pore size, and capacitance of the
carbon nanotubes.

CM20 | AMC50 | AMC300 ATM50 ATM300
Specific area 136 649 264 500 390
(m%g) ~
Average pore 8.8 3.9 7.4 5.2 9.1
diameter (nm)
Capacitance 46 183 57 406 117
(Flg)

From Figure 4, it can be seen that the dominant pore diameter for AM50 and
ATMS50 is about 3.9 nm, but is about 2 nm for other samples. It is observed that
the average specific capacitance for AM50 and ATM50 is larger than those of

other samples. Also, it was found that capacitance increases with the increase
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of the specific surface area with the exception of ATM50. Electrical conductivity
is one of the factors that affect the capacitance. It should be mentioned that the
higher the specific surface area, the poorer the conductivity should be. This
could be one of reasons for the capacitance of ATM50 being larger than that of
AMS50.

As mentioned above, pseudocapacitance induced by faradaic reactions also
contributes to the capacitance, which depends on the surface functionalization
of the carbon nanostructures. The redox peaks in the CV plots indicated the
existence of oxygenated Qroups (H" or OH) on the surface of fhe carbon
nanostructures, which leads to the remarkable pseudocapacitance (E.
Frackowiak, et al., 2000). The pseudocapacitance arises from the quick faradaic
charge transfer reactions. Pseudocapacitance is strongly related to the pore
size, pore size distribution and the conductivity of the carbon materials, i.e. the
CNTs. It is observed from Table 1 that ATM50 shows the highest average
specific capacitance due to its high surface area, better pore size distribution

and conductivity, as analyzed in the EDLC.

Discussion

From the above example, it can be' seen that tube-in-tube carbon
nanostructures (TiT-CNTs) exhibit better supercapacitance compared to
commercial CNTs and AAO-based MWCNTSs produced by a one-step ethylene
pyrolysis process. Further, the smaller diameter of TiT-CNTs exhibit better
supercapacitance than TiT-CNTs with larger diameters. The larger

supercapacitance of ATM50 is contributed to their larger specific surface area,

better pore size distribution and high conductivity. Accordingly, TiT-CNTs would

be useful in satisfying power requirements in devices.
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Claims

1. A method for preparing carbon nanotubes (CNTs) comprising the steps of:

10

15

20

(a) providing at least one nanotemplate;

(b) performing a first pyrolysis in the presence of at least one first carbon
’ source, wherein the at least one first carbon source contacts the at

least one nanotemplate; and

(c) performing at Ieasf one further pyrolysis in the presence of at least

one second carbon saurce,

wherein the at least one first carbon .source and the at least one second

carbon source are the same or different.

The method according to claim 1, wherein CNTs comprising at least one

outer tube and at least one inner tube are formed after step (c).

- The method according to claim 2, wherein the at least one outer tube and/or

the at least one inner tube are single-walled CNTs (SWCNTs) or multi-
walled CNTs (MWCNTSs).

The method according to any of the preceding claims, wherein CNTs

comprising at least one tube are formed after step (b).

The method according to claim 4, wherein the CNTs comprising at least one
tube formed after step (b) are single-walled CNTs (SWCNTs) or multi-
walled CNTs (MWCNTSs).

The method according to any of the preceding claims, wherein the first

pyrolysis and/or the at least one further pyrolysis is performed in the

presence of a catalyst.



10

15

20

25

WO 2007/100306 ) PCT/SG2007/000059

10.

1.

12.

13.

14.

15.

16.

29

The method according to any of the preceding claims, wherein the first
pyrolysis is performed in the presence of a catalyst, and the catalyst is

deposited onto and/or inside the at least one nanotemplate.

The method according to any of the preceding claims, wherein the at least
one further pyrolysis is performed in the presence of a catalyst, and the

catalyst is deposited onto the inner walls of the CNTs formed after step (b).

The method according to claim 8, wherein the catalyst is deposited onto the
inner walis of the CNTs formed after step (b) by immersing the at least one

nanotemplate and/or CNTs into a catalyst-containing solution.

The method according to claim 9, wherein the catalyst-containing solution is
Ni2SOa4.

The method according to claim 9 or claim 10, wherein the at least one
nanotemplate and/or CNTs is immersed in the catalyst-containing solution

for a time period from 30 minutes to 4 hours.

The method according to any one of claims 6 to 11, wherein the catalyst
comprises a transition metal selected from a group consisting of: Ni, Fe, Co,
Al,-Mn, Pd, Mo, W, Cr and alloys thereof.

The method according to any one of claims 6 to 12, wherein the catalyst is
Ni or Co.

The method according to any of the preceding claims, wherein the at least

one nanotemplate is porous.

The method according to any of the preceding claims, wherein the at least

one nanotemplate is anodic aluminium oxide and/or titanium oxide.

The method according to any of the préceding claims, wherein the at least

one first carbon source and the at least one second carbon source are
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independently selected from the group consisting of: alkane, alkene, alkyne,
aromatic hydrocarbon, carbon monoxide, metal organic compound and a

mixture thereof.

The method according to claim 16, wherein the at least one first carbon
source and the at least one second carbon source are independently
selected from the group consisting of: methane, ethylene, benzene,

acetylene, carbon monoxide, Co(CO)s, Fe(CsHs)» and a mixture thereof.

The method according to claim 16 or claim 17, wherein the at least one first
carbon source and/or the at least one second carbon source is ethylene or

acetylene.

The method ‘according to any of the preceding claims, wherein the first

pyrolysis and the at least one further pyrolysis is performed under the same

or different conditions.

The method according to any of the preceding claims, wherein the first
pyrolysis and/or the at least one further pyrolysis is performed in the
presence of a mixture of gases, the mixture comprising hydrogen gas

and/or an inert gas.

The method according to claim 20, wherein the inert gas is argon, helium,

neon, nitrogen, krypton, xenon, radon.

The method according to any of the preceding claims, wherein the first
pyrolysis and/or the at least"one further pyrolysis is performed at a

temperature greater than 300°C.

The method according to claim 22,lwherein the temperature is from 400°C
to 1000°C. '
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

31

The method according to claim 22 or claim 23, wherein the temperature is
from 500°C to 650°C.

The method according to any of the preceding claims, wherein the first

pyrolysis and/or the at least one further pyrolysis is performed from 10 to
120 minutes. -

The method according to claim 25, wherein the first pyrolysis and/or the at

least one further pyrolysis is performed from 30 to 80 minutes.

The method according to any one of the preceding claims, wherein the

average pore diameter of the nanotemplate is from 10 nm to 400 nm.

The method according to any one of the preceding claims, wherein the

average thickness of the nanotemplate is from 0.5 to 500 um.

The method according to any one of claims 4 to 28, wherein the average
diameter of: the at least one tube of the CNTs formed after step (b); and/or
the at least one outer tube of the CNTs formed after step (c), is from 30 nm
to 400 nm.

The method according to claim 29, wherein the average diameter is about
50 nm.

The method according to claim 29, wherein the average diameter is about
300 nm.

The method according to any one of claims 2 to 31, wherein the average
diameter of: the at least one inner tube of the CNTs formed after step (c) is

less than or equal to about 20 nm.

The method according to claim 32, wherein the average diameter is less

than or equal to about 10 nm.
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34.

35.

36.

37.

38.

39.

40.

41.

. 42.

43.

44,

32

The method according to claim 32 or claim 33, wherein the average

diameter is about 7 nm.

The method according to any of the preceding claims; wherein the method
further comprises the step of removing the CNTs formed after step (b) ‘

and/or step (c) from the at least one nanotemplate.

Carbon nanotubes (CNTs) obtainable by the method according to any of the
preceding claims.

A carbon nanotube (CNT) comprising at least one outer tube and at least

one inner fube.

The CNT according to.claim 37, wherein the at least one outer tube and/or
the at least one inner tube is a single-walled CNT (SWCNT) or a multi-
walled CNT (MWCNT).

The CNT according to claim 37 or claim 38, wherein the at least one outer

tube has an average diameter from 30 nm to 400 nm.

The CNT according to _claim 39, wherein the at least one outer tube has an

-average diameter of about 50 nm.

The CNT according to claim 39, wherein the at ieast one outer tube has an

average diameter of about 300 nm.

The CNT according to-any one of claims 37 to 41, wherein the at least one

inner tube has an average diameter of iess than or equal to about 20 nm.

The CNT according to claim 42, wherein the at least one inner tube has an

average diameter of less than or equal to about 10 nm.

The CNT according to claim 43, wherein the at least one ‘inner tube has an

average diameter of about 7 nm.
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45.

46.

47.

48.

49.

33

Use of carbon nanotubes (CNTs) comprising at least one outer tube and at
least one inner tube in the manufacture of: electrodes; fuel cells; hydrogen
storage devices; batteries; sorbents for air/water purification and/or gas

separation systems; catalyst supports; and/or supercapacitors.

An electrode comprising at least one carbon nanotube (CNT), the at least
one carbon nanotube comprising at least one outer tube and at least one

inner tube.

An electrode comprising at least 6ne CNT prepared according to the
method of claims 1 to 35, wherein the at least one CNT comprises at least

one outer tube and at least one inner tube.

A supercapacitor comprising at least one carbon nanotube (CNT), the at
least one carbon nanotube comprising at least one outer tube and at least

one inner tube.

A supercapacitor comprising at least one CNT prepared according to the
method of claims 1 to 35, wherein the at least one CNT comprises at least

one outer tube and at least one inner tube.
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