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CARBON NANOTUBES AND METHODS OF
MAKING CARBON NANOTUBES

CROSS - REFERENCE TO RELATED
APPLICATIONS

[0001 ] This application claims the benefit of and priority

to U . S . Provisional Application Ser. No .62/ 243,695 , having
the title “ CARBON NANOTUBES AND METHODS OF

MAKING CARBON NANOTUBES ," filed on Oct . 20 ,

2015 , the disclosure of which is incorporated herein in by

reference in its entirety.

BACKGROUND

[0002] CNT has been the research focus over a decade due
to its unusual properties, which are valuable for nanotech
nology , electronics , optics and other fields of materials
science and technology . In particular, owing to their extraor
dinary thermal conductivity and mechanical and electrical
properties , CNT finds applications as additives to various
structuralmaterials.
[0003] Presently , CNT can be produced in large quantities
by these following dominant techniques: chemical vapor
deposition , high -pressure carbon monoxide process, arc
discharge , and laser ablation . Hydrocarbons decomposition

over Ni, Fe, or Co catalysts has been recently investigated by

some researchers to produce CNT. It has been reported that

multiwalled CNT with inner diameters 5 nm to 10 nm can
be formed during ethylene decomposition at 700° C ., atmo

spheres pressure over Co and Fe catalysts . In addition ,
multi-walled carbon nanotubes have been produced that

have 5 to 20 nm inner diameter and 60 to 413 nm in length ,
which were synthesized over nickel supported on a zeolite

by the decomposition of methane in the relatively low

temperature range 400 -550° C . Nevertheless , almost all

produced CNTs have an inner diameter from 5 - 20 nm .
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10006 ]. In an embodiment, a composition , among others ,
includes : a CNT having an inner diameter of about 25 to 55
nm . In an embodiment, the CNT can have an outer diameter

of about 10 to 130 nm .

[0007 ] In an embodiment, a hydrocarbon catalytic decom

position system , among others , includes: a carbon nanotube

(CNT) having an inner diameter of about 25 to 55 nm that

replaces commercial catalyst supports .
0008 ] Other compositions , systems, methods , features ,
and advantages will be or become apparent to one with skill

in the art upon examination of the following drawings and

detailed description . It is intended that all such additional
compositions, systems, methods, features and advantages be
included within this description , be within the scope of the

present disclosure , and be protected by the accompanying

claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009 ] Further aspects of the present disclosure will be

more readily appreciated upon review of the detailed
description of its various embodiments , described below ,

when taken in conjunction with the accompanying drawings.

[0010 ] FIG . 1 shows carbon nanotubes produced at 1 bar.

[0011 ]
[0012 ].
[0013 ]
[0014 ].
[0015 )

FIG . 2 shows carbon nanotubes produced at 2 bar.
FIG . 3 shows carbon nanotubes produced at 5 bar.
FIG . 4 shows carbon nanotubes produced at 30 bar.
FIG . 5 shows carbon nanotubes produced at 30 bar.
FIG . 6 shows carbon nanotubes produced at 50 bar.

DETAILED DESCRIPTION

[0016 ] Before the presentdisclosure is described in greater

detail , it is to be understood that this disclosure is not limited

to particular embodiments described , as such may, of course ,

vary . It is also to be understood that the terminology used

herein is for the purpose of describing particular embodi

ments only, and is not intended to be limiting , since the
scope of the present disclosure will be limited only by the

SUMMARY

[0004 ] Embodiments of the present disclosure provide for

methods that can be used to produce carbon nanotubes
(hereinafter CNT) having an inner diameter about 5 -50 nm ,

methods of tuning the inner diameter of CNTs (e .g ., by
adjusting reaction pressure ), CNTs having an inner diameter
of greater than 20 nm or more , and the like.
100051 In an embodiment, a method for hydrocarbon cata
lytic decomposition ; among others, includes: heating a cata

lyst to about 400 to 1000° C . under an inert gas; flowing a

hydrocarbon across the catalyst; and decomposing the
hydrocarbon to produce carbon nanotubes (CNTs ) having an
inner diameter of about 5 to 55 nm . In an embodiment , the
inner diameter is about 25 to 55 nm and an outer diameter

of about 10 to 130 nm . In an embodiment; the hydrocarbon
can be methane. In an embodiment, the catalyst can be a
supported fused Fe catalyst (e . g ., a fused Fe/A1, 0 , catalyst ).
An embodiment of the method may also include: heating the

supported fused Fe catalyst to the reduction temperature of

the supported fused Fe catalyst; and flowing HQ over the
supported fused Fe catalyst to reduce the supported fused Fe
catalyst . In an embodiment, the method can also include :

adjusting a reaction pressure to select the inner diameter of

the CNT. In an embodiment, the reaction pressure is about
5 to 50 bar.

appended claims.

0017 ) Where a range of values is provided , it is under
stood that each intervening value, to the tenth of the unit of

the lower limit (unless the context clearly dictates other
wise ), between the upper and lower limit of that range , and
any other stated or intervening value in that stated range , is

encompassed within the disclosure . The upper and lower
limits of these smaller ranges may independently be

included in the smaller ranges and are also encompassed

within the disclosure , subject to any specifically excluded
limit in the stated range . Where the stated range includes one
orboth of the limits , ranges excluding either or both of those
included limits are also included in the disclosure .

[0018 ] Unless defined otherwise, all technical and scien
understood by one of ordinary skill in the art to which this
tific terms used herein have the samemeaning as commonly

disclosure belongs. Although any methods and materials
similar or equivalent to those described herein can also be
used in the practice or testing of the present disclosure , the
preferred methods and materials are now described .

[00191. As will be apparent to those of skill in the art upon
reading this disclosure , each of the individual embodiments

described and illustrated herein has discrete components and
features which may be readily separated from or combined
with the features of any of the other several embodiments

without departing from the scope or spirit of the present

US 2018 /0312403 A1
disclosure. Any recited method can be carried out in the
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inner and outer diameter, any range between and including

order of events recited or in any other order that is logically
possible .

about 5 to 55 nm and about 10 to 130 nm , respectively, is

[0020 ) Embodiments of the present disclosure will

those ranges .

employ, unless otherwise indicated , techniques of chemistry ,

material science , inorganic chemistry , and the like, which
are within the skill of the art. Such techniques are explained

fully in the literature .
[0021] The following examples are put forth so as to
provide those of ordinary skill in the art with a complete
disclosure and description of how to perform the methods

and use the compositions and compounds disclosed and
claimed herein . Efforts have been made to ensure accuracy
with respect to numbers (e . g ., amounts , temperature , etc . ),
but some errors and deviations should be accounted for.

Unless indicated otherwise , parts are parts by weight, tem

perature is in ° C ., and pressure is in bar. Standard tempera
ture and pressure are defined as 0° C . and 1 bar.

[ 0022]. Before the embodiments of the present disclosure

are described in detail, it is to be understood that, unless
otherwise indicated , the present disclosure is not limited to
particular materials, reagents, reaction materials, manufac

turing processes , or the like, as such can vary . It is also to be
understood that the terminology used herein is for purposes
of describing particular embodiments only, and is not
intended to be limiting. It is also possible in the present

disclosure that steps can be executed in different sequence

where this is logically possible.
[0023] It must be noted that, as used in the specification
and the appended claims, the singular forms “ a ,” “ an ,” and
“ the” include plural referents unless the context clearly
dictates otherwise . Thus, for example , reference to “ a sup
port” includes a plurality of supports . In this specification
and in the claims that follow , reference will be made to a

intended to be included in about 1 nm or more increments in

10027 ] Methods of the present disclosure can use reaction
conditions to tune the method to produce CNTs having

desired dimensions including control to produce a desired
inner diameter. In an embodiment, the method can be used

to produce CNTs having an inner diameter of about 5 nm ,
about 10 nm , about 20 nm , about 22 nm , about 24 nm , about

26 nm , about 28 nm , about 30 nm , about 35 nm , about 40
nm , or about 45 nm to about 10 , about 20 nm , about 25 nm ,
about 30 nm , about 35 nm , about 40 nm , about 45 nm , about

50 nm , or about 55 nm , where all possible integer values

including and within the various inner diameter values is
contemplated (e . g ., about 22 to 55 nm , about 30 to 45 nm ,

about 10 to 30 nm , and the like).
[0028 ] Embodiments of the present disclosure can use
catalysts made from inert oxides ( e.g ., Al2O3, silica , silica

alumina, zirconia , titania , zinc oxide , magnesia , zeolite ,

mesoporous zeolite , Ce0 % , and / or SiO , that support one or

more a combination of Fe, Ni, Cu, Co, Ru, Rh, Pt, or Pd , or
the like). In an embodiment, the catalyst is a fused Fe
catalyst (e . g ., a fused FeA1, 0 , catalyst). The fused Fe

catalyst can be used for the industrialization of methane
catalytic decomposition processes , which form the CNTs as
well as other gases ( e . g ., H , ) . In particular , the supported

fused Fe catalyst is a fused Fe/Al2O2 catalyst . In an embodi

ment, the Fe content in the supported fused Fe catalyst can

be about 5 to 65 wt % of the supported fused Fe catalyst. In
an embodiment, the alumina support can be replaced with

one or more ofthe following: silica, silica -alumina , zirconia ,
titania , zinc oxide , magnesia , zeolite , mesoporous zeolite ,

number of terms that shall be defined to have the following
meanings unless a contrary intention is apparent.

and the like , and a combination thereof.

General Discussion
[0024 ] Embodiments of the present disclosure provide for

carbon as the source for decomposition to produce CNTs . In
an embodiment, the hydrocarbon can include saturated and

methods that can be used to produce carbon nanotubes
(hereinafter CNT) having an inner diameter about 5 -55 nm ,
methods of tuning the inner diameter of CNTs ( e.g ., by
adjusting reaction pressure ), CNTs having an inner diameter
of greater than 20 nm or more , and the like. In particular,

[0029] An embodiment of the method can use a hydro
unsaturated hydrocarbons such as C1 -C20 alkanes , C2-C20
alkenes , C2 -C20 alkynes, and a mixture thereof, where each

can be linear, branched , cyclic , aromatic, or a mixture

thereof. In an embodiment, the hydrocarbon can be 100 %
pure hydrocarbon , a mixtures of hydrocarbons at various

concentrations, or a mixture with another gas ( es ) that does

embodiments of the present disclosure provide for methods

not interfere with the production of the CNTs . In an embodi

hydrocarbon catalytic decomposition . In addition , embodi
ments of the present disclosure provide for the ability to tune

ment, the hydrocarbon can be methane.
[0030 ] In the following illustrative embodiment, the
hydrocarbon is methane, but other hydrocarbons or mixtures

to produce CNTs having large inner diameters through

the CNT inner pore size by changing the hydrocarbon

decomposition conditions ( e. g., reaction pressure ).
[0025 ] CNTs having a large inner diameter ( e.g ., high
inner pore volume)may be valuable in areas such as biology,
catalysis, and material science . For example , CNTs can be
used in biological applications to provide large channels for
biomimetic platforms for developing cell interfaces. In
catalysis CNTs having a large inner diameter have a crys
tallinity that can allow single site catalysis. In an embodi

ment, the CNTs can be used as catalyst supports to replace
commercial supports ( e .g ., MCM41) .

[0026 ] Embodiments of the present disclosure use a cata

lyst ( e . g ., a fused Fe catalyst) to produce CNTs with tunable
inner pore sizes (e . g ., diameters ), In an embodiment, the
CNT can have an inner diameter of about 5 to 55 nm and an
outer diameter of about 10 to 130 nm , where for both the

can be used . In an embodiment, the catalytic reaction to

produce the CNTs can be conducted in a PID microreactor
or similar reactor equipped with a long stainless tube reactor

(e.g ., ID 9 mm , length 305 mm ), which can be heated by a
furnace ( e. g ., an electrical furnace ) under a pressure of about
1 to 50 bar and a temperature of about 550 to 900° C ., where
the pressure and temperature can be adjusted to produce

CNTs having a desired inner diameter and other dimensions.

The catalyst was loaded into the reactor, while the reaction

temperature was controlled by a thermocouple placed into

the middle of the catalyst layer. The loaded catalyst was

directly heated to the reaction temperature under an inert gas
( e . g ., Ar gas), and then the gas was switched to methane to

begin the methane decomposition reaction for a time frame
of about 10 min to 10 h . The reaction produces CNTs and
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other gases (e. g., H2). Additional details regarding the
decomposition of the hydrocarbon are provided in the
Example
EXAMPLES
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filter (GIF Tridiem , Gatan Inc., Pleasanton , Calif., USA ).
The specimens were prepared by ultrasonically suspending
the sample in ethanol . A drop of the suspension was then
applied onto clean holy copper grids and dried in air.
TABLE 1

[0031] Now having described the embodiments of the
disclosure , in general , the examples describe some addi

tional embodiments . While embodiments of the present
disclosure are described in connection with the example and
the corresponding text and figures , there is no intent to limit
embodiments of the disclosure to these descriptions. On the
contrary , the intent is to cover all alternatives ,modifications,
and equivalents included within the spirit and scope of

Properties of catalysts A to G

Catalysts

Fe loading
Pore
[wt % ] BET [m2/g ] volume [cc/g ] Pore size [nm ]

embodiments of the present disclosure .

Example 1
[0032 ] The present example discloses a method that is

used to prepare CNT with inner diameter ranged from about
5 - 55 nm through hydrocarbons decomposition at selected
conditions . The present example further discloses a relation
ship between the pore size and reaction conditions .

Materials and General Consideration :
[0033 ] Unless otherwise stated , all reagents were pur
chased from commercial suppliers and used as received . The
hard reduced oxides like Al2O3, CeO2, SiO2 and etc . sup

ported Fe, Ni, Cu , Co , Ru, Rh , Pt, Pd and etc . catalysts are
effect for this methane decomposition . In this present

example , the methane decomposition over alumina sup
ported iron catalyst (hereinafter Fe/A1203) is selected as the
representative example . Iron nitrate nonahydrate ( 98 % ) and

aluminum nitrate nonahydrate (99 .997 % ) were purchased

from Sigma- Aldrich and used as received . Fe/A1,03 can be
synthesized by several methods including impregnation ,

sol - gel, precipitation and so on . In the present example ,
Fe/A1, 0 , materials were prepared according to the proce

dure named as fusion method ; a typical procedure is
described as follows:
[0034 ] Physically grinding and mixing Fe nitrate and
support nitrate
[0035 ] Calcining under static air from R . T. to 350° C .
for 3 h with a 5º C ./min
[0036 ] Going down to RT under air flow , and then
grinding the final sample to fine powder
[ 0037 ] Its Fe loading ranges from 5 -65 wt. % , as deter

mined by elemental analysis . Some catalysts properties are
shown in Table 1 .

10038 ] Elemental analyses were obtained from the service

of Mikroanalytisches Labor Pascher (Remagen , Germany ).
XRD patterns were recorded on a Bruker D8 Advanced A25
diffractometer using a Bragg -Brentano geometry with a
copper tube operating at 40 kV and 40 mA . N , adsorption
desorption isotherms were obtained on a Micromeritics
ASAP2420 . Prior to these measurements , the samples were
degassed for 2 h at 300° C . The surface areas of the samples

0 . 15

145
162
203
184
174
116
57

0 . 16

0 .24

0 .23
0 . 26

0 . 19
0 .20

3 .68
3 .47
4 .07
4 .00

4 .83
5 .07
11. 77

[0039 ] In an embodiment, any hydrocarbon can be
selected as the source for decomposition to produce CNT. In

this present example , the methane decomposition was
selected as the representative example of hydrocarbon . A

typical methane decomposition test is described as follows:
The catalytic reaction was conducted in a PID micro reactor

equipped with a long stainless tube reactor (ID 9 mm , length

305 mm ), which was heated by an electrical furnace under

differentpressure from 1 to 50 bar and different temperatures
from 550 to 900° C . In this present example , the 750° C . was
selected as the representative reaction temperature , while the

catalyst E was selected as the representative sample . The
catalyst was loaded into the reactor, while the reaction
temperature was controlled by a thermocouple placed into

the middle of the catalyst layer. The CH4 used for the MCD
can be at any concentration . In this present example , a pure
methane gas was used. The loaded catalyst was directly
heated to reaction temperature under Ar gas , and then the gas
was switched to CH4 to begin the methane decomposition

reaction . The outlet gases were analyzed by an online GC
(Varian 450 -GC ) and micro GC (Soprane MicroGC 3000 ).

[0040 ] The reaction results are summarized in Table 2 .
TABLE 2
Summarization of the methane decomposition results over catalysts
Reaction

Catalysts

Reaction
GHSV

Reaction

temp .

[° C .]

[L /h · Scat]

[bar]

750
750

7.5

750
750

750

750

Pressure

CNT inner
pore size
[ nm ]
8 - 10
8 - 10

7.5
?

15 - 22

?

25- 29

?

30

42 - 50

?

50

46 - 52

[0041] The CNT size of different samples in Table 2 was

confirmed with TEM in FIGS. 1 - 6 .
0042 ] It should be noted that ratios , concentrations ,

were determined by a multi- point BET analysis method , and

amounts , and other numerical data may be expressed herein

tron microscope (SEM ) images were taken by the FEI
Quanta 200 or 600 FEG environmental scanning electron
microscope (ESEM ). TEM images were taken on a Titan G2

be interpreted in a flexible manner to include not only the
numerical values explicitly recited as the limits of the range ,

pore volumes were estimated at P /P = 0 .99. Scanning elec

transmission electron microscope (FEI, Hillsboro , Oreg .,
charge -coupled device (CCD ) camera (US4000 ) and energy

USA ), operating at 80 - 300 kV and equipped with a 4 kx4 k

in a range format. It is to be understood that such a range
format is used for convenience and brevity, and thus, should

but also to include all the individual numerical values or
sub -ranges encompassed within that range as if each numeri

cal value and sub -range is explicitly recited . To illustrate, a
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concentration range of “ about 0 .1 % to about 5 % " should be
interpreted to include not only the explicitly recited concen tration of about 0 . 1 wt % to about 5 wt % , but also include
individual concentrations ( e . g ., 1 % , 2 % , 3 % , and 4 % ) and

the sub -ranges (e. g., 0 .5 % , 1. 1 % , 2 .2 % , 3. 3 % , and 4 .4 % )
“ about" can include traditional rounding according to sig

within the indicated range . In an embodiment, the term

nificant figures of the numerical value . In addition , the

phrase " about ' X ' to “y ”” includes " about ' x ' to about “ y ” .
10043 ] It should be emphasized that the above-described
embodiments of the present disclosure are merely possible

examples of implementations, and are set forth only for a
clear understanding of the principles of the disclosure .Many
variations and modifications may be made to the above

described embodiments of the disclosure without departing
substantially from the spirit and principles of the disclosure .
All such modifications and variations are intended to be

included herein within the scope of this disclosure .
1. A method for hydrocarbon catalytic decomposition ,
comprising:

heating a catalyst to about 400 to 1000° C . under an inert
gas ;
flowing a hydrocarbon across the catalyst; and
decomposing the hydrocarbon to produce carbon nano
tubes (CNTs ) having an inner diameter of about 5 to 55
nm .

2 . The method of claim 1 , wherein the inner diameter is

about 25 to 55 nm and an outer diameter of about 10 to 130
nm .

3. The method of claim 1, wherein the hydrocarbon is
methane.
4 . The method of claim 1, wherein the catalyst is a
supported fused Fe catalyst , wherein flowing a hydrocarbon

across the supported fused Fe catalyst reduces the supported
fused Fe catalyst.
5. The method of claim 4 , wherein the supported fused Fe
catalyst is a fused Fe/ A1203 catalyst.

6 . The method of claim 1, wherein the catalyst is a

supported fused Fe catalyst, and further comprising:

heating the supported fused Fe catalyst to the reduction
temperature of the supported fused Fe catalyst ; and

flowing H2 over the supported fused Fe catalyst to reduce
the supported fused Fe catalyst.

7 . The method of claim 1, wherein the catalyst is a

reduced oxide .
8 . Themethod of claim 1 , adjusting a reaction pressure to
select the inner diameter of the CNT.
9 . The method of claim 8 , wherein the reaction pressure
is about 5 to 50 bar.
10 . The method of claim 8 , wherein the reaction pressure
is about 5 bar.
11 . The method of claim 10 , wherein the inner diameter
is about 15 to 22 nm .

12 . The method of claim 8, wherein the reaction pressure
13 . The method of claim 12 , wherein the inner diameter

is about 10 bar.

is about 25 to 29 nm .

14 - 17 . (canceled )
18 . A composition, comprising a carbon nanotube ( CNT)
having an inner diameter of about 25 to 55 nm .
19 . The composition of claim 18 , wherein the inner
diameter is about 15 to 22 nm .

20 . The composition of claim 18 , wherein the inner

diameter is about 25 to 29 nm .

21 . The composition of claim 18 , wherein the inner
diameter is about 42 to 50 nm .

22 . The composition of claim 18 , wherein the inner
23 . The composition of claim 18 , wherein the CNT has an
outer diameter of about 10 to 130 nm .
24 . A hydrocarbon catalytic decomposition system , com
prising a carbon nanotube (CNT) having an inner diameter
of about 25 to 55 nm that replaces commercial catalyst
supports.
diameter is about 46 to 52 nm .

