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PRODUCTION APPARATUS FOR CARBON
NANOTUBES, FEED UNIT FOR BEING PART
OF PRODUCTION APPARATUS, AND
PRODUCTION METHOD FOR CARBON
NANOTUBES

TECHNICAL FIELD

[0001] The present invention relates to a production appa-
ratus for carbon nanotubes, a feed unit for being a part of the
production apparatus, and a production method for carbon
nanotubes.

[0002] As used herein, the “carbon nanotube array” (also
referred to as a “CNT array” herein) is a kind of a synthetic
structure of a plurality of carbon nanotubes (also referred to as
“CNT” herein) (hereinafter, the individual shape of CNT
giving such a synthetic structure will be referred to as a
“primary structure” while the above synthetic structure may
also be referred to as a “secondary structure”), and means an
aggregate of CNT in which a plurality of CNT grow so as to
be oriented in a predetermined direction (specific one
example may be a direction substantially parallel to one nor-
mal line of a plane of a substrate) with regard to at least part
of'a major axis direction. The “growth height” as used herein
refers to a length (height) of a CNT array grown from a
substrate in the direction parallel to the normal line of the
substrate in a state in which the CNT array is attached on the
substrate.

[0003] In the present description, a structure having a con-
figuration in which a plurality of CNT are entangled to each
other will be referred to as a “CNT entangled body,” in which
the structure is formed by continuously drawing the plurality
of CNT from the CNT array by taking part of CNT of'the CNT
array to pull the CNT so as to be separated from the CNT array
(work therefor herein will be also referred to as “spinning”
after work for producing threads from fibers as related to a
conventional art).

BACKGROUND ART

[0004] CNT have a specific configuration of having an out-
side surface formed of graphene, and therefore application in
various fields is expected as a functional material and also as
a structural material. Specifically, CNT have excellent char-
acteristics, such as high mechanical strength, light weight,
satisfactory electrical conduction characteristics, satisfactory
heat characteristics such as heat resistance and heat conduc-
tivity, high resistance to chemical corrosion, and satisfactory
field emission characteristics. Accordingly, the use of CNT
conceivably includes a lightweight and high strength wire, a
probe of a scanning probe microscope (SPM), a cold cathode
of a field emission display (FED), an electrically conductive
resin, a high strength resin, a corrosion-resistant resin, a wear-
resistant resin, a highly lubricating resin, electrodes of a sec-
ondary battery and fuel cell, an interlayer wiring material for
LSI, and a biosensor.

[0005] As one of production methods for CNT, Patent Lit-
erature No. 1 discloses a method comprising: preliminarily
forming a solid-phase metal catalyst layer on a surface of a
substrate by means of sputtering and the like, such as by
vapor-depositing a thin film of a metallic material; disposing
the substrate provided with the solid-phase metal catalyst
layer in a reactor; forming catalyst particles from the metal
catalyst layer to be growth nuclei on the substrate; and feed-
ing a hydrocarbon gas into the reactor to form a CNT array on
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the substrate. Hereinafter, the method comprising: forming
the solid-phase catalyst particles as the growth nuclei on the
substrate as described above; and feeding a hydrocarbon-
based material into the reactor, in which the substrate pro-
vided with the solid-phase catalyst particles is disposed, to
produce a CNT array will be referred to as a solid-phase
catalysis process.

[0006] As a method for highly efficiently producinga CNT
array by the solid-phase catalysis process, Patent Literature
No. 2 discloses a method of feeding a material gas that con-
tains carbon and no oxygen, a catalyst activator that contains
oxygen, and an atmospheric gas, while meeting predeter-
mined conditions so that they are brought into contact with a
solid-phase catalyst layer.

[0007] Another method is also disclosed which produces a
CNT array in a different manner from that of the method
described above. More specifically, Patent Literature No. 3
discloses a method comprising: sublimating iron chloride;
using the sublimated iron chloride as a precursor to form a
catalyst to be growth nuclei on a substrate; and using the
catalyst to form a CNT array. This method is substantially
different from the arts as disclosed in Patent Literature Nos. 1
and 2 in that a halogen-containing substance in gas-phase is
used as a catalyst precursor and this substance is used to form
a catalyst. In the present description, the production method
for a CNT array as disclosed in Patent Literature No. 3 will
also be referred to as a gas-phase catalysis process.

CITATION LIST
Patent Literature
Patent Literature No. 1: JP 2004-107196 A
Patent Literature No. 2: JP 4803687 B
Patent Literature No. 3: JP 2009-196873 A
DISCLOSURE OF INVENTION

Technical Problem

[0008] Inthe production method for a CNT array by such a
gas-phase catalysis process, the action of the catalyst may be
different, as caused by difference in the forming process of
the catalyst, from the production method for a CNT array by
the above solid-phase catalysis process. Therefore, the solid-
phase catalysis process and the gas-phase catalysis process
are considered to be substantially different production meth-
ods for a CNT array. Accordingly, when producing CNT
having various primary structures and secondary structures
by the gas-phase catalysis process, a variety of approaches
can be provided to improve the productivity based on the
production method being the gas-phase catalysis process.

[0009] An object of the present invention is to provide a
means capable of improving the production controllability of
CNT to be produced by the above gas-phase catalysis process.

Solution to Problem

[0010] The present invention provided to attain the above
object is as described below.

(1) A production apparatus for producing carbon nanotubes
by a gas-phase catalysis process, comprising: a first chamber
having a growth region that is a region in which carbon
nanotubes are formed; a first temperature adjustment device
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capable of adjusting a temperature of the growth region in the
first chamber; a pressure adjustment device capable of adjust-
ing a pressure in the first chamber; a first feed device capable
of feeding a carbon source to the growth region in the first
chamber; and a first vaporization device capable of vaporiz-
ing a liquid disposed in the production apparatus, wherein the
first vaporization device can vaporize the liquid so that at least
one kind of gas-phase catalyst is fed to the growth region in
the first chamber, wherein the at least one kind of gas-phase
catalyst is formed from an iron family element-containing
substance and a halogen-containing substance that are con-
tained in the liquid.

(2) The production apparatus according to the above (1),
wherein a substrate is disposed in the growth region to allow
the carbon nanotubes to be formed in an array-like form on a
base surface of the substrate.

(3) The production apparatus according to the above (1),
wherein the carbon nanotubes can be formed by a gas-phase
flow reaction in the growth region.

(4) The production apparatus according to any one of the
above (1) to (3), further comprising a second chamber in
which the liquid can be accommodated and of which inside
communicates with inside of the first chamber, wherein the
first vaporization device can vaporize the liquid in the second
chamber.

(5) The production apparatus according to the above (4),
further comprising a communication adjustment device
capable of adjusting a degree of communication between the
first chamber and the second chamber.

(6) The production apparatus according to any one of the
above (1) to (3), wherein the liquid can be disposed in the first
chamber.

(7) A feed unit capable of feeding a first liquid composed of at
least one kind of a liquid that contains a gas-phase catalyst
and a liquid that contains a precursor of the gas-phase cata-
lyst, the feed unit being to be part of a production apparatus
for producing carbon nanotubes by a gas-phase catalysis pro-
cess, the feed unit comprising: a feed unit chamber capable of
accommodating the first liquid; a feed unit vaporization
device capable of forming a first gas-phase material by vapor-
izing the first liquid in the feed unit chamber; and a discharge
device capable of discharging the first gas-phase material
outside the feed unit chamber.

(8) The feed unit according to the above (7), wherein the feed
unit vaporization device comprises a mechanism for heating
a liquid.

(9) A production method for carbon nanotubes, the produc-
tion method using the feed unit according to the above (7) or
(8) to obtain the carbon nanotubes formed in an array-like
form on a base surface of a substrate.

(10) A production method for carbon nanotubes, the produc-
tion method using the feed unit according to the above (7) or
(8) to obtain the carbon nanotubes as a generated substance by
a gas-phase flow reaction.

(11) A production method for carbon nanotubes, comprising:
a first step of feeding at least one kind of gas-phase catalyst
into a first chamber, the at least one kind of gas-phase catalyst
being formed from an iron family element-containing sub-
stance and a halogen-containing substance that are contained
in a first liquid; and a second step of forming the carbon
nanotubes from a carbon source fed into the first chamber
using a catalyst generated based on the gas-phase catalyst
existing in the first chamber, wherein the first step includes
vaporization of the first liquid.
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(12) The production method according to the above (11),
wherein: the first step includes allowing a substrate disposed
in the first chamber to exist in an atmosphere including the
gas-phase catalyst; and the second step includes forming the
carbon nanotubes in an array-like form on a base surface of
the substrate.

(13) The production method according to the above (12),
wherein the carbon source is fed into the first chamber in a
state in which the gas-phase catalyst exists in the first cham-
ber via the first step.

(14) The production method according to any one of the
above (11) to (13), wherein a temperature of the substrate in
the first step is lower than a temperature of the substrate in the
second step.

(15) The production method according to the above (11),
wherein the carbon nanotubes are formed as a generated
substance by a gas-phase flow reaction.

(16) The production method according to any one of the
above (11) to (15), wherein an iron family element contained
in the iron family element-containing substance includes
iron.

(17) The production method according to any one of the
above (11) to (16), wherein the vaporization of'the first liquid
is performed outside the first chamber, and a vapor of the first
liquid is fed into the first chamber from outside of the first
chamber.

(18) The production method according to any one of the
above (11) to (17), wherein the iron family element-contain-
ing substance contained in the first liquid includes an iron-
methanol complex.

Advantageous Effects of Invention

[0011] According to the production method for CNT ofthe
present invention, it becomes easy to feed the gas-phase cata-
lyst into the first chamber. Therefore, when the CNT are
produced by the gas-phase catalysis process, it is expected to
make easy to control the generation amount and the structural
properties (both the primary and secondary structures) of the
CNT.

BRIEF DESCRIPTION OF DRAWINGS

[0012] FIG. 1 is a drawing schematically showing a con-
figuration of a production apparatus for a CNT array accord-
ing to a first embodiment of the present invention.

[0013] FIG. 2 is a drawing schematically showing a con-
figuration of a gas-phase catalyst feed device of the produc-
tion apparatus shown in FIG. 1.

[0014] FIG. 3 is a drawing schematically showing a con-
figuration of an example of a production apparatus fora CNT
array according to a second embodiment of the present inven-
tion.

[0015] FIG. 4 is a drawing schematically showing a con-
figuration of another example of a production apparatus for a
CNT array according to the second embodiment of the
present invention.

[0016] FIG. 5 is an image showing CNT that constitute a
CNT array.
[0017] FIG. 6 is a graph showing an outer diameter distri-

bution of CNT that constitute a CNT array.

[0018] FIG. 7is an image showing a state in which a CNT
entangled body is produced by spinning a CNT array.
[0019] FIG. 8 is an enlarged image of part of a CNT
entangled body obtained from a CNT array.



US 2016/0207773 Al

[0020] FIG. 9 is an image when observing a CNT array
produced by a production method according to Example 1.
[0021] FIG. 10 is an image when observing a CNT array
produced by a production method according to Example 2.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0022] Embodiments of the present invention will be
described below.

1. Production Apparatus for CNT Array

[0023] A production apparatus for a CNT array according
to a first embodiment of the present invention will be
described with reference to the drawings.

[0024] FIG. 1 is a drawing schematically showing a con-
figuration of a production apparatus used for a production
method for a CNT array according to the first embodiment of
the present invention.

[0025] As shown in FIG. 1, production apparatus 10 for a
CNT array is provided with electric furnace 12. Electric fur-
nace 12 takes on a substantially cylindrical shape that extends
along predetermined direction A (direction in which a mate-
rial gas flows). Inside electric furnace 12, reaction vessel pipe
14 as a first chamber having a growth region that is a region in
which CNT are formed is passed through. Reaction vessel
pipe 14 is a substantially cylindrically-shaped member
formed of a heat-resistant material such as quartz, has an
outside diameter smaller than an outside diameter of electric
furnace 12, and extends along predetermined direction A. In
FIG. 1, substrate 28 provided with a base surface that is a
surface on which a CNT array grows is disposed in the growth
region of reaction vessel pipe 14. That is, the growth region in
production apparatus 10 for a CNT array includes a region in
which substrate 28 in reaction vessel pipe 14 is disposed.
[0026] Electric furnace 12 is provided with heater 16 and
thermocouple 18. In production apparatus 10 fora CNT array,
heater 16 and thermocouple 18 constitute a first temperature
adjustment device. Heater 16 is disposed so as to surround a
predetermined region (in other words, a predetermined region
of substantially cylindrically-shaped reaction vessel pipe 14
in an axial direction, and hereinafter, also referred to as a
“heating region”) in predetermined direction A of reaction
vessel pipe 14 to generate heat for raising a temperature of an
atmosphere in the pipe in the heating region of reaction vessel
pipe 14. Thermocouple 18 is disposed in the vicinity of the
heating region of reaction vessel pipe 14 inside electric fur-
nace 12 to allow output of an electrical signal that represents
a temperature associated with a temperature of the atmo-
sphere in the pipe in the heating region of reaction vessel pipe
14. Heater 16 and thermocouple 18 are electrically connected
to control device 20.

[0027] To the upstream side (in FIG. 1, to one end at the left
side) of reaction vessel pipe 14 in predetermined direction A,
feed device 22 is connected. Feed device 22 is provided with
raw material gas feed device 30, first gas-phase material feed
device 31, gas-phase co-catalyst feed device 32, and auxiliary
gas feed device 33. Feed device 22 is electrically connected to
control device 20, and also electrically connected to each feed
device of feed device 22.

[0028] Raw material gas feed device 30 (first feed device)
can feed, into the inside of reaction vessel pipe 14 (in particu-
lar, to the growth region), a carbon compound (for example,
hydrocarbon such as acetylene) that serves as a raw material
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of CNT constituting the CNT array, i.e. a raw material gas that
contains a carbon source. A flow rate of feeding the raw
material gas from raw material gas feed device 30 can be
regulated using a publicly known flow rate regulating instru-
ment such as mass flow.

[0029] First gas-phase material feed device 31 can feed first
gas-phase material G, which is obtained by vaporization of
first liquid L accommodated in first gas-phase material feed
device 31, into the inside of reaction vessel pipe 14. As used
herein, the “vaporization” means both of causing a substance
contained in first liquid L. to be in a gas-phase state and
forming an aerosol of first liquid L. First gas-phase material G
contains a gas-phase catalyst originated from first liquid L. or
a precursor of the gas-phase catalyst, and therefore first gas-
phase material feed device 31 can feed the gas-phase catalyst
into the inside of reaction vessel pipe 14 (in particular, to the
growth region). As used herein, the “gas-phase catalyst”
means a collective term of a substance that is a halogen-
containing catalyst precursor and that can be in a gas-phase
state in the growth region of the reaction vessel pipe 14 and a
suspended substance that is formed based on the halogen-
containing catalyst precursor. At least part of substances that
constitute the gas-phase catalyst attaches on the base surface
of substrate 28, and at least part of catalysts that contribute to
formation of CNT; in the present embodiment formation of a
CNT array, is formed based on the attached substances.

[0030] As shown in FIG. 2, first gas-phase material feed
device 31 has a unit structure as will be described below. That
is, first gas-phase material feed device 31 is provided with
feed unit chamber 31A that can accommodate first liquid L.
composed of at least one kind of a liquid that contains a
gas-phase catalyst and a liquid that contains a precursor of the
gas-phase catalyst and a feed unit temperature adjustment
device that can adjust the temperature of first liquid L in feed
unitchamber 31A. In FIG. 2, the feed unit temperature adjust-
ment device is composed of heater 31B (part of the first
vaporization device) and a temperature measurement device
such as a thermocouple not shown.

[0031] First gas-phase material feed device 31 is provided
with first liquid feed device 31C that can feed first liquid L
into feed unit chamber 31A. First liquid L is adjusted to a
predetermined temperature by the feed unit temperature
adjustment device (including heater 31B and the like) in feed
unit chamber 31A thereby to be vaporized. Thus, in first
gas-phase material feed device 31, the feed unit temperature
adjustment device represents a feed unit vaporization device
that can form first gas-phase material G by vaporizing first
liquid L. First gas-phase material feed device 31 is provided
with discharge device 31D that can discharge first gas-phase
material G in feed unit chamber 31A outside the feed unit
chamber 31A. In FIG. 1, the destination of first gas-phase
material G is inside of reaction vessel pipe 14, and first
gas-phase material G is fed into reaction vessel pipe 14 from
first gas-phase material feed device 31. First liquid feed
device 310 and discharge device 31D may be provided with
means for adjusting the amount of a substance that passes
therethrough.

[0032] When first gas-phase material G contains a gas-
phase catalyst originated from first liquid L, the gas-phase
catalyst is fed to the growth region in reaction vessel pipe 14.
On the other hand, when first gas-phase material G contains a
precursor of the gas-phase catalyst originated from first liquid
L, the gas-phase catalyst is formed from the precursor of the



US 2016/0207773 Al

gas-phase catalyst, and the formed gas-phase catalyst is fed to
the growth region in reaction vessel pipe 14.

[0033] In first gas-phase material feed device 31 shown in
FIG. 1, the feed unit temperature adjustment device repre-
sents a feed unit vaporization device, and the feed unit tem-
perature adjustment device vaporizes first liquid L. to generate
the first gas-phase material, but the present invention is not
limited thereto. For example, the feed unit vaporization
device may be provided with a mechanism that regulates the
pressure in feed unit chamber 31A, and the pressure in feed
unitchamber 31 A may be reduced to vaporize first liquid L, or
the feed unit vaporization device may be provided with a
mechanism that feeds a gas into first liquid L in feed unit
chamber 31A, and an inert gas or hydrogen may be fed into
(bubbled in) first liquid L to vaporize first liquid L. In an
alternative embodiment, the feed unit vaporization device
may be provided with a mechanism that increases the pres-
sure of first liquid L. in feed unit chamber 31 A and fine pores
that can spray first liquid L outside feed unit chamber 31A,
and first liquid L. may be sprayed from the fine pores to
vaporize.

[0034] First gas-phase material feed device 31 may have an
exhaust system (pressure adjustment device) that can regulate
the pressure in feed unit chamber 31A, and may also have a
gas feed system (gas feed device) that allows a gas to be fed
into feed unit chamber 31A. Having such an exhaust system
and/or gas feed system may make it easy to vaporize first
liquid L.

[0035] Gas-phase co-catalyst feed device 32 can feed a
gas-phase co-catalyst into reaction vessel pipe 14 (in particu-
lar, to the growth region). The gas-phase co-catalyst will be
described later. The flow rate of feeding the gas-phase co-
catalyst from gas-phase co-catalyst feed device 32 can be
regulated using the publicly known flow rate regulating
instrument such as the mass flow.

[0036] Auxiliary gas feed device 33 allows feed of a gas
other than the above raw material gas, first gas-phase material
and gas-phase co-catalyst, for example, an inert gas such as
argon (such a gas herein is generically referred to as an
“auxiliary gas”) into reaction vessel pipe 14 (in particular, to
the growth region). The flow rate of feeding the auxiliary gas
from auxiliary gas feed device 33 can be regulated using the
publicly known flow rate regulating instrument such as the
mass flow.

[0037] To theotherend at the downstream side (right side in
FIG. 1) of reaction vessel pipe 14 in predetermined direction
A, pressure regulating valve 23 (part of the pressure adjust-
ment device) and exhaust device 24 (also part of the pressure
adjustment device) are connected. Pressure regulating valve
23 allows regulation of the pressure in reaction vessel pipe 14
by varying a degree of opening and closing of the valve.
Exhaust device 24 performs vacuum exhaust of the inside of
reaction vessel pipe 14. Specific types of exhaust device 24
are not particularly limited, and a rotary pump, oil diffusion
pump, mechanical booster, turbomolecular pump, cryopump
or the like can be used alone or in combination therewith.
Pressure regulating valve 23 and exhaust device 24 are elec-
trically connected to control device 20. In addition, reaction
vessel pipe 14 is provided therein with pressure gauge 13 for
measuring the internal pressure thereof. Pressure gauge 13 is
electrically connected to control device 20 to allow output of
an electrical signal that represents the internal pressure of
reaction vessel pipe 14 to control device 20.
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[0038] Asdescribed above, control device 20 is electrically
connected to heater 16, thermocouple 18, feed device 22,
pressure gauge 13, pressure regulating valve 23 and exhaust
device 24 to be input with the electrical signals output from
the devices or the like, and based on the input electrical
signals, to control operation of the devices or the like.
Examples of specific operation of control device 20 will be
presented below.

[0039] Control device 20 allows input of the electrical sig-
nal output from thermocouple 18 and related to the internal
temperature of reaction vessel pipe 14, and to heater 16,
allows output of a control signal related to operation of heater
16 as determined based on the electrical signal. Heater 16 to
which the control signal from the control device is input
allows operation for increasing or decreasing an amount of
produced heat to vary the internal temperature in the heating
region of reaction vessel pipe 14, based on the control signal.
[0040] Control device 20 allows input of an electrical signal
output from pressure gauge 13 and related to the internal
pressure in the heating region of reaction vessel pipe 14, and
to pressure regulating valve 23 and exhaust device 24, allows
output of a control signal as related to operation of pressure
regulating valve 23 and exhaust device 24 as determined
based on the electrical signal. Pressure regulating valve 23
and exhaust device 24 to which the control signal from con-
trol device 20 is input allow operation of varying a degree of
opening of pressure regulating valve 23, and/or varying the
exhausting capability of exhaust device 24, and the like, based
on the control signal.

[0041] According to a preset timetable, control device 20
allows, to each device, output of a control signal for control-
ling operation of each device or the like. For example, control
device 20 allows, to feed device 22, output of a control signal
for determining start and stop of feeding a substance from
each of raw material gas feed device 30, first gas-phase mate-
rial feed device 31, gas-phase co-catalyst feed device 32 and
auxiliary gas feed device 33 of gas feed device 22, and the
flow rate of feed thereof. Gas feed device 22 to which the
control signal is input, according to the control signal, allows
operation of each feed device to start or stop feed of each
substance such as the raw material gas into reaction vessel
pipe 14.

[0042] Control device 20 can control operation of each part
that constitutes first gas-phase material feed device 31. More
specifically, based on the electrical signal from the tempera-
ture measurement device such as a thermocouple of first
gas-phase material feed device 31, control device 20 can
output a control signal as related to operation of heater 31B.
Heater 31B, to which the control signal is input, varies the
temperature of first liquid L. in feed unit chamber 31A in
accordance with the control signal. This variation of tempera-
ture can adjust the generation amount of first gas-phase mate-
rial G. Control device 20 can output a control signal as related
to operation of first liquid feed device 31C. First liquid feed
device 31C, to which the control signal is input, varies the
feed amount of first liquid L into feed unit chamber 31A in
accordance with the control signal. Control device 20 can
output a control signal as related to operation of discharge
device 31D. Discharge device 31D, to which the control
signal is input, can adjust the timing and amount of discharg-
ing first gas-phase material G outside feed unit chamber 31A,
i.e. feeding first gas-phase material G into reaction vessel pipe
141in FIG. 1, in accordance with the control signal. When first
gas-phase material feed device 31 is provided with additional
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exhaust system and/or gas feed system as described above,
control device 20 can output control signals as related to
operations thereof.

[0043] A production apparatus for a CNT array according
to a second embodiment of the present invention will be
described with reference to the drawings. FIG. 3 is a drawing
schematically showing a configuration of a production appa-
ratus used for a production method for a CNT array according
to the second embodiment of the present invention. As shown
in FIG. 3, production apparatus 50 for a CNT array according
to the second embodiment of the present invention has a
common basic configuration with that of production appara-
tus 10 for a CNT array according to the first embodiment of
the present invention as shown in FIG. 1 except that feed
device 22 is provided with a heat-resistant tray 29 that is
located in electric furnace 12 and can accommodate first
liquid L therein, as substitute for first gas-phase material feed
device 31 provided in feed device 22, and that first liquid L is
accommodated in heat-resistant tray 29 in reaction vessel
pipe 14.

[0044] In such a configuration of production apparatus 50
for a CNT array according to the second embodiment of the
present invention, the vaporization of first liquid L is per-
formed in reaction vessel pipe 14. A gas-phase catalyst con-
tained in first gas-phase material G obtained by vaporization
of first liquid L or a gas-phase catalyst formed from first
gas-phase material G diffuses in reaction vessel pipe 14 to
reach the growth region. In FIG. 3, heater 16 can adjust the
temperature of substrate 28 disposed in reaction vessel pipe
14 and the temperature of first liquid L. in heat-resistant tray
29. Thus, in production apparatus 50 for a CNT array accord-
ing to the second embodiment, heater 16 and thermocouple
18 constitute a vaporization device for first liquid L.

[0045] As in production apparatus 50 for a CNT array
according to the second embodiment of the present invention,
when the vaporization of first liquid L is performed in reac-
tion vessel pipe 14, the atmosphere temperature in reaction
vessel pipe 14 can be controlled in a divided manner in
reaction vessel pipe 14. For example, production apparatus 60
for a CNT array shown in FIG. 4 is provided with a plurality
of'thermocouples 18A and 18B, and heater 16 can control the
temperature in a divided manner in the axial direction of
reaction vessel pipe 14 (upstream side and downstream side)
based on the electrical signals from respective thermo-
couples.

[0046] Therefore, in the region at the upstream side (left
side in FIG. 4) of reaction vessel pipe 14, the upstream side
(left side in FIG. 4) of heater 16 can be operated based on the
electrical signal from thermocouple 18 A thereby to adjust the
temperature of first liquid L in heat-resistant tray 29.

[0047] In the region at the downstream side (right side in
FIG. 4) of reaction vessel pipe 14, the downstream side (right
side in FIG. 4) of heater 16 can be operated based on the
electrical signal from thermocouple 18B thereby to adjust the
temperature of the growth region in which substrate 28 is
disposed. According to such a structure, it is possible to
generate first gas-phase material G at the upstream side of
reaction vessel pipe 14 while adjusting the temperature of the
reaction region at the downstream side of reaction vessel pipe
14.

[0048] A production apparatus for a CNT array according
to an embodiment of the present invention may be provided
with two or more structural features of the above production
apparatuses 10,50 and 60 fora CNT array. In an embodiment,

Jul. 21, 2016

a CNT apparatus may be provided with first gas-phase mate-
rial feed device 31 so as to be capable of feeding first gas-
phase material G into reaction vessel pipe 14 and may further
be provided with heat-resistant tray 29 so that the vaporiza-
tion of first liquid L disposed in reaction vessel pipe 14 can be
carried out in reaction vessel pipe 14.

2. Production Method for CNT Array

[0049] A production method for a CNT array according to
an embodiment of the present invention will be described.
The production method for a CNT array according to the
present embodiment includes a first step and a second step.

(1) First Step

[0050] The production method for a CNT array according
to the present embodiment includes a first step that feeds at
least one kind of gas-phase catalyst, which is formed from an
iron family element-containing substance and a halogen-con-
taining substance that are contained in first liquid L, into the
first chamber. Here, the first step includes vaporization of first
liquid L. This vaporization of first liquid L. may be performed
outside reaction vessel pipe 14 as in the case of using produc-
tion apparatus 10 for a CNT array, or may also be performed
inside reaction vessel pipe 14 as in the case of using produc-
tion apparatus 50 or 60 for a CNT array. First gas-phase
material G, which is a vapor of first liquid L, contains a
gas-phase catalyst or a precursor of the gas-phase catalyst,
and therefore, by performing the first step, substrate 28 dis-
posed in reaction vessel pipe 14 is allowed to exist in an
atmosphere that includes the gas-phase catalyst.

[0051] Here, in the production method for a CNT array
according to the present embodiment, it is preferred that
substrate 28 is provided with a base surface that is a surface
formed of a material including an oxide of silicon, at least as
part of the surface of substrate 28.

[0052] The specific constitution of substrate 28 is not lim-
ited. The shape thereof'is arbitrary, and may be a simple shape
such as a flat plate or a cylinder, or may have a three-dimen-
sional shape in which complicated recesses and projections
are provided. Moreover, the entire surface of the substrate
may be the base surface, or may be in a so-called patterned
state in which only part of the surface of the substrate is the
base surface, and other parts are not.

[0053] The base surface is a surface formed of a material
that contains an oxide of silicon, and the CNT array is formed
on the base surface in the second step. Detail of the material
constituting the base surface is not limited as long as the
material contains an oxide of silicon. Specific one example of
the material constituting the base surface may be quartz
(Si0,). Specific other examples of the material constituting
the base surface include SiO, (x=<2) which can be obtained
such as by sputtering silicon in an oXygen-containing atmo-
sphere. Specific still another example may be silicon-contain-
ing composite oxide. Specific examples of an element other
than silicon and oxygen that constitutes the composite oxide
include Fe, Ni and Al. Specific still another example may be
a compound in which a nonmetallic element such as nitrogen
and boron is added to an oxide of silicon.

[0054] The material constituting the base surface may be
identical with or different from a material constituting sub-
strate 28. To present specific examples, specific examples
include a case where the material constituting substrate 28 is
formed of quartz and the material constituting the base sur-
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face is also formed of quartz, and a case where the material
constituting substrate 28 is formed of a silicon substrate based
essentially on silicon, and the material constituting the base
surface is formed of an oxide film thereof.

[0055] As described above, the first step includes: feeding
the gas-phase catalyst via first liquid L into reaction vessel
pipe 14 using first gas-phase material feed device 31 in pro-
duction apparatus 10 or using heat-resistant tray 29 in pro-
duction apparatus 50 or 60; and allowing substrate 28 pro-
vided with the above base surface to exist in an atmosphere
that includes the gas-phase catalyst. Any of production appa-
ratuses 10, 50 and 60 for a CNT array can be used to feed
various kinds of gas-phase catalysts into reaction vessel pipe
14 by appropriately selecting the kind of iron family element-
containing substance and halogen-containing substance that
are contained in first liquid L.

[0056] The iron family element-containing material con-
tained in first liquid L is a substance that contains an iron
family element (i.e. at least one kind of iron, cobalt, and
nickel), and the specific composition thereof is not limited.
Specific examples of the iron family element-containing
material include a coordinate compound having an iron fam-
ily element as at least one of central metal elements, such as
an iron-methanol complex, and ions of an iron family ele-
ment. The iron family element-containing substance may be
constituted of one kind of material, or may also be constituted
of plural kinds of materials. In view of easy availability, easy
formation of CNT and the like, it is preferred that the iron
family elements contained in the iron family element-con-
taining substance include iron.

[0057] The halogen-containing substance contained in first
liquid L is a substance that contains halogen (i.e. at least one
kind of fluorine, chlorine, bromine, and iodine), and the spe-
cific composition thereof is not limited. Specific examples of
the halogen-containing substance include fluoride ions (F7),
chloride ions (C17), bromide ions (Br™), and iodide ions (I7).
The halogen-containing substance may be constituted of one
kind of substance, or may also be constituted of plural kinds
of substances. The iron family element-containing substance
and the halogen-containing substance may be in a state in
which they interact with each other in first liquid L. One
example of such a compound may be chloride of an iron-
methanol complex.

[0058] Solvent contained in first liquid L. is not limited. The
solvent may be a protic polar solvent such as water and
alcohol, an aprotic polar solvent such as acetone and aceto-
nitrile, or an apolar solvent such as cyclohexane and toluene.
The composition of the solvent may be appropriately set in
accordance with properties of the iron family element-con-
taining substance and halogen-containing substance which
are contained in first liquid L.

[0059] The gas-phase catalyst according to the present
embodiment includes a reaction product of the iron family
element-containing substance and halogen-containing sub-
stance which are contained in first liquid L. Specific examples
of the gas-phase catalyst include halide of an iron family
element (also referred to as “iron family element halide”
herein). Specific further examples of such iron family ele-
ment halide include iron fluoride, cobalt fluoride, nickel fluo-
ride, iron chloride, cobalt chloride, nickel chloride, iron bro-
mide, cobalt bromide, nickel bromide, iron iodide, cobalt
iodide, and nickel iodide. In the iron family element halide,
different compounds may occasionally exist according to
valence of ion of the iron family element, such as iron(Il)
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chloride and iron(I1I) chloride. The gas-phase catalyst may be
constituted of one kind of substance or plural kinds of sub-
stances.

[0060] The relationship between first liquid L. and first gas-
phase material G is not particularly limited. In a specific
example ofa case in which first liquid L is a methanol solution
that contains the above chloride of an iron-methanol com-
plex, when first liquid L is heated to volatilize methanol as the
solvent, and as a result the generated solid-phase iron chloride
sublimates, first gas-phase material G includes iron chloride
which is one kind of the gas-phase catalyst. When the above
first liquid L is vaporized such as by liquid mass flow, first
gas-phase material G is aerosol of first liquid L. From the
methanol complex in this aerosol of first liquid L, iron chlo-
ride is generated in a similar manner to the above case and
sublimates to be one kind of the gas-phase catalyst. In this
case, chloride of the iron-methanol complex in first liquid L is
considered as a precursor of the gas-phase catalyst.

[0061] In addition to any of the above feed methods,
another means may be used to feed the gas-phase catalyst into
reaction vessel pipe 14. To present a specific example in such
a case, when iron(Il) chloride, anhydrous, as the catalyst
source is disposed inside the heating region of reaction vessel
pipe 14 to sublimate the iron(Il) chloride, anhydrous, by
heating the inside of the heating region of reaction vessel pipe
14 and simultaneously negatively pressurizing the inside, the
gas-phase catalyst including a vapor of the iron(Il) chloride is
allowed to exist in reaction vessel pipe 14.

[0062] Pressure of the atmosphere in reaction vessel pipe
14 in the first step, specifically, in the growth region in which
substrate 28 is disposed is not particularly limited. The pres-
sure may be the atmospheric pressure (about 1.0x10° Pa)or a
negative or positive pressure. When the inside of reaction
vessel pipe 14 is adjusted to a negative pressure atmosphere in
the second step, the atmosphere is preferably adjusted to the
negative pressure also in the first step to shorten transition
time between the steps. In a case where the inside of reaction
vessel pipe 14 is adjusted to the negative pressure atmosphere
in the first step, the specific total pressure in the atmosphere is
not particularly limited. Specific examples include adjust-
ment to 107> Pa or more and 10* Pa or less.

[0063] When first gas-phase material feed device 31 is used
to feed the gas-phase catalyst, the temperature in the atmo-
sphere in reaction vessel pipe 14 in the first step is not par-
ticularly limited. The temperature may be ordinary tempera-
ture (about 25° C.), and the atmosphere may be heated or
cooled.

[0064] As will be described later, the growth region in
reaction vessel pipe 14 is preferably heated in the second step,
and therefore the growth region may preferably be heated also
in the first step to shorten the transition time between the
steps.

[0065] In addition to the above method, iron(II) chloride,
anhydrous, may be used as the feed source for the gas-phase
catalyst, this iron(Il) chloride, anhydrous, may be heated to
sublimate the iron(Il) chloride, and a generated vapor of the
iron(Il) chloride may be introduced into reaction vessel pipe
14 in which substrate 28 is disposed. The sublimation tem-
perature of iron(II) chloride is about 950 K in the atmospheric
pressure (about 1.0x10° Pa), but can be decreased by adjust-
ing the atmosphere inside the heating region of reaction ves-
sel pipe 14 to a negative pressure.
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(2) Second Step

[0066] In the second step, the catalyst generated based on
the gas-phase catalyst existing in the first chamber is used to
form CNT from the carbon source contained in the raw mate-
rial gas fed into the first chamber. Specifically, at least one
kind of gas-phase catalyst, which is formed from the iron
family element-containing substance and halogen-containing
substance, is used as a catalyst precursor to generate a catalyst
on substrate 28, and the catalystis used to form CNT from the
carbon source.

[0067] Kinds of the raw material gas are not particularly
limited, but ordinarily, a hydrocarbon-based material is used
and specific examples include acetylene. The method for
allowing the raw material gas to exist in reaction vessel pipe
14 (particularly in the growth region) is not particularly lim-
ited. As in production apparatuses 10, 50 and 60 described
above, the raw material gas may be allowed to exist by feed-
ing the raw material gas from raw material gas feed device 30,
or a material that can generate the raw material gas may be
allowed to previously exist inside reaction vessel pipe 14 to
generate the raw material gas from the material and to diffuse
the raw material gas in reaction vessel pipe 14, and thus the
second step may be started. When the raw material gas is fed
from raw material gas feed device 30, the flow rate of feeding
the raw material gas into reaction vessel pipe 14 is preferably
controlled using a flow rate adjusting instrument. The flow
rate of feed is ordinarily expressed in terms of a unit of sccm
and 1 sccm means a flow rate of 1 mL per minute for gas
converted under an environment 0f273 K and 1.01x10° Pa. In
the case of the production apparatuses 10, 50 and 60 having
the configurations as shown in FIGS. 1, 3 and 4, the flow rate
of gas to be fed into reaction vessel pipe 14 is set up based on
an inside diameter of reaction vessel pipe 14, pressure mea-
sured using pressure gauge 13, and the like. Specific
examples of a preferred flow rate of feeding an acetylene-
containing raw material gas when the pressure by pressure
gauge 13 is within 1x10* Pa or more and 1x10° Pa or less
include 10 sccm or more and 1,000 sccm or less, and in this
case, the flow rate thereof is further preferably adjusted to 20
sccm or more and 500 sccm or less, and particularly prefer-
ably, to 50 sccm or more and 300 sccm or less.

[0068] As used herein, the “gas-phase co-catalyst” means a
gas-phase component having a function (hereinafter, also
referred to as a “growth promotion function™) for enhancing
the growth rate of a CNT array to be produced by the gas-
phase catalysis process described above, and in a preferred
embodiment, a gas-phase component having a function (here-
inafter, also referred to as a “function for improving spinning
properties”) for further improving the spinning properties of
the CNT array produced. Detail of the growth promotion
function is not particularly limited. Specific components of
the gas-phase co-catalyst are not particularly limited as long
as the components fulfill the growth promotion function
described above, and preferably, also the function for improv-
ing spinning properties, and specific examples include
acetone.

[0069] The method for allowing the gas-phase co-catalyst
to exist in reaction vessel pipe 14 (particularly in the growth
region) in the second step is not particularly limited. As in
production apparatuses 10, 50 and 60 described above, the
gas-phase co-catalyst may be allowed to exist by feeding the
gas-phase co-catalyst from gas-phase co-catalyst feed device
32. When the gas-phase co-catalyst is fed from gas-phase
co-catalyst feed device 32, the flow rate of feeding the gas-
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phase co-catalyst into reaction vessel pipe 14 is preferably
controlled using the flow rate adjusting instrument. In an
alternative embodiment, a material that can generate the gas-
phase co-catalyst may be allowed to previously exist inside
reaction vessel pipe 14 to generate the gas-phase co-catalyst
from the material by means of heating, pressure reduction or
the like and to diffuse the gas-phase co-catalyst in reaction
vessel pipe 14.

[0070] The total pressure in the atmosphere inside reaction
vessel pipe 14 in the second step is not particularly limited.
The total pressure may be the atmospheric pressure (about
1.0x10° Pa) or a negative or positive pressure. The total pres-
sure may be appropriately set up in consideration of a com-
position (partial pressure ratio) of substances existing in reac-
tion vessel pipe 14, or the like. To show specific examples of
a pressure range when the atmosphere inside the heating
region in reaction vessel pipe 14 is adjusted to a negative
pressure, the pressure range is adjusted to 1x10* Pa or more
and 1x10* Pa or less, preferably, 2x10" Pa or more and 5x10°
Pa or less, further preferably, 5x10' Pa or more and 2x10° Pa
or less, and particularly preferably, 1x10* Pa or more and
1x10° Pa or less.

[0071] Temperature of the growth region in reaction vessel
pipe 14 in the second step is not particularly limited as long as
aCNT array can be formed on the base surface of substrate 28
using the raw material gas under the condition in which an
appropriate amount of the gas-phase catalyst and the gas-
phase co-catalyst, which is used as necessary, exists in the
growth region. As described above, setting a lowered tem-
perature on the base surface of substrate 28 in the first step
may contribute to the formation of the catalyst on the base
surface, in which case the temperature of the growth region in
reaction vessel pipe 14 in the second step may be changed to
be higher than that in the first step.

[0072] Temperature of the base surface in the second step
may be controlled by adjusting the temperature of the growth
region in reaction vessel pipe 14. Temperature of the base
surface of substrate 28 in the second step is preferably heated
to 8x10% K or higher. When the temperature of the base
surface of substrate 28 is 8x10* K or higher, interaction
between the gas-phase catalyst and gas-phase co-catalyst,
which is used as necessary, and the raw material gas is easily
caused on the base surface to facilitate the growth of a CNT
array on the base surface of substrate 28. From a viewpoint of
easily causing this interaction, the temperature of the base
surface in the second step is preferably heated to 9x10” K or
higher, more preferably 1.0x10° K or higher, and particularly
preferably 1.1x10° K or higher. The upper limit of the tem-
perature of the base surface of substrate 28 in the second step
is not particularly limited, but when the temperature is exces-
sively high, the material constituting the base surface and/or
the material constituting the substrate (these materials may be
or may not be identical) may occasionally lack in stability as
solid, and therefore the upper limit is preferably set up in
consideration of the melting point and sublimation tempera-
ture of these materials. When the load of the reaction vessel
pipe is taken into consideration, the upper limit of the tem-
pegature of substrate 28 is preferably adjusted to about 1.5x
10°K.

3. CNT Array

[0073] As one example of a CNT array produced by the
production method according to the present embodiment, as
shown in FIG. 5, the CNT array has a part having a configu-
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ration in which a plurality of CNT are disposed so as to be
oriented in a certain direction. When diameters of the plural-
ity of CNT in the part are measured to determine a distribution
thereof, as shown in FIG. 6, most of the diameters ofthe CNT
are within a range of 20 to 50 nanometers. Diameters of CNT
can be measured from an observed image obtained when
observing CNT that constitute a CNT array, such as using an
electron microscope.

[0074] The CNT array produced by the production method
according to the present embodiment can have the spinning
properties. Specifically, the CNT constituting the CNT array
are taken and drawn (spun) in a direction in which the CNT
are separated from the CNT array, and thus a structure (CNT
entangled body) having the plurality of CNT entangled to
each other can be obtained. FIG. 7 is an image showing a state
in which the CNT entangled body is formed from the CNT
array, and FIG. 8 is an image in which part of the CNT
entangled body is enlarged. As shown in FIG. 7, the CNT
constituting the CNT array is continuously drawn, and thus
the CNT entangled body is formed. Moreover, as shown in
FIG. 8, the CNT constituting the CNT entangled body is
entangled to each other while being oriented in a direction
(spinning direction) in which the CNT is drawn from the CNT
array to form a connected body. A member having the CNT
array and allowing formation of the CNT entangled body
herein is also referred to as a “spinning source member.”

4. CNT Entangled Body

[0075] The CNT entangled body obtained from the spin-
ning source member can have various shapes. Specific one
example may be a linear shape, and specific another example
may be a web shape. The linearly-shaped CNT entangled
body can be handled in a manner equivalent to that for fibers
if twist is added when the spinning source member is drawn to
obtain the linearly-shaped CNT entangled body, and used
also as electrical wiring. On the other hand, the web-shaped
CNT entangled body can be directly handled in a manner
similar to that for a nonwoven fabric.

[0076] The length of the CNT entangled body in the spin-
ning direction is not particularly limited, and needs to be
appropriately set up according to an intended use. In general,
the spinning length of 2 millimeters or more allows applica-
tion of the CNT entangled body to a part level such as a
contact part and an electrode. Moreover, in the linearly-
shaped CNT entangled body, the degree of orientation of the
CNT constituting the body can be arbitrarily controlled by
changing a spinning method from the spinning source mem-
ber (examples thereof include varying the degree of twist).
Accordingly, the CNT entangled body in which the mechani-
cal characteristics or the electrical characteristics are differ-
ent can be produced by changing the spinning method from
the spinning source member.

[0077] Ifthe degree of entanglement is decreased, the CNT
entangled body becomes fine in the case of the linear shape,
and thin in the case of the web shape. I[f the degree progresses,
the CNT entangled body becomes difficult to visually
observe, and the CNT entangled body on the occasion can be
used as transparent fibers, transparent wiring, or a transparent
web (transparent sheet-shaped member).

[0078] The CNT entangled body may consist only of CNT
or may also be a composite structure with any other material.
As described above, the CNT entangled body has the con-
figuration formed of the plurality of CNT being entangled to
each other, and therefore a void exists among the plurality of
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entangled CNT in a manner similar to that for a plurality of
fibers constituting a nonwoven fabric. The composite struc-
ture can be easily formed by introducing powder (specific
examples include metal fine particles, inorganic particles
such as particles of silica, and organic particles such as par-
ticles of an ethylene-based polymer) into the void portion
thereof or impregnation with a liquid thereinto.

[0079] Moreover, the surface of the CNT constituting the
CNT entangled body may be modified. The outside surface of
CNT is constituted of graphene, and therefore the CNT
entangled body is hydrophobic as is, but hydrophilic treat-
ment is applied to the surface of the CNT constituting the
CNT entangled body, and thus the CNT entangled body can
be made hydrophilic. Specific one example of such a hydro-
philization means may be plating treatment. In the above
case, the CNT entangled body obtained is formed into the
composite structure between the CNT and a plated metal.

5. Production Apparatus and Production Method for CNT
Having Shape Other than Array Shape

[0080] CNT having ashape other than an array shape can be
produced using any of production apparatuses 10, 50 and 60
for a CNT array described above. For example, there can be
formed an aggregate of curved CNT without anisotropy, i.e.
CNT having a secondary structure that can function as a
three-dimensional mesh as a result, in a state in which ends of
each of CNT are fixed on substrate 28 (such an aggregate of
CNT will be referred to as a “CNT mesh” herein). The CNT
mesh can be produced by adjusting production conditions in
a similar method to the production method for a CNT array,
i.e. a method of performing the first step (feed of the gas-
phase catalyst) and the second step (feed of the carbon source)
using any of production apparatuses 10, 50 and 60 fora CNT
array described above. The CNT mesh can be used as a
member having such a function as that of bump of flip chip.

[0081] CNT can also be produced as a generated substance
by a gas-phase flow reaction. Specifically, if the first step
(feed of the gas-phase catalyst) and the second step (feed of
the carbon source) are carried out in a state in which a sub-
strate is not disposed in the growth region where substrate 28
would be disposed when producing a CNT array, chemical
interaction can be caused between the gas-phase catalyst
existing in the growth region and the raw material gas con-
taining the carbon source to form CNT in the growth region as
a generated substance by a gas-phase flow reaction. During
this operation, it is not easy for CNT grown in the growth
region to grow to come close to one another to such an extent
that the CNT have an array shape, so that CNT having low
anisotropy in shape can be obtained.

[0082] Inview ofmorestably obtaining CNT as a generated
substance by a gas-phase flow reaction, the raw material gas
may be fed prior to feeding the gas-phase catalyst. That is, if
the raw material gas containing the carbon source is fed into
reaction vessel pipe 14 to allow the carbon source to exist in
reaction vessel pipe 14, and in this state the gas-phase catalyst
is fed via first liquid L into reaction vessel pipe 14, the
gas-phase catalyst fed into reaction vessel pipe 14 can imme-
diately interact with the carbon source to form CNT. In this
case, the entire region in which the raw material gas exists in
reaction vessel pipe 14 can be the growth region. Moreover,
the growth region can include a region to which the gas-phase
catalyst is fed in reaction vessel pipe 14. In view of more
stably obtaining CNT as a generated substance by a gas-phase
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flow reaction, predetermined direction A of reaction vessel
pipe 14 may be the downward direction in the vertical direc-
tion.

[0083] The embodiments described above are set forth in
order to facilitate understanding of the present invention, and
not to limit the present invention. Therefore, each of the
elements disclosed in the embodiments described above also
includes all design modifications and equivalents belonging
to the technical scope of the present invention.

EXAMPLES

[0084] The present invention will be further specifically
described by way of Examples and the like below, but the
scope of the present invention is not limited to the Examples
and the like.

Example 1

(1) Preparation of First Liquid

[0085] A methanol solution of chloride of an iron-methanol
complex was obtained as a first liquid by dissolving 500 mg of
iron powder into a mixture of 3.0 mL of methanol (aqueous)
and 1.0 mL of hydrochloric acid aqueous solution (concen-
tration: 35%).

(2) Production of CNT Array

[0086] A CNT array was produced using a production
apparatus for a CNT array having the configuration shown in
FIG. 3. A heat-resistant tray in which the above first liquid
was accommodated was placed on the inside surface of a
reaction vessel pipe as the first chamber.

[0087] As the substrate, a quartz plate (20 mmx5 mmx1
mm in thickness) was prepared. Accordingly, in the present
Example, all of the material constituting the base surface and
the material constituting the substrate were quartz. The sub-
strate was disposed in a portion located at the downstream
side from the heat-resistant tray in the reaction vessel pipe, in
a state where the quartz plate was placed on a quartz boat.
[0088] Inside of the reaction vessel pipe was evacuated to
1x107* Pa or less using an evacuating device. Subsequently,
the inside of the reaction vessel pipe was heated to 1.1x10°> K
using a heater so that the temperature of the heat-resistant tray
and quartz plate would be about 1.1x10° K. The pressure in
the tube was maintained at about 400 Pa because the pressure
in the reaction vessel pipe increased due to the heating.
[0089] In a state in which the temperature in the reaction
vessel pipe was 1.1x10° K, the second step was carried out by
feeding acetylene as the raw material gas from the raw mate-
rial gas feed device at an amount to be a flow rate of 190 scem,
and acetone as the gas-phase co-catalyst from the gas-phase
co-catalyst feed device at an amount to be a flow rate of 10
sccm, into the reaction vessel pipe for 10 minutes. The pres-
sure in the tube was maintained at about 400 Pa during the
second step.

[0090] As a result, a CNT array (growth height: 700 pm)
was obtained on the quartz plate as shown in FIG. 9.

Example 2

[0091] A methanol solution of iron chloride was obtained
as a first liquid by dissolving 200 mg of iron(IT) chloride,
anhydrous, into 10 mL of methanol (anhydrous).

[0092] Thereafter, the first and second steps were carried
out by performing the same operation as in Example 1.
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[0093] As aresult, a CNT array was obtained on the quartz
plate as shown in FIG. 10.

INDUSTRIAL APPLICABILITY

[0094] The CNT entangled body obtained from the CNT
array produced by the production method for CNT according
to the present invention is suitably used as electrical wiring, a
heater, a strain sensor, and a transparent electrode sheet, for
example. The CN'T mesh and CNT without a specific second-
ary structure produced by the production method for CNT
according to the present invention are suitably used as an
electrode material for a secondary cell.

REFERENCE SIGNS LIST

[0095] 10,50, 60 . ..Production apparatus for CNT array

[0096] 12 ... Electric furnace

[0097] 13 ... Pressure gauge

[0098] 14 ... Reaction vessel pipe (First chamber)

[0099] 16 ... Heater (Part of first temperature adjustment
device)

[0100] 18 . . . Thermocouple (Part of first temperature

adjustment device)

[0101] 20... Control device
[0102] 22...Feeddevice
[0103] 23 ... Pressure regulating valve (Part of pressure

adjustment device)
[0104] 24 ... Exhaust device (Part of pressure adjustment
device)

[0105] 28... Substrate

[0106] 29...Heat-resistant tray

[0107] 30 ... Raw material gas feed device (First feed
device)

[0108] 31...First gas-phase material feed device

[0109] 32...Gas-phase co-catalyst feed device

[0110] 33 ... Auxiliary gas feed device

[0111] 31A...Feed unit chamber
[0112] 31B... Heater (Part of first vaporization device)
[0113] 31C... First liquid feed device
[0114] 31D... Discharge device
[0115] 18A ... Upstream side thermocouple (part of first
vaporization device)
[0116] 18B...Downstream side thermocouple (part of first
temperature adjustment device)
1. A production apparatus for producing carbon nanotubes
by a gas-phase catalysis process, comprising:
a first chamber having a growth region that is a region in
which carbon nanotubes are formed;
a first temperature adjustment device capable of adjusting
a temperature of the growth region in the first chamber;
a pressure adjustment device capable of adjusting a pres-
sure in the first chamber;
a first feed device capable of feeding a carbon source to the
growth region in the first chamber; and
a first vaporization device capable of vaporizing a liquid
disposed in the production apparatus,
wherein the first vaporization device can vaporize the liq-
uid so that at least one kind of gas-phase catalyst is fed to
the growth region in the first chamber, wherein the at
least one kind of gas-phase catalyst is forming from an
iron family element-containing substance and a halo-
gen-containing substance that are contained in the liq-
uid.
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2. The production apparatus according to claim 1, wherein
a substrate is disposed in the growth region to allow the
carbon nanotubes to be formed in an array-like form on a base
surface of the substrate.

3. The production apparatus according to claim 1, wherein
the carbon nanotubes can be formed by a gas-phase flow
reaction in the growth region.

4. The production apparatus according to claim 1, further
comprising a second chamber in which the liquid can be
accommodated and of which inside communicates with
inside of the first chamber,

wherein the first vaporization device can vaporize the lig-
uid in the second chamber.

5. The production apparatus according to claim 4, further
comprising a communication adjustment device capable of
adjusting a degree of communication between the first cham-
ber and the second chamber.

6. The production apparatus according to claim 1, wherein
the liquid can be disposed in the first chamber.

7. A feed unit capable of feeding a first liquid composed of
at least one kind of a liquid that contains a gas-phase catalyst
and a liquid that contains a precursor of the gas-phase cata-
lyst, the feed unit being to be part of a production apparatus
for producing carbon nanotubes by a gas-phase catalysis pro-
cess, the feed unit comprising:

a feed unit chamber capable of accommodating the first

liquid;

a feed unit vaporization device capable of forming a first
gas-phase material by vaporizing the first liquid in the
feed unit chamber; and

a discharge device capable of discharging the first gas-
phase material outside the feed unit chamber.

8. The feed unit according to claim 7, wherein the feed unit
vaporization device comprises a mechanism for heating a
liquid.

9. A production method for carbon nanotubes, the produc-
tion method using the feed unit according to claim 7 to obtain
the carbon nanotubes formed in an array-like form on a base
surface of a substrate.

10. A production method for carbon nanotubes, the pro-
duction method using the feed unit according to claim 7 to
obtain the carbon nanotubes as a generated substance by a
gas-phase flow reaction.
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11. A production method for carbon nanotubes, compris-
ing:

a first step of feeding at least one kind of gas-phase catalyst
into a first chamber, the at least one kind of gas-phase
catalyst being formed from an iron family element-con-
taining substance and a halogen-containing substance
that are contained in a first liquid; and

a second step of forming the carbon nanotubes from a
carbon source fed into the first chamber using a catalyst
generated based on the gas-phase catalyst existing in the
first chamber,

wherein the first step includes vaporization of the first
liquid.

12. The production method according to claim 11,

wherein:

the first step includes allowing a substrate disposed in the
first chamber to exist in an atmosphere including the
gas-phase catalyst; and

the second step includes forming the carbon nanotubes in
an array-like form on a base surface of the substrate.

13. The production method according to claim 12, wherein
the carbon source is fed into the first chamber in a state in
which the gas-phase catalyst exists in the first chamber via the
first step.

14. The production method according to claim 11, wherein
a temperature of the substrate in the first step is lower than a
temperature of the substrate in the second step.

15. The production method according to claim 11, wherein
the carbon nanotubes are formed as a generated substance by
a gas-phase flow reaction.

16. The production method according to claim 11, wherein
an iron family element contained in the iron family element-
containing substance includes iron.

17. The production method according to claim 11, wherein
the vaporization of the first liquid is performed outside the
first chamber, and a vapor of the first liquid is fed into the first
chamber from outside of the first chamber.

18. The production method according to claim 11, wherein
the iron family element-containing substance contained in the
first liquid includes an iron-methanol complex.
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