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TRANSPARENT CONDUCTING FILMS INCLUDING GRAPHENE
NANORIBBONS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority under 35 U.S.C. § 119 (e) from United States
Provisional Application Serial No. 62/795,226 filed January 22, 2019, which is

hereby incorporated by reference in its entirety for all purposes.

FIELD

[0001] Provided herein are transparent conducting films which include graphene nanoribbons
of uniform length and greater than 90% purity and methods of synthesis thereof. Also
provided herein are devices, which include transparent conducting films, comprised of
graphene nanoribbons of uniform length and greater than 90% purity. The device

may be a solar cell, a television, a display, a touch screen or a smart window.

BACKGROUND

[0002] Transparent conducting films are required in a variety of opto-electronic
devices, such as, for example, touch screen panes, thin film solar cells, etc.
Conventionally, transparent conducting films include indium doped tin oxide, which
have good physical properties such as high optical transparence and low sheet
resistance. Significant drawbacks exist in the use of indium doped tin oxide, such as,
for example, low optical transmittance in the near infrared, low flexibility, high
refractive index and significant cost.

[0003] Graphene nanoribbons (GNRs) are a single or a few layers of the well-known
carbon allotrope graphitic carbon, which possess exceptional electrical and physical
properties, which may lead to application in consumer electronics including especially
opto-electronic devices. GNRSs structurally have high aspect ratio with length being
much longer than the width or thickness.

[0004] Previous investigation has demonstrated that transparent conducting films
graphene materials including GNRs have superior optical transparency and

performance when compared with indium doped tin oxide. However, transparent
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conducting films including GNRs prepared by CVD are too expensive and
insufficient length for commercial uses.

[0005] Alternatively, GNRs have been prepared by CVD and from graphite using
chemical processes. Most typically, GNRs were prepared from CNTs by
chemical unzipping and the quality of GNRs depends the purity of the CNT
starting material.

[0006] GNPs have been typically prepared from graphite by chemical
exfoliation, thermal shock and shear, or in a plasma reactor. However, the above
methods fail to provide GNRs and GNPs in high yield, good purity with good
control of GNR length.

[0007] Recently, a number of methods have emerged which convert carbon
nanotubes to GNRs in good yield and high purity (Hirsch, Angew Chem. Int. Ed.
2009, 48, 2694). However, the purity and uniformity of the GNRs produced from
these CNTs is determined by the method of manufacture of the CNTs.

[0008] Current CNT manufacturing methods typically produce CNTs which
include significant impurities such as, for example, metal catalysts and
amorphous carbons. Purification steps are typically required after synthesis of
CNTs, which are flow reactor methods to provide carbon nanotubes which are
not contaminated with significant amounts of metal catalysts and amorphous
carbon. CNT purification steps require large and expensive chemical plants,
which makes producing large quantities of CNTs of greater than 90% purity
extremely costly. Furthermore, present CNT manufacturing methods produce
CNTs with low structural uniformity (i.e., CNTs of variable lengths).

[0009] Accordingly, what is needed are new methods for providing high quality
and inexpensive transparent conducting films including GNRs of high purity and
sufficient length which avoids crease defects in previous examples thereof.

These methods will involve preparing CNTs of high structural uniformity and
purity, which then may be converted, to GNRs of high purity and sufficient
length, which can be used to form transparent conducting films of superior

optical transparency and sheet resistance.
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SUMMARY

[00010] The present invention satisfies these and other needs by providing, in one
aspect, transparent conducting films, which include nanoribbons of uniform
length and greater than 90% purity and methods of synthesis thereof.

[00011] In another aspect provided are devices, which include transparent
conducting films comprised of graphene nanoribbons of uniform length and
greater than 90% purity. The device may be a solar cell, a television, a display, a

touch screen or a smart window.

BRIEF DESCRIPTION OF THE FIGURES

[00012] Fig. 1 illustrates an exemplary flowchart for synthesis of carbon
nanotubes, which includes the steps of depositing catalyst on a substrate; forming
carbon nanotubes on a substrate; separating carbon nanotubes from the
substrates; and collecting carbon nanotubes of high purity and structural
uniformity

[00013] Fig. 2 illustrates an exemplary flowchart for synthesis of carbon
nanotubes, which includes the steps of forming carbon nanotubes on a substrate;
separating carbon nanotubes from the substrates; and collecting carbon nanotubes
of high purity and structural uniformity.

[00014] Fig. 3 illustrates an exemplary flowchart for continuous synthesis of
carbon nanotubes, which includes the steps of continuously depositing catalyst on
a constantly moving substrate; forming CNTs on the moving substrate; separating
CNTs from the moving substrate; and collecting carbon nanotubes of high purity
and structural uniformity.

[00015] Fig. 4 illustrates an exemplary flowchart for continuous synthesis of
carbon nanotubes, which includes the steps of forming CNTs on the moving
substrate containing metal substrate; separating CNTs from the moving substrate;
and collecting carbon nanotubes of high purity and structural uniformity.

[00016] Fig. 5 schematically illustrates a device for the continuous synthesis of
carbon nanotubes, which includes various modules sequentially disposed such as

a transport module for advancing the substrate through the modules; a catalyst
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module; a nanotube synthesis module; a separation module; and a collection
module.

[00017] Fig. 6 schematically illustrates a device with closed-loop feeding of
substrate for the continuous synthesis of carbon nanotubes which includes
various modules sequentially disposed such as a transport module for advancing
the substrate through the modules; a catalyst module; a nanotube synthesis
module; a separation module; and a collection module.

[00018] Fig. 7 schematically illustrates an exemplary separation module.

[00019] Fig. 8 schematically illustrates a horizontal view of a rectangular quartz
chamber, that includes multiple substrates, which may be used in the nanotube
synthesis module.

[00020] Fig. 9 illustrates a perspective view of a rectangular quartz chamber, that
includes multiple substrates, which may be used in the nanotube synthesis
module.

[00021] Fig. 10 illustrates TGA results which show greater than 99.4% purity for
MWCNTs produced by the methods and apparatus described herein.

[00022] Fig. 11 illustrates Raman spectra which shows that MWCNTs produced
by the methods and apparatus described herein are highly crystalline when
compared to industrial grade samples.

[00023] Fig. 12 illustrates Raman spectra, which shows that graphene nanoribbons
produced by the methods described herein are crystalline when compared to

industrial grade samples.

[00024] Fig. 13 illustrates TGA results, which show greater than 99% purity for
graphene nanoribbons produced by the methods described herein.
[00025] Fig. 14 illustrates an electron micrograph of high purity graphene
nanoribbons.
DETAILED DESCRIPTION
Definitions
[00026] Unless defined otherwise, all technical and scientific terms used herein

have the same meaning as is commonly understood by one of ordinary skill in the
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art to which this invention belongs. If there is a plurality of definitions for a term
herein, those in this section prevail unless stated otherwise.

[00027] As used herein “carbon nanotubes” refer to allotropes of carbon with a
cylindrical structure. Carbon nanotubes may have defects such as inclusion of C5
and/or C7 ring structures, such that the carbon nanotube is not straight, may have
contain coiled structures and may contain randomly distributed defected sites in
the C-C bonding arrangement. Carbon nanotubes may contain one or more
concentric cylindrical layers. The term “carbon nanotubes” as used herein
includes single walled carbon nanotubes, double walled carbon nanotubes
multiwalled carbon nanotubes alone in purified form or as mixture thereof. In
some embodiment, the carbon nanotubes are multi-walled. In other
embodiments, the carbon nanotubes are single-walled. In still other
embodiments, the carbon nanotubes are double-walled. In still other
embodiments, the carbon nanotubes are a mixture of single-walled and multi-
walled nanotubes. In still other embodiments, the carbon nanotubes are a mixture
of single-walled and double-walled nanotubes. In still other embodiments, the
carbon nanotubes are a mixture of double-walled and multi-walled nanotubes. In
still other embodiments, the carbon nanotubes are a mixture of single-walled,
double-walled and multi-walled nanotubes.

[00028] As used herein “multi-walled carbon nanotubes” refer to carbon
nanotubes composed of multiple concentrically nested graphene sheets with
interlayer distances like graphite.

[00029] As used herein “double-walled carbon nanotubes” refer to carbon
nanotubes with two concentrically nested graphene sheets

[00030] As used herein “single-walled carbon nanotubes” refer to carbon
nanotubes with a single cylindrical graphene layer.

[00031] As used herein “vertically-aligned carbon nanotubes” refer to an array of
carbon nanotubes deposited on a substrate wherein the structures of carbon
nanotubes are physically aligned perpendicular to the substrate.

[00032] As used herein “catalysts” or “metal catalysts” refer to a metal or a
combination of metals such as Fe, Ni, Co, Cu, Ag, Pt, Pd, Au, etc. that are used in
the breakdown of hydrocarbon gases and aid in the formation of carbon

nanotubes by chemical vapor deposition process.
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[00033] As used herein “chemical vapor deposition” refers to plasma-enhanced
chemical vapor deposition, thermal chemical vapor deposition, alcohol catalytic
CVD, vapor phase growth, aerogel supported CVD and lase assisted CVD

[00034] As used herein “plasma-enhanced chemical vapor deposition” refers to
the use of plasma (e.g., glow discharge) to transform a hydrocarbon gas mixture
into excited species which deposit carbon nanotubes on a surface.

[00035] As used herein “thermal chemical vapor deposition” refers to the thermal
decomposition of hydrocarbon vapor in the presence of a catalyst which may be
used to deposit carbon nanotubes on a surface.

[00036] As used herein “physical vapor deposition” refers to vacuum deposition
methods used to deposit thin films by condensation of a vaporized of desired film
material onto film materials and includes techniques such as cathodic arc
deposition, electron beam deposition, evaporative deposition, pulsed laser
deposition and sputter deposition.

[00037] As used herein “forming carbon nanotubes” refers to any vapor deposition
process, including the chemical and physical vapor deposition methods described
herein, for forming carbon nanotubes on a substrate in a reaction chamber.

[00038] Carbon nanotubes are relatively new materials with exceptional physical
properties, such as superior current carrying capacity, high thermal conductivity,
good mechanical strength, and large surface area, which are advantageous in a
number of applications. Carbon nanotubes possess exceptional thermal
conductivity with a value as high as 3000 W/mK which is only lower than the
thermal conductivity of diamond. Carbon nanotubes are mechanically strong,
thermally stable above 4000C under atmospheric conditions and have reversible
mechanical flexibility particularly when vertically aligned. Accordingly, carbon
nanotubes can mechanically conform to different surface morphologies because
of this intrinsic flexibility. Additionally, carbon nanotubes have a low thermal
expansion coefficient and retain flexibility in confined conditions under elevated
temperatures.

[00039] Economically providing carbon nanotubes, in a controlled manner with
practical and simple integration and/or packaging is essential for implementing
many carbon nanotube technologies. Devices and methods which provide large

quantities of carbon nanotubes of exceptional purity and uniform length are
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provided herein. The CNTs synthesized herein do not require costly post-
synthesis purification.

[00040] Briefly the general feature of the method are as follows. First, a metal
catalyst is coated on the surface and the substrate is heated at high temperature.
Then catalyst is then coated on the surface of the substrate at high temperature to
provide nanoparticles of catalyst on the substrate, which serve as initiation site
for CNT synthesis. CNTs are synthesized by supplying a carbon source to the
catalyst. Accordingly, a mixture of carbon source and carrier gas is flowed into a
chamber which included heated substrate coated with catalyst to provide
substrate with attached CNTs. Finally, synthesized CNTs are extracted from the
substrate and collected. Optionally, the substrate coated with catalyst is
regenerated.

[00041] In some embodiments, the catalyst is deposited on the substrate by
sputtering, evaporation, dip coating, print screening, electrospray, spray pyrolysis
orink jet printing. The catalyst may be then chemically etched or thermally
annealed to induce catalyst particle nucleation. The choice of catalyst can lead to
preferential growth of single walled CNTs over multi-walled CNTs.

[00042] In some embodiments, the catalyst is deposited on a substrate by
immersing the substrate in a solution of the catalyst. In other embodiments, the
concentration of the catalyst solution in aqueous or organic solvents water is
between about 0.01% and about 20%. In still other embodiments, the
concentration of the catalyst solution in aqueous or organic solvents water is
between about 0.1% and about 10%. In still other embodiments, the
concentration of the catalyst solution in aqueous or organic solvents water is
between about 1% and about 5%.

[00043] The temperature of the chamber where CNTs are made should be a
temperature lower than the melting temperature of substrate, lower than the
decomposition temperate of carbon source and higher than the decomposition
temperature of the catalyst raw material. The temperature range for growing
multi-walled carbon nanotubes is between about 600 °C to about 900 °C, while
the temperature range for growing single walled CNTs is between about 700 °C

to about 1100 °C.
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[00044] In some embodiments, CNTs are formed by chemical vapor deposition on
a substrate containing metal catalysts for the growth of CNTs. It is important to
note that continuous CNT formation on a constantly moving substrate allows the
CNTs to have uniform lengths. Typical feedstocks include, but are not limited to,
carbon monoxide, acetylene, alcohols, ethylene, methane, benzene, etc. Carrier
gases are inert gases such as for example, argon, helium, or nitrogen, while
hydrogen is a typical reducing gas. The composition of the gas mixture and
duration of substrate exposure regulates the length of synthesized CNTs. Other
methods known to those of skill in the art such as, for example, the physical
vapor deposition methods described, supra, the method of Nikolaev et al.,
Chemical Physics Letter,1999, 105, 10249-10256 and nebulized spray pyrolysis
(Rao et al., Chem. Eng. Sci. 59, 466, 2004) may be used in the methods and
devices described herein. Conditions well known to those of skill in the art may
be used to prepare carbon nanotubes using any of the methods above.

[00045] Referring now to Fig. 1, a method for synthesizing carbon nanotubes is
provided. The method may be performed in discrete steps, as illustrated in Fig. 1.
Those of skill in the art will appreciate that any combination of the steps can be
performed continuously, if desired. A catalyst is deposited on a substrate at 102,
carbon nanotubes are formed on the substrate at 104, carbon nanotubes are
separated from the substrate at 106 and the carbon nanotubes are collected at 108.

[00046] Referring now to Fig. 2, another method for synthesizing carbon
nanotubes is provided. The method may be performed in discrete steps, as
illustrated in Fig. 2. Those of skill in the art will appreciate that any combination
of the steps can be performed continuously, if desired. Carbon nanotubes are
formed on a substrate, which already contains catalyst at 202, carbon nanotubes
are separated from the substrate at 204 and the carbon nanotubes are collected at
206.

[00047] Referring now to Fig. 3, another method for synthesizing carbon
nanotubes is provided. The method is performed continuously. A catalyst is
continuously deposited on a moving substrate at 302, carbon nanotubes are
continuously formed on the moving substrate at 304, carbon nanotubes are
continuously separated from the substrate at 306 and the carbon nanotubes are

continuously collected at 308. The substrate may be cycled through the steps
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described herein once or optionally, many times, such as, for example, more than
50 time, more than 1,000 time or more than 100,000 times.

[00048] Referring now to Fig. 4, another method for synthesizing carbon
nanotubes is provided. The method is performed continuously as illustrated.
Carbon nanotubes are continuously formed on the moving substrate which
already contains catalyst at 402, carbon nanotubes are continuously separated
from the substrate at 404 and the carbon nanotubes are continuously collected at
406. In some embodiments, the substrate is cycled through the deposition,
forming and separating steps more than 50 times, more than 1,000 time or more
than 100,0000 times.

[00049] Deposition of CNTs on a moving substrate provides CNTs that are of
both high purity and high length uniformity. Moreover, controlling process
conditions enables the customization of CNT length. For example, variation of
the rate of the moving substrate through the production process modifies CNT
length; faster rates though the CNT deposition module produces CNT of shorter
length, while slower rates will produce CNT of longer length.

[00050] In some embodiments, the substrate is completely covered by metal foil.
In these embodiments, the substrate may be any material stable to conditions of
catalyst deposition and CNT synthesis. Many such material are known to those
of skill in the art and include, for example, carbon fibers, carbon foil, silicon,
quartz, etc. In other embodiments, the substrate is a metal foil which can be
continuously advanced through the various steps of the methods described herein.

[00051] In some embodiments, the thickness of the metal foil is greater than 10
UM. In other embodiments, the thickness of the metal foil is between about 10
M and about 500 pM. In still other embodiments, the thickness of the metal foil
is between about 500 pM and about 2000 pM. In still other embodiments, the
thickness of the metal foil is between about 0.05 uM and about 100 cm. In other
embodiments, the thickness of the metal foil is between about 0.05 uM and about
100 cm. In other embodiments, the thickness of the metal foil is between about
0.05 mm and about 5 mm. In still other embodiments, the thickness of the metal
foil is between about 0.1 mm and about 2.5 mm. In still other embodiments, the
thickness of the metal foil is between about 0.5 mm and about 1.5 mm. In still

other embodiments, the thickness of the metal foil is between about 1 mm and
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about 5 mm. In still other embodiments, the thickness of the metal foil is
between about 0.05 mm and about 1 mm. In still other embodiments, the
thickness of the metal foil is between about 0.05 mm and about 0.5 mm. In still
other embodiments, the thickness of the metal foil is between about 0.5 mm and
about 1 mm. In still other embodiments, the thickness of the metal foil is
between about 1 mm and about 2.5 mm. In still other embodiments, the thickness
of the metal foil is between about 2.5 mm and about 5 mm. In still other
embodiments, the thickness of the metal foil is between about 100 pM and about
5 mm. In still other embodiments, the thickness of the metal foil is between
about 10 uM and about 5 mm. In still other embodiments, the thickness of the
metal foil is greater than 100 pM. In still other embodiments, the thickness of the
metal foil is less than 100 pM.

[00052] In some embodiments, the metal foil includes iron, nickel, aluminum,
cobalt, copper, chromium, gold, silver, platinum, palladium or combinations
thereof. In other embodiments, the metal foil includes iron, nickel, cobalt,
copper, gold or combinations thereof. In some embodiments, the metal foil may
be coated with organometallocenes, such as, for example, ferrocene, cobaltocene
or nickelocene.

[00053] In some embodiments, the metal foil is an alloy of two or more of iron,
nickel, cobalt, copper, chromium, aluminum, gold or combinations thereof. In
other embodiments, the metal foil is an alloy of two or more of iron, nickel,
cobalt, copper, gold or combinations thereof.

[00054] In some embodiments, the metal foil is high temperature metal alloy. In
other embodiments, the metal foil is stainless steel. In still other embodiments,
the metal foil is a high temperature metal alloy on which a catalyst is deposited
for growing carbon nanotubes. In still other embodiments, the metal foil is
stainless steel on which a catalyst is deposited for growing carbon nanotubes.

[00055] In some embodiments, the metal foil is a metal or combination of metals
which are thermally stable at greater than 400 oC. In other embodiments, the
metal foil is a metal or combination of metals which are thermally stable at
greater than 500 oC, greater than 600 oC, greater than 700 oC or greater than
1000 oC. In some of the above embodiments, the combination of metals is

stainless steel.
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[00056] In some embodiments, the metal foil has a thickness of less than about
100 uM and a surface root mean square roughness of less than about 250 nm. In
some embodiments, the metal foil has a thickness of greater than about 100 uM
and a surface root mean square roughness of less than about 250 nm. In still
other embodiments, the metal foil has a thickness of less than about 100 uM and
a surface root mean square roughness of less than about 250 nm and includes
iron, nickel, cobalt, copper, gold or combinations thereof. In still other
embodiments, the metal foil has a thickness of greater than about 100 pM and a
surface root mean square roughness of less than about 250 nm and includes iron,
nickel, cobalt, copper, gold or combinations thereof. In still other embodiments,
the metal foil has a thickness of less than about 100 pM and a surface root mean
square roughness of less than about 250 nm and includes a catalyst film. In still
other embodiments, the metal foil has a thickness of greater than about 100 uM
and a surface root mean square roughness of less than about 250 nm and includes
a catalyst film. In some of the above embodiments, the root mean square
roughness is less than about 100 nm.

[00057] In some embodiments, the substrate continuously advances through the
steps of the above methods at a rate greater than 0.1 cm/minute. In other
embodiments, the substrate continuously advances through the steps of the above
methods at a rate greater than 0.05 cm/minute. In sill other embodiments, the
substrate continuously advances through the steps of the above methods at a rate
greater than 0.01 cm/minute. In still other embodiments, the substrate is cycled
through the deposition, forming, separating and collecting steps more than 10
times 50 times, more than 1,000 time or more than 100,0000 times.

[00058] In some embodiments, the substrate is wider than about 1 cm. In other
embodiments, the substrate has a length greater than 1 m, 10 m, 100 m, 1,000 m
or 10,000 m. In some of these embodiments, the substrate is a metal foil.

[00059] In some embodiments, carbon nanotubes are formed on all sides of the
substrate. In other embodiments, carbon nanotubes are formed on both sides of
the metal foil.

[00060] In some embodiments, the concentration of catalyst deposited on the
substrate is between about 0.001% and about 25%. In other embodiments, the

concentration of catalyst deposited on the substrate is between about 0.1% and
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about 1%. In still other embodiments, the concentration of catalyst deposited on
the substrate is between about 0.5% and about 20%.

[00061] In some embodiments, the concentration of carbon nanotube on the
substrate is between about 1 nanotube per pM and about 50 nanotubes per pM.
In other embodiments, the concentration of carbon nanotube on the substrate is
between about 10 nanotubes per uM and about 500 nanotubes per uM.

[00062] In some embodiments, the CNTs are separated from the substrate by
mechanical removal of the CNTs from the surface of the substrate. In other
embodiments, separation of CNTs from the substrate involves removing the
CNTs from the surface of the substrate with a mechanical tool (e.g., a blade, an
abrasive surface, etc.) thus yielding high purity CNTs with little or no metal
impurities, which do not require any additional purification. In still other
embodiments, separation of CNTs from the substrate involves chemical methods
that disrupt adhesion of CNTs to the substrate. In yet other embodiments,
ultrasonication disrupts adhesion of CNTs to the substrate. In still other
embodiments, pressurized gas flow disrupts adhesion of CNTs to the substrate.
The combination of depositing CNTs on a substrate and separating CNTs from
the substrate renders CNT products of uniform length free of catalyst and
amorphous carbon impurities.

[00063] The CNTs can be collected in or on any convenient object, such as for
example, an open vessel, a wire mesh screen, a solid surface, a filtration device,
etc. The choice of collection device will be correlated with the method used to
disrupt adhesion of CNTs to the substrate.

[00064] In some embodiments, the carbon nanotubes are randomly aligned. In
other embodiments, the carbon nanotubes are vertically aligned. In still other
embodiments, the uniform length is on average about 30 uM, 50 uM, about 100
pM, about 150 uM or about 200 pM. In still other embodiments, the uniform
length can range from 50 uM to 2cm. In general, the uniform length is about +/-
10% of the stated length. Accordingly, a sample with a uniform length of about
100 uM will include nanotubes of length between 90 uM and 110 pM. In still
other embodiments, carbon nanotubes are vertically aligned and are of uniform

length.
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[00065] In some embodiments, the density of the carbon nanotubes is between
about 2 mg/cm?2 and about 1 mg/cm2. In other embodiments, the density of the
carbon nanotubes between about 2 mg/cm?2 and about 0.2 mg/cm?2.

[00066] In some embodiments, vertically aligned carbon nanotubes have a thermal
conductivity of greater than about 50 W/mK. In other embodiments, vertically
aligned carbon nanotubes have a thermal conductivity of greater than about 70
W/mK.

[00067] In some embodiments, the thickness of the vertically aligned carbon
nanotubes is between than about 100 um and about 500 pym. In other
embodiments, the thickness of the vertically aligned carbon nanotubes is less than
about 100 pm.

[00068] In some embodiments, the carbon nanotubes are of greater than about
90%, about 95%, about 99%, about 99.5% or about 99.9% purity. In other
embodiments, the carbon nanotubes are of greater than about 90%, about 95%,
about 99%, about 99.5% or about 99.9% purity and are of uniform length of
about10 pM, about 20 uM, about 30 pM, about 50 uM, about 100 uM, about 150
UM or about 200 pM. In still other embodiments, the carbon nanotubes are
vertically aligned, of greater than about 90%, about 95%, about 99%, about
99.5% or about 99.9% purity and are of uniform length of about 30 pM, about 50
UM, about 100 pM, about 150 uM or about 200 uM.

[00069] In some embodiments, the tensile strength of the carbon nanotubes is
between about 11 GPa and about 63 GPa. In other embodiments, the tensile
strength of the carbon nanotubes is between about 20 GPa and about 63 GPa. In
still other embodiments, the tensile strength of the carbon nanotubes is between
about 30 GPa and about 63 GPa. In still other embodiments, the tensile strength
of the carbon nanotubes is between about 40 GPa and about 63 GPa. In still other
embodiments, the tensile strength of the carbon nanotubes is between about 50
GPa and about 63 GPa. In still other embodiments, the tensile strength of the
carbon nanotubes is between about 20 GPa and about 45 GPa.

[00070] In some embodiments, the elastic modulus of the carbon nanotubes is
between about 1.3 TPa and about 5 TPa. In other embodiments, the elastic

modulus of the carbon nanotubes is between about 1.7 TPa and about 2.5 TPa. In
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still other embodiments, the elastic modulus of the carbon nanotubes is between
about 2.7 TPa and about 3.8 TPa.

[00071] Referring now to Figure 5, a device for continuously synthesizing CNTs
is provided. Transport module includes drums 501A and 501B, which are
connected by substrate 506. Substrate 506 continuously moves from drum 501A
through catalyst module 502, nanotube synthesis module 503 and separation
module 504 to drum 501B. Note that naive substrate S06A, is modified by
catalyst module 502 to provide substrate S06B which contains catalyst. In some
embodiments, catalyst module 502 is a solution of catalyst in which substrate
506A is immersed. Carbon nanotubes are continuously formed on substrate
506B during transit through nanotube synthesis module 503 to yield substrate
506C, which includes carbon nanotubes. In some embodiments, nanotube
synthesis module 503 is a CVD chamber. Substrate S06C is continuously
processed by separation module 504 and stripped of attached carbon nanotubes to
yield substrate S06A, which is then collected by drum 501B. In some
embodiments, separation module 504 includes a blade which mechanically shears
the newly formed CNTs from substrate 506C. Note that carbon nanotubes
removed from substrate 506C are continuously collected by process 506D at
collection module 505. In some embodiments, collection module 505 is simply
an empty vessel situated appropriately to collect the CNTs separated from the
substrate surface by separation module 504. In the above embodiment, substrate
506 is not recycled during the production run.

[00072] Referring now to Figure 6, another device for continuously synthesizing
CNTs is schematically illustrated. Transport module includes drums 601A and
601B, which are connected by substrate 606. Substrate 606 continuously moves
from drum 601A through catalyst module 602, nanotube synthesis module 603
and separation module 604 to drum 601B. Note that naive substrate 606A, is
modified by catalyst module 602 to provide substrate 606B which contains
catalyst. In some embodiments, catalyst module 502 is a solution of catalyst in
which substrate 606A is immersed. Carbon nanotubes are continuously formed
on substrate 606B during transit through nanotube synthesis module 603 to yield
substrate 506C. In some embodiments, nanotube synthesis module 603 is a CVD

chamber. Substrate 606C is continuously processed by separation module 604
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and stripped of attached carbon nanotubes to yield substrate 606A, which is then
collected by drum 601B. In some embodiments, separation module 604 includes
a blade which mechanically shears the newly formed CNTs from substrate 606C.
Note that carbon nanotubes removed from substrate 606C are continuously
collected by process 606D at collection module 605. In some embodiments,
collection module 605 is simply an empty vessel situated appropriately to collect
the CNTs separated from the substrate surface by separation module 604. In the
above embodiment, the substrate is recycled through the production run at least
once.

[00073] Although many of the above embodiments have been described as
synthesizing nanotubes continuously, those of skill in the art will appreciate that
the methods and devices described herein may be practiced discontinuously.

[00074] Fig. 7 schematically illustrates an exemplary separation module. Drum
704 advances substrate 701, which has been processed by catalyst module (not
shown) and carbon nanotube deposition module (not shown) and which is
covered with carbon nanotubes to tool 700, which removes carbon nanotubes 702
to provide substrate 703 devoid of carbon nanotubes. In some embodiments, tool
700 is a cutting blade. The substrate 703 is collected by drum 705. Carbon
nanotubes 702 are collected in container 706. Substrate 701, as illustrated, is
coated on only one side with carbon nanotubes. Those of skill in the art will
appreciate that nanotubes can be grown on both sides of the substrate and that a
substrate with both sides coated can be processed in a manner analogous to that
described above.

[00075] Fig. 8 illustrates a horizontal view of an exemplary rectangular quartz
chamber 800, which may be used in the nanotube synthesis module that includes
multiple substrates 801, which contain catalyst. Fig. 9 illustrates a perspective
view of an exemplary rectangular quartz chamber 900, which may be used in the
nanotube synthesis module that includes multiple substrates 901, which contain
catalyst. The quartz chamber includes shower heads (not shown) for carrier gases
and carbon feedstocks and may be heated at temperatures sufficient to form
CNTs. In some embodiment, the chamber has inner chamber thickness of greater
than 0.2 inch. In other embodiments, more than substrate is processed by the

chamber simultaneously.
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[00076] CNTs can be characterized by a multitude of techniques, including, for
example, Raman, spectroscopy, UV, visible, near infrared spectroscopy,
florescence and X-ray photoelectron spectroscopy, thermogravimetric analysis,
atomic force microscopy, scanning tunneling, microcopy, scanning electron
microscopy and tunneling electron microscopy. A combination of many, if not
all of the above are sufficient to fully characterize carbon nanotubes.

[00077] Some examples of CNT applications include mixing of CNTs with metal
or metal alloys to provide stronger and lighter body armor, mixing of CNTs with
plastics and or polymers to provide thermally conductive and or electrically
conductive plastics and or polymers, which have many applicability in various
industries, adding CNTs o tires to increase the tire lifetime of the tires, mixing
CNTs with asphalt, concrete, metals, plastics or combinations thereof to provide
composite materials of higher performance and durability (e.g., superior anti-
wear characteristics, improved mechanical strength, etc.) which prevent or
minimize mechanical cracking of the materials and mixing CNTs with coating
materials and hubricants to increase the lifetime of coated and/or lubricated
equipment and structures. CNTs in addition may be used in mechanical
applications, construction materials, lithium ion batteries, lubricant additives,
microelectronics, supercapacitors, electrolytic capacitors, solar cells, sensors,
textiles, touch screen displays, conducting wires, various medical applications
{e.g., drug delivery, artificial implants, preservatives, nanoprobes, cancer therapy,
gene delivery, biological imaging biosensors, etc.) and as inks.

[00078] CNT quality, particularly purity and structural uniformity, such as, for
example, length of the CUNTs, is essential for manufacturing regularity to
consistently provide high performance and superior quality CWNT-containing
praducts. Many other uses such as for example, pharmaceutical applications and
biological applications which atilize CNTs and which require CNTs of superior
quality and reduced cost to maximize potential commercialization.

[00079] In some embodiments, the CNTs have an 4/ ratio of less than about
1.20. In other embodiments, the CNTs have an la/Ig ratio of less than about 1.10.
In still other embodiments, the CNTs have an I4/I ratio of less than about 1.20.
In still other embodiments, the CNTs have an I4/I; ratio of less than about 1.00.

In still other embodiments, the CNTs have an I4/Ig ratio of less than about 0.90.
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In still other embodiments, the CNTs have an Ia/Ig ratio of less than about 0.85.
In still other embodiments, the graphene nanoribbons have an 4/l ratio between
about (.76 and about .054.

[00080] In some embodiments, the CNTs have an I4/I;; ratio of less than about 1.20
and greater than about 0.76. In other embodiments, the CNTs have an 14/l ratio
of less than about 1.10 and greater than about 0.76. In still other embodiments,
the CNTs have an I4/Ig ratio of less than about 1.00 and greater than about 0.76.
In still other embodiments, the CNTs have an I4/I; ratio of less than about 0.90
and greater than about 0.76. In still other embodiments, the CNTs have an 1a/Ig
ratio of less than about 0.85 and greater than about 0.76.

[00081] In some embodiments, the CNTs have an inflection point greater than
about 700 °C and an onset point of greater than about 600 °C. In some
embodiments, the CNTs have an inflection point greater than about 710 °C and
an onset point of greater than about 610 °C. In some embodiments, the CNTs
have an inflection point greater than about 720 °C and on onset point of greater
than about 620 °C. In some embodiments, the CNTs have an inflection point
greater than about 730 °C and an onset point of greater than about 640 °C. In
some embodiments, the CNTs have an inflection point greater than about 740 °C
and an onset point of greater than about 650 °C. In some of the above
embodiments, the onset point is less than about 800 °C.

[00082] In general, graphene nanoribbons can be prepared from CNTs by
conventional methods known in the art which include but are not limited to acid
oxidation (e.g., Kosynkin et al., Nature, 2009, 458, 872; Higginbotham et al.,
ACS Nano, 210, 4, 2596; Cataldo et al., Carbon, 2010, 48, 2596; Kang et al., J.
Mater. Chem., 2012, 22, 16283; and Dhakate et al., Carbon 2011, 49, 4170),
plasma etching (e.g, Jiao et al., Nature, 2009, 458, 877; Mohammadi et al.,
Carbon, 2013, 52, 451; and Jiao et al., Nano Res 2010, 3, 387), ionic
intercalation, (e.g., Cano-Marques et al., Nano Lett. 2010, 10, 366), metal particle
catalysis (e.g., Elias et al., Nano Lett. Nano Lett., 2010, 10, 366; and Parashar et.
al., Nanaoscale, 2011, 3, 3876), hydrogenation (Talyzin et al., ACS Nano, 2011,
5, 5132) and sonochemistry (Xie et al., J. Am. Chem. Soc. 2011, DOL:
10.1021/ja203860). Any of the above methods may be used to prepare graphene

nanoribbons from the CNTs described herein. Referring now to Fig. 14, an
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electron micrograph herein illustrates the high purity of the graphene nanoribbons
produced by the methods described herein.

[00083] In some embodiments, the uniform length of the graphene nanoribbons is
on average about10 pM, about 20 uM, about 30 pM, about 50 uM, about 100
UM, about 150 uM or about 200 uM. In other embodiments, the uniform length
can range from about 30 pM to about 2cm. In general, the uniform length is
about +/- 10% of the stated length. Accordingly, a sample with a uniform length
of about 100 pM will include GNRs of length between about 90 uM and about
110 pM.

[00084] In some embodiments, the graphene nanoribbons are made from carbon
nanotubes of uniform length of which is on average about10 uM, about 20 pM,
about 30 uM, about 50 pM, about 100 pM, about 150 pM or about 200 pM.

[00085] In some embodiments, the graphene nanoribbons are of greater than about
about 90%, about 95%, about 99%, about 99.5% or about 99.9% purity. In other
embodiments, graphene nanoribbons are of greater than about 90%, about 95%,
99%, about 99.5% or about 99.9% purity and are of uniform length of about 10
pM, about 20 pM, about 30 uM about 50 pM, about 100 pM, about 150 pM or
about 200 pM.

[00086] In some embodiments, the graphene nanoribbons have an I»4/I; ratio of
less than about 1.20. In other embodiments, the graphene nanoribbons have an
Loa/I ratio of less than about 1.10. In still other embodiments, the graphene
nanoribbons have an La/I; ratio of less than about 1.20. In still other
embodiments, the graphene nanoribbons have an I»a/I; ratio of less than about
1.00. In still other embodiments, the graphene nanoribbons have an I»a/I, ratio of
less than about 0.90. In still other embodiments, the graphene nanoribbons have
an g/l ratio of less than about 0.80. In still other embodiments, the graphene
nanoribbons have an L4/l ratio of less than about 0.70. In still other
embodiments, the graphene nanoribbons have an I>a/I; ratio of less than about
0.60. In still other embodiments, the graphene nanoribbons have an I»q/Ig ratio
between about (.60 and about .054.

[00087] In some embodiments, the graphene nanoribbons have an I24/I; ratio of
less than about 1.20 and greater than about 0.60. In other embodiments, the

graphene nanoribbons have an I»d/I; ratio less than about 1.10 and greater than
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about 0.60. In still other embodiments, the graphene nanoribbons have an I»d/Ig
ratio of less than about 1.00 and greater than about 0.60. In still other
embodiments, the graphene nanoribbons have an I»4/I; ratio of less than about
0.90 and greater than about 0.60. In still other embodiments, the graphene
nanoribbons have an La/I ratio of less than about 0.85 and greater than about
0.60.

[00088] In some embodiments, the CNTs have an inflection point greater than
about 650 °C. In some embodiments, the CNTs have an inflection point greater
than about 660 °C. In some embodiments, the CNTs have an inflection point
greater than about 670 °C. In some embodiments, the CNTs have an inflection
point greater than about 680 °C. In some embodiments, the CNTs have an
inflection point greater than about 690 °C. In some embodiments, the CNTs have
an inflection point greater than about 700 °C. In some embodiments, the CNTs
have an inflection point greater than about 710 °C. In some of the above
embodiments, the onset point is less than 800 °C.

[00089] In some embodiments, a transparent conducting film including graphene
nanoribbons of uniform length and greater than about 90% purity is provided. In
other embodiments, a transparent conducting film including graphene
nanoribbons of uniform length and greater than about 99% purity is provided.
The transparent conducting film includes graphene nanoribbons of uniform
length of about 30 pM, about 50 uM, about 100 uM, about 150 uM or about 200
UM which are of greater than about 95%, about 99%, about 99.5% or about
99.9% purity.

[00090] In some embodiments, the transparent conducting film includes graphene
nanoribbons of a thickness of less than about 10 layers or less or about 5 layers or
less or less than about 1 layers or less. In other embodiments, the transparent
conducting film has an optical transparency of great than about 80%, 85%, 90%
or 95% in the visible spectrum. In still other embodiments, the transparent
conducting film has a sheet resistance of less than about 1000 ohms per square,
less than about 100 ohms per square or less than about 50 ohms per square. In
still other embodiments, the transparent conducting film has surface roughness of
less than about 25 nm, less than about 15 nm, less than about 10 nm, less than

about 5 nm or less than about 1 nm.
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[00091] In some embodiments, the transparent conducting film is doped with
nitric acid, iron chloride, gold chloride, and ammonia gas. In other embodiments,
the transparent conducting film of claim 1 includes a nanowire which may be an
Au or Ag nanowire. In still other embodiments, the transparent conducting film
encapsulates a nanowire.

[00092] In some embodiments, the transparent conducting film further includes
single walled carbon nanotubes and/or double walled carbon nanotubes. In other
embodiments, the transparent conducting film may further include a nanowire.

[00093] In some embodiments, a device including a transparent conducting film
which includes graphene nanoribbons of uniform length of ,about 30 uM about
50 pM, about 100 pM, about 150 pM or about 200 pM which are of greater than
about 95%, about 99%, about 99.5% or about 99.9% purity is provided. In other
embodiments, the device is a solar cell, a television, a display, a touch screen, a
smart phone or a smart window.

[00094] In some embodiments, a glass substrate coated with the transparent
conducting film which includes graphene nanoribbons of uniform length of about
30 pM, 50 pM, about 100 uM, about 150 uM or about 200 uM which are of
greater than about 95%, about 99%, about 99.5% or about 99.9% purity is
provided. In other embodiments, a plastic substrate coated with a transparent
conducting film which includes graphene nanoribbons of uniform length of about
50 pM, about 50 uM, about 100 pM, about 150 uM or about 200 pM which are
of greater than about 95%, about 99%, about 99.5% or about 99.9% purity is
provided.

[00095] The purity and structural uniformity, such as, for example, length of
graphene nanoribbons is essential for manufacturing regularity to consistently
provide high performance and superior quality transparent conducting films
containing graphene nanoribbons. Finally, it should be noted that there are
alternative ways of implementing the present invention. Accordingly, the present
embodiments are to be considered as illustrative and not restrictive, and the
invention is not to be limited to the details given herein but may be modified
within the scope and equivalents of the appended claims.

[00096] All publications and patents cited herein are incorporated by reference in

their entirety.
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[00097] The following examples are provided for illustrative purposes only and

are not intended to limit the scope of the invention.

Example 1: Thermogravimetric Analysis of Multiwalled CNTs

[00098] The carbon purity and thermal stability of CNTs were tested using a
Thermogravimetric Analyzer (TGA), TA instruments, Q500. The samples were
heated under air atmosphere (Praxair Al NDK) from temperature to 900 °C at a
rate of 10 °C/min and held at 900 °C for 10 minutes before cooling. Carbon
purity is defined as (weight of all carbonaceous material)/(weight of all
carbonaceous materials + weight of catalyst). The inflection point is the
temperature at which thermal degradation reaches its maximum value. The onset
point is the temperature at which about 10% of the material degrades owing to
high temperature. Fig. 10 illustrates thermal stability data for multi-walled
carbon nanotubes made by the methods and devices described herein. The multi-
walled carbon nanotubes made herein have an inside diameter of about 5 nm with
between 5-8 walls with a customizable length of between 10 uM and 200 pM. In
the region below 400 °C is where amorphous carbon and carbonaceous materials
with poor thermal resistance were degraded. As can be seen from the graph there
is almost no amorphous carbon and carbonaceous materials in the multi-walled
carbon nanotubes made by the methods and devices described herein. The
inflection point is 721 °C, the onset point is 644 °C and the carbon purity is
greater than 99.4%. In contrast, in a commercially available CNT (not shown)
the inflection point is 643 °C, the onset point is 583 °C and the carbon purity is
90%.

Example 2: Raman Analysis of Multiwalled CNTs

[00099] 10 mg of CNTs were suspended in about 100 mL of methanol to form a
blackish solution. The resulting suspension was then sonicated for about 10
minutes to uniformly disperse CNTs in the suspension since a thin layer of CNTs
is required for Raman spectra. The suspension was then spread over Si substrate
to form a thin layer. The coated Si substrate was then placed in an oven for 10
minutes at 130 °C to vaporize the dispersing agent from the sample. Raman

spectra were then recorded with a Thermos Nicolet Dispersive XR Raman
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Microscope with a laser radiation of 532 nm, integration of 50s, 10X objective
and a laser of 24mW. The ratio of D and G band intensities is often used as a
diagnostic tool to verify the structural perfection of CNTs.

[000100] Fig. 11 illustrates Raman spectra of multi-walled carbon nanotubes made
by the methods and devices described herein (solid line) and commercially
available CNTs (dashed line). The Ip/lg and the o/’ ratio of the multi-walled
carbon nanotubes made by the methods and devices described herein are 0.76 and
0.44 respectively, while the same ratios for commercially available CNTs are
1.27 and 0.4, respectively. The above demonstrates, the greater crystallinity of
the multi-walled carbon nanotubes made by the methods and devices described
herein over those produced by other methods and is in accord with the thermal

stability data.

Example 3: Thermogravimetric Analysis of Multiwalled GNRs

[000101] The carbon purity and thermal stability of CNTs were tested using a
Thermogravimetric Analyzer (TGA), TA instruments, Q500. The samples were
heated under air atmosphere (Praxair Al NDK) from temperature to 900 °C at a
rate of 10 °C/min and held at 900 °C for 10 minutes before cooling. Carbon
purity is defined as (weight of all carbonaceous material)/(weight of all
carbonaceous materials + weight of catalyst). The inflection point is the
temperature at which thermal degradation reaches its maximum value. The onset
point is the temperature at which about 10% of the material degrades owing to
high temperature. Fig. 13 illustrates thermal stability data for GNRs made by the
methods described herein. The GNRs made have a customizable length of
between 10 pM and 200 pM. In the region below 400 °C is where amorphous
carbon and carbonaceous materials with poor thermal resistance were degraded.
As can be seen from the graph there is almost no amorphous carbon and
carbonaceous materials in the GNRs made by the methods and devices described
herein. The inflection point is 690 °C and the carbon purity is greater than

99.4%.

Example 4: Raman Analysis of GNRs
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[000102] 10 mg of CNTs were suspended in about 100 mL of methanol to form a
blackish solution. The resulting suspension was then sonicated for about 10
minutes to uniformly disperse CNTs in the suspension since a thin layer of CNTs
is required for Raman spectra. The suspension was then spread over Si substrate
to form a thin layer. The coated Si substrate was then placed in an oven for 10
minutes at 130 °C to vaporize the dispersing agent from the sample. Raman
spectra, as illustrated in Fig. were then recorded with a Thermos Nicolet
Dispersive XR Raman Microscope with a laser radiation of 532 nm, integration
of 50s, 10X objective and a laser of 24mW. The ratio of D and G band intensities
is often used as a diagnostic tool to verify the structural perfection of CNTs.

[000103] Fig. 12 illustrates Raman spectra of GNRs made by the methods
described herein (solid line). The I2p/Ig and Ip/lc of the GNRs made by the
methods described herein are 0.6 and 0.75 respectively, which demonstrates the
standard graphene signature and illustrates minimal defects from the chemical

unzipping process.
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Claims

A transparent conducting film comprising graphene nanoribbons of uniform
length and greater than about 90% purity.

The transparent conducting film comprising graphene nanoribbons of uniform
length and greater than about 99% purity

The transparent conducting film of claim 1, wherein the graphene nanoribbons
have uniform length of about 30 uM, about 50 pM, about 100 pM, about 150
puM or about 200 uM and are of greater than about 95%, about 99%, about
99.5% or about 99.9% purity.

The transparent conducting film of claim 1, wherein the graphene nanoribbons
are of a thickness of less than about 10 layers or less or about 5 layers or less,
about 1 layers or less

The transparent conducting film of claims 1, wherein the film has an optical
transparency of great than about 80%, about 85%, about 90% or about 95% in
the visible spectrum.

The transparent conducting film of claim 1, wherein the film has sheet
resistance of less than about 1000 ohms per square, less than about 100 ohms
per square or less than about 50 ohms per square.

The transparent conducting film of claim 1, wherein the film has surface
roughness of less than about 25 nm, less than about 15 nm, less than about 10
nm, less than about 5 nm or less than about 1 nm.

The transparent conducting film of claim 1, wherein the film is doped with
nitric acid, iron chloride, gold chloride, and ammonia gas.

The transparent conducting film of claim 1 further comprising a nanowire.
The transparent conducting film of claim 8, where the nanowire is comprised
of Auor Ag.

The transparent conducting film of claim 8, wherein the film encapsulates a
nanowire.

The transparent conducting film of claim 1, further comprising single walled
carbon nanotubes and/or double walled carbon nanotubes.

The transparent conducting film of claim 12 further comprising a nanowire.

PCT/US2020/014509
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14. A device comprising the transparent conducting film of claim 1.

15. The device of claim 14, wherein the device is a solar cell, a television, a
display, a touch screen, a smart window or a smart phone.

16. A glass substrate coated with the transparent conducting film of claim 1.

17. The glass substrate of claim 16, wherein the transparent conducting film is
flexible.

18. A plastic substrate coated with the transparent conducting film of claim 1.

19. The plastic substrate of claim 18, wherein the transparent conducting film is

flexible.



