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(57) Abrege/Abstract:

In accordance with some embodiments, compositions and methods for forming solvent- based and water-based carbon
nanotubes inks with removable additives are provided. In some embodiments, the ink composition comprises one or more carbon
nanotubes. a solvent, and a removable additive, which may function as a stabilizing agent, a viscosity adjustment agent, or any
suitable combination thereof. The removable additive may be removed from articles derived from the ink composition by means of
{hernial annealing
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SOLVENT-BASED AND WATER-BASED CARBON NANOTUBE INKS
WITH REMOVABLE ADDITIVES

Technical Field
{0002} The disclosed subject matter relates to the formation of dispersions or inks of
carbon nanotubes. More particularly, the disclosed subject matter relates to the formation of

carbon nanotube inks 1in water and solvent media obtained with the use of removable additives.

Background

10003 Most applications of single-walled carbon nanotubes (SWCNT), double-
walled carbon nanotubes (DWCNT), and multi-walled carbon nanotubes (MWCNT) often
require that they are available in the form of dispersions in a purified form in a suitable
solvent system. These types of carbon nanotubes are generically described as carbon
nanotubes (CNT) unless otherwise indicated.

(0004] As produced raw carbon nanotube soots generally include material impurities
(extraneous impurities), such as transition metal catalysts, graphtitic carbons, amorphous
carbon nanoparticles, tullerenes, carbon onions, polycyclic aromatic hydrocarbons along with
the desired carbon nanotube products. The nature and degree of the electronic impurities in a
given raw material can depend on the method of synthesis, such as, for example, laser, arc,
High-Pressure Carbon Monoxide Conversion (Hil’co), chemical vapor deposition (CVD), or
combustion.

[0005) Known purification protocols generally involve steps of generic unit operations
like pre-oxidation, acid reflux, mechanical mixing, ultrasonication, filtration, neutralization, and
centrifugation, Selecting a suitable combination depends upon the method of production of the
carbon nanotubes and the specific impunty targeted. As shown below, Table 1 provides an

excmplary list of the dommant impurities in different nanotube samples and unit operations

CA 2770997 2017-09-21
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A. G, Rmzler et al., “Large-scale purificaton of simgle-walled carbon nanotubes:

process, product, and characterization,” Appl. Phys, A 67, 29-37 (1998} desenbes a large-scale

purtfication approach for puritving carbon nanotubes employing a sequence of steps ichudmng,
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tor example, nitric acid reflux, neutralization, centritugation, and cross-flow filtration as
assential sieps to punity single~walled carbon nanotubes.

3007} Extraneous impurities, such as catalyst metal particles, fullerenic carbon,
amorphous carbon, graphitic carbon, and carbon onmions, are present to different degrees 1 as
prepared raw carbon nanotube samples. Oxadative chemucal treatments as part of the purification
protocol and nmultple acid treatments as part of the typical punfication processes result m
reasonably clean carbon nanotubes (<7 Q.5 wi % impurities). However, since the intnnsic
electrical conductivity anises from the delocalized 7 electrons of the SWUNT tor a SWUONT of a
given length and diameter, ap aggressive chemical puntfication or side-wall denivatization during
the purification process draims the o electrons of the individual SWONT. Such a loss of
conductive electrons leads to a drastic fall m the single tube clectncal conductance as well as the
chimination of the inter-band optical transitions ansing from the van Hove stngularities,
Accordingly, tor many apphcations, espectally apphications requuring a combination of optical
and electrical properties retaming the electronic structure of the UNT substantially mntact 15 an
important aspect 1n the {formation of SWUNT inks.

10008} There are numerous approaches that form stable dispersions of carbon nanotubes
i water with the ase of amonig, cationic, or non~ionic surfactants. These surfactants form a
monoiaver coating on the sarface of the UNT m the dispersed form aither as mdrvaduals or as
thin bundies. There are also widely reported approaches that use wnie or newtral polymer
molecules tor solubihzing carbon nanotubes i a waler medium. Known examples are, among
axide {PPOY. and tri-block copolvmers of PEO-PPO-PEQO. However, when thin films of UNT
networks are formed on solid substrates from such dispersions, most of the surfactants or the
polvmers remain as part of the carbon nanotube hims/network as a coating on the carbon
nanotubes and remain there even after treatments at elevated temperatures. Presence of such
surface umpurities atiect the electronic properties of the carbon nanotube network — 2.4,
reducing the electrical conductivity of the network.

H009] Another approach for formung carbon nanotube dispersions or mks in organic
solvenis 18 to chemically derrvatize them. For example, Haddon et al., U8, Patent No.
6,331,262, describes an approach that wvolves end funcoionalization emploving carboxyviation

tollowed by acid-chloride tormation followed by the tormation of amude linkage by reacting with
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a long chamn amune, However, the resulting solutions i organic solvents did not show the
characienstic absorption features m the UV Visible range, thereby suggesting that the
delocalized x elecirons have been dramed completely or significantly, In addition, 1t should be
noted that the electrical properties of the functionalized carbon nanotubes were not reported.
[6010] Huang et al, LS. Patent Publication No. 2006/0124028 A1, describes carbon
nanotube ik composthions i an aqueous medium designed tor inkiet printing, which were
obtained by a chemical reaction mvolving an azo compound and carboxvlated single-walled
carbon nanotubes, This approach focuses on the mk-jet printability of the dispersion or ink
rather than the mntrinsic properties of the ONT altered by the azo-funcionalization.
{01 1] Carbon nanotube mks prepared, despite these prior art approaches, especially tor
SWONT sutfer trom one or more of the tollowing himitations:

a) Loss ot inter-band optical transitions mndicating a significant modification of
the electromce siructure of the single walled carbon nanotubes or electronic detfects; and/or

b} Suriactant or polymeric dispersal aid residues that are not removable from the

10012} There 1s a need 1 the art for approaches that provide the formation of stable
carbon nanotube 1nks in water or organic soivent medm m which (g) the SWUONT have not lost
thesr mier-band optical transirons signmilving an mtact electronic structure and (b) the dspersal
aids that are used 1o stabilize the SWONT do not leave non-volatile residue mn the sold products
such as films formed {from such mks. Accordingly, 113 desirable to provide solvent-based and
water-based carbon nanotube inks that overcome these and other deficiencies of the prior art.
001 3] For example, 1 some embodiments, a dispersal aid systent that 1s non-onig,
molecular m nature, conserves the electronic structure of the SWONT as evidenced by the mter-
band optical transitions and that uses dispersal aids that can be completely removed trom the

carbon nanotube network or films that are tormed using the ONT mk.

SHITHArY

601 4] Applications of single~walled carbon nanotubes (SWONT), double-walled carbon
nanotubes (DWONT), and multi-walled carbon nanotubes (MWUONT) generally require carbon

nanotibes 1n the form of dispersions in suitable solvent systems. Raw carbon nanotube soots

generally include material impurities such gs transition metal catalysts, graphitic carbons,
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amorphous carbon nanoparticles, fullerenes, carbon onions, polycyelic aromatics along with the
desired carbon nanotube products.

THRY The nature and degree of the nnpuritios m a given raw materiat depeands on the
method of synthesis, such as, for example, laser, arc, High-Pressure Carbon Monoxide
Conversion (HiPco), chemcal vapor deposition {CVD), or combustion methods. Currently
availagble purtfication processes and systems generatly mvolve generic antt operations, such as
pre-oxidation, acid retlux, mechanical mixing, ultrasonication, filiration, neutralization, and
centrifugation.

{001 6] For example, single-walled carbon nanotubes {SWONT) can be produced usming a
premixed combustion of carbon-containing fuels, such as hvdrocarbons, mchuding methane,
naturai gas, or alcohols, while a metal catatyst precursor {such as won pentacarbonyl, ferrrocene,
or & metal salt solution} 1s added continuously 1o the fresh gas mixture. Characteristics of the
SWONT formed, such as length, can be controtied by process parameters {e.g., pressure, mert
aas dilution, temperature, fresh gas velocity, residence time, ete.). By-products are reaction
carbonaceous material other than SWONT, such as polyveychic aromatic hydrocarbons (PAH).
[0 71 it should be noted that, although the present mvention 15 generally described in
connection with the purification and dispersion of tlame synthesized carbon nanotubes, this is
merely dlustrattve, The disclosed subject matter can provide, among other possible advantages
and benehicial {features, methods, techmques, apparatuses, systems, and/or methods of
manufacture that can be used for the purification and formation of water-based or solvent-based
suspensions of carbon nanotubes of all types.

001 8] In some embodiments, small molecudar additives, such as diethvignetriamine
{DETA) and dusopropylethvlamine (DIPEA or Hunig's base). can be used as stabilizmg
additives that disperse smgle-walled carbon nanotubes without the ehimination of the nter-band
optical transifions or viscosity adjustment agents.

{6 94 it should be noted that Hunig's base {DIPEA} 18 not soluble 1 water. In some
embodiments, the present invention describes a method for making @ water-based dispersion of
single-walled carbon nanotubes emploving amines that are not necessarily soluble 1 water.
100201 in some embodiments, the present mvention describes the formation of solvent-

based UNT ks, For example, solveni-based UNT mks can be formed using
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Nemethvlpyrrolidinone {(NMP) as the solvent and polvpropylene carbonate oligomer as an
addittve that can be completely removed. i should be noted that the additive can acl a
stabilizing agent. a viscosity adjustment agent, or anv suitable combination thereot.

0021} in some embodiments, the addiiives described herem {e.g., stabilizing agents,
dispersal aids, or viscosity adjustment agents) can also be used for the dispersion of other
carbonaceous nanostructures, such as, tor example, graphene, tullerenes like Cqp and Cag,
shortened nanotubes (e.g., fullerene pipes), and nanofibers of any of these compounds in water
and/or organic solvent media. In addition, these additives can be used for chenncal dertvatives
of all carbonaceous nanostractures including, for example, single-walled carbon nanotubes,
double~walled carbon nanotubes, multi-walied carbon nanotubes, graphene, fullerenes, shorted
carbon nanotubes, and nanoftbers.

100221 in accordance with some embodiments of the present mvention, an mk
composition 1s provided, the ink composition comprising: a plurality of carbon nanotubes; a
solvent; and a removable additive that stabilizes the plurality of carbon nanotubes mn the solvent.
{6023 in some emboduments, the removable additive 1s selected to act as a dispersal
agent and a stabilization agent.

0024 in some embodiments, the removable additive 1s selected to adjust viscosity of the
ik based at least m part on molecular weight of the removable addiive.

[0025] in some embodiments, the solvent 18 water and wherein the removable addinive s
NoN-Dnisopropyiethviamne {DIPEA).

10026} in some embodiments, the removable additive 1s selected from the group
consisting of diethylenetriamme (DETA), disopropylethyvlamine (DIPEA), tnethanolamine,
ethyiene diamine, aminoethvl ethanolamine, tricthvlene tetramine {TETA), tefracthylene
pentamine {TEPA), pentacthyviene hexamine (PEHA), and mxtures thereof

100271 in some embodiments, the solvent (s an orgamic solvent selected frons the group
consisting of N-methylpyrrohidinone (NMP), propylene glveol monomethvi ether acetate
(PGMEA), cyclohexanone, methyl ethyl ketone {(MEK), and methyl ssopropyi ketone, and
wherein the additive is polypropylene carbonate.

16028 in some embodiments, the removable addstive is selected such that the removable
additive can be removed trom the ink composition by at least 90% by therinal annealing at a

temperature lower than about 250°C. In other embodmments, at least 90% of the removable
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‘additive can be removed by thermal annealing at & emperature lower than about 2007C

Alfernatively, at least 90% of the removable additive can be removed by thermal anneahing at a
temperature lower than about 300°C.

{129 In some embodiments, the plurality of carbon nanotubes are one or more off
single-wailed carbon nanotubes, double-walled carbon nanotubes, and muulu-walled carbon
nanotubes. In some embodiments, at teast 90% of the plurality of carbon nanotabes are single-
walled carbon nanotubes. In other embodiments, at least 30% of the plurality of carbon
nanotubes are double-walled carbon nanotubes. Alternatively, at least 90% of the plurality ot
carbon nanotubes are multi-walled carbon nanotubes.

{030] in some embodiments, the plurality of carbon nanotubes dispersed within the
solvent can be separated between hmctionalized and unfunchionalized carbon nanotubes {e.g
using density gradient centrifugation or clectrophovesis). In addition, in some embodiments, the
prurabity of carbon nanotubes dispersed within the sobvent can be separated between metalhic and
senmconducting carbon nanotubes (e.g., using chemical or electrophoresis approaches} with or
without prnior functionghzation. For example, in some embodiments, the plurality of carbon
nanotubes can be separated such that at least 830% of the plurality of carbon nanotubes are
described hergin can be anriched m either semiconducting or metalhic single-walled carbon
nanotubes mm comparison to thew intnal abundance n the as-produced matenal {e.g., often
approximately a 2.1 ratio of semiconducting vs. metalhe corresponding 1o the ensemble of all
theoretically existing chiralities).

0031} in some embodiments, a method of prepaning an ink composition 1s provided, the
method comprising: providing a plurality of carbon nanotubes; providing a removable additive to
the plurahity of carbon nanotubes; providing a solvent to the plurahty of carbon nanotubes and
the removable additive, wherain the plurality of carbon nanoiubes are dispersed within the
sotvent and wherem the removable additive stabihzes the plurahity of carbon nanotubes that are
suspended m the solvent; and removing a substantial portion of the removable additive by
thermal annealing.

160321 in some embodiments, the method further comprises applyving the mk
composition to a subsirate. The substrate can be a glass substrate, a plastic substrate, andfor a

sapphire substrate.
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10033] in some ewmbodiments, the removable additive 1< removable after applving the ik

composiion to the substrate. The removable additive 18 selected such that the removable
additive can be removed from the ink composition by at ieast 90% by thermal annealing at a
temperature fower than about 2530°C.

[6034] in some embodiments, the method further compnises stabilizing the plurality of
carbon nanotubes by applving the removable additive to the plurality of carbon nanotubes prior
to dispersing the plurality of carbon nanotubes in the solvent.

FO035] in some embodiments, the method further comprises muxing the solvent with the
removable additive prior to dispersing the plurality of carbon nanotubes i the solvent.

[036] The details of one or more embodinnents of the subject matter described hevein are
set forth m the accompanying drawings and the descniphion below. (Other featiwes and

advantages of the subject matter deseribed herein will be apparent from the deseription aad

drawings, and from the clamms,

Brief Description of the Drawings
10037} F¥1G. 1 s a chart showing a Raman spectrum of as produced carbon nanotube

material 1n accordance with some embodunenis of the present mvention.

[0038] Fi(3. 2 1s a chart showing an example of 3 thermogravimetric analvsis of a raw
carbon nanotube material contamning about 30% of a catalvst metal impurity that wakes oto
account the oxdation of muttally present won {o won oxide 1 accordance with some
embodiments of the present invention.

{139 Fi(r. 3 18 chart showing an example of a thermogravametric analysis of a punhied
carbon nanotube material in accordance with sonie embodiments of the present invention.
[6040] FiG, 4 15 4 process tlow chart showmg a method for preparing aqueous-based
carbon nanotube ks 1 accordance with some embodiments of the present mvention.

100411 P10, 5 18 a chart showing an nltraviolet-visible absorption spectrum of a carbon
nanotube based ink as a final product m a water-based emploving DIPEA as the stabhlizing
agent, where the mterband optical transtions indicative of an intact electromc structure of the

SWONT are marked with black arrows, in accordance with some embodiments of the present

Ivention.
j0042] FI(r. 6 1s a chart showing an ultraviolet-visible absorption spectrum of @ carbon
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nanotube hilm depossted front the water-based ink on a €7 x 47 glass substrate, where the
mterband opiical transitions arising from the first van Hove transihions are shown with white
arrows and the second van Hove transitions are shown with black arrows, m accordance with
some embodiments of the present ivention.

{0043] Fi(s. 7 18 a scannung electron nucroscope (SEM ) unage of a dense carbon
nanotube network deposited on a sapphire substrate in accordance with some embodiments of
the present inveniion.

{0044} FI0. 8 s an exemplary schematic diagram Shm.\;sing the decomposable
palvpropyiene carbonate molecules wrap around the carbon panotubes to suspend them in the
orgamic solvent i accordance with some embodiments of the present mvention.

10045] Fi(G. 9 shows a thermogravimetric analysis (TGA ) plot and sts fuest denvative of
polypropviene carbonate {PPC) showing the sharp decomposition of the polvmer in accordance
with some embodiments of the present invention.

{6146} Fi(r. 1015 a process flow chart showing a method for preparing solveni-based
carbon nanotube mks m accordance with some embodiments of the present invention.

10047 FiGL 11 1s a scannmng electron micrograph {SEM) image of plastic beads coated

with carbon nanotubes in accordance with somie embodiments of the present mvention.

Detailed Description
ANALYSIS OF AS PRODUCED CARBON NANOTUBES

10048 Carbon nanotubes such as those produced using the disclosed subject matter can
be analyzed and characterized using, among other possible options, Raman spectroscopy andior
thermogravimetric analysis {TGA)

6049] Resonance Raman spectroscopy provides a fast and selective method for the
identification and first characterization of SWONTs. Major identifiable absorption features
inciude the radial breathimg mode {RBM), the tangential mode {(G-band}, and the disorder-
induced band {D-band). RBM, which usually appears between 120 em™ <@ < 270 em”™,
ceneratly corresponds to the gtomuc vibration of the carbon atems in the radial direction, Direct
correlations with SWUNT diameters have been generally established. The tangential mode or G-

band, a characteristic multi-peak feature typically occurring sround 1580 cnt” | corresponds to

atonuc displacements along the tube axis as well as the circumierential direction. Simultancous

-
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observation of RBM and G-band provides strong evidence for the presence of SWUNT. The D-
band, cccurring arownd 1350 e, reflects the presence of impurities or other symumetry-
breaking defects, such as amorphous carbon.

H050] For the example described below, material synthesized and collected under well
defined condittons was mwvestigated with a Dimension-P2 Raman svstem {Lambda Solutions,
Waltham, MA) using an exciting wavelength of 784,87 o and approximately 10 mW power. A
laser beam with a diameter of about 200 micrometers was directed without microsceope to the
samples from a distance ot about 1 cm. Generally, 4 5 second exposure time and imtegration
over S spectra were apphied. Peak heights of the RBM and G-bands were optimized by fine-
tumng the distance between the laser probe and the samples. Samples with strong RBM and
weak D-bands as well as high G- o B-band ratios have been considered as bemng at or close o
the optimized conditions and submitted to further analysis, such as scanning electron microscopy
{SEM} and TGA, the latter allowmg for a quantitative assessment of SWUNT abundance in
aiven samples.

60511 As shown mn the Raman spectrum of F1G. 1, the D-band was found to be barely
detectable while RBM peaks at 229.6 cm™' and 265.5 cm™ were identified. Using the
relationship @™ = 234/d+ 10 em’, as suggested by Milnera et al., “Periodic Resonance
Excitation and Intertube Interaction from Quasicontinuons Distributed Helictties tn Single-Wall
Carbon Nanotubes,” Phys, Rev. Lett. 84, 1324-1327 (2000), for bundles of SWONT, these peaks
correspond {o diameters of about 1.07 and about 8.92 nm, respectively. However, due to the
strong dependence of Raman intensities on the resonance energies of the SWUNT present, such a
diameter distribution generally reflects onty SWUONT resonating at 784.87 nm and may not be
representative for the mvestivated sample. For example, a Raman spectrum of similar material
measured at 647 am grves a signthicantly different pictare; RBM peaks corresponding {0 1.30,
(.98 and 0.87 nm have also been identified.

10521 it should be noted that, as shown in FIG. 1, the shape of the G-band occurning in
the 1500-1605 cm™ range corresponds 1o tangential vibrations indicating the presence of both
conducting SWUNTs and senm-conducting SWONTs. it sheuld turther be noted that, as also
shown in FIG. 1. the weakness of the peak near 1350 e’ indicates that an insignificant low

level of npurities or other symmetry-breaking defects s present,
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6033] The purity of bulk SWONT samples can be determined using thermogravimetric
anatysis {FGA)Y noder anr, for example, using a TGA 1 1000 mstrument {available from
Instrument Specialists, Twin Lakes, WI}. Heating rates of, for exampie, 5 or 7.5 K/min from
roow temperature to 900 °C were applied. A typical TGA plot of raw, vapuritied SWONT is
shown in FIG. 2. FIG. 2 15 a chart showingz an example of a thermogravimetric analysis of a raw
carbon nanotube material containtng about 30% of 4 catalyst metal impurity i accordance with
some embodiments of the present mvention. This chart takes nto account the oxidation of
mitially present won o wwon oxade. FHGa, 3 15 a chart showing an example of a thermogravimetric
analvsis of a purified carbon nanotube material in accordance with some embodiments of the
present mvention.

16054] Analysis of mudiple batches produced at identical process conditions using the
disclosed subject matter fed to very simtlar, nearly overlapping TGA plots, mdicating a high
degree of reproducibibity of purity assessment. Quantification of the composition ot a

carbonaceous material requires the knowledge of the composttion of the metal phase i the mital

0055 (Juantitative characterization of the metal phase can be conducted using wide-

angle X-Ray Diffraction (XRD) {e.g_, nsing a Ragaku RU300 Xeray generator). Silicon (81} can
be added as an miernal standard and XRIDD patterns measuwred. Both maghemte {(Fe,0O4) and
elemental won (Fe) can be tdentified i the as-produced material, whereas only some elemental
iwon {(Fe} s tvprcally found to remain in SWONT that are purified according to the disclosed
subject matter. Using an mternal standard, analysis of XRD spectra allows for the quantitative
determination of Fe-to-Fe,O; weaight ratios. Assunung complete oxidation of elemental won {o
Fe.Os duning the TGA run, weight fractions for Fe, Fe:()s, and carbonaceous material were

determined. The trace metal contents of the purthed ONT material were analyvzed by TGA

emploving the same procedures descnbed above.

GENERAL DESCRIPTION OF INK FORMATION: WATER-BASED INK

[6036] Fi(s. 4 15 a process How chart showing a method 400 for preparing agqueous-based
carbon nanotube inks m accordance with some embodiments of the present invention. The
detaded flow chart shows the sequence of unit operations n the processing of a water-based

carbon nanotube ink formulation. It should be noted that, m the process flow chart of FI1G. 4 and

- 11 -



other process flow charts described herein, some steps can be added, some steps may be omitted,
the order of the steps may be re-arranged, and/or some steps may be performed simultaneously.
|0057] As shown, as produced carbon nanotube raw material 1s heated on a stir-hot plate
in a mixture of hydrochloric acid (HCI) and hydrogen peroxide (H>O;) at 410. The concentration
of hydrochloric acid can generally be between about 0.5N to about 10N and the concentration of
hydrogen peroxide can generally be between about 5% to about 30%. The ratio of HCI to HO»
can be kept between about 3:1 to about 1:1. It should also be noted that the temperature at which
stirring takes place can generally be between about 50°C to about 80°C.

[0058] [t should be noted that as produced carbon nanotube raw material, purified
carbon nanotube materials, fullerenes, and/or any other fullerenic materials can be
synthesized and/or processed by the approaches described, for example, in Howard et al.,
U.S. Patent No. 5,273,729, filed May 24, 1991, Howard et al., U.S. Patent No. 5,985,232,
filed September 11, 1996, Height et al., U.S. Patent No. 7,335,344, filed March 14, 2003,
Kronholm et al. U.S. Patent No. 7,435,403, filed July 3, 2003, and Howard et al., U.S, Patent
No. 7,396,520, filed January 21, 2005.

[0059] It should also be noted that the carbon nanotubes in these carbon nanotube-
based inks can be synthesized such that any suitable percentage of a particular type of carbon
nanotube is included in the carbon nanotube-based ink. For example, in some embodiments,
at least 90% of the plurality of carbon nanotubes are single-walled carbon nanotubes. In
other embodiments, at least 90% of the plurality of carbon nanotubes are double-walled
carbon nanotubes. Alternatively, at least 90% of the plurality ot carbon nanotubes are multi-
walled carbon nanotubes.

[0060] In one embodiment, the hydrogen peroxide can be slowly added to the carbon
nanotube acid mixture by, for example, using a syringe pump. Alternatively, the hydrogen
peroxide needed for the reaction can be generated in in-situ reactions.

[0061] The duration of the stirring/heating can range from about | hour to about 48
hours. The CNT/acid/peroxide mixture on heating/stirring can be washed with deionized
(DI) water repeatedly in a filtration funnel or Nutsche-type filter for large scale operations
(see, e.g., 415-430 of FIG. 4). The CNT-acid slurry is washed until it i1s neutral to pH paper

and colorless.

_ 12 -
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16062} The HCLHO» shurry atter repeated washings can be completely dried (e, less
than 1 wi % of water), partiadly dned (e g., less than 50 wi%e of water), or wet {e.g., the weight of
CNT 15 less than the weight of water) at 435, Accordingly, the HCVH-Os starry can be used m
the form of a powder, partially dried paste, or a wet paste in downstream applications,

[0063] In some embodiments, the CNT powder or pastes as described above can be
mixed with a non-tonie additive acting gs a stabthzing agent at 440, such as diethyienetriamine
{DETA) dusopropvlethviamme (DIPEA or Hunig's base), or tnethanolanming, Other possible
amines that can be ased are, for example, ethviene diamine, anunocthyl ethanolanmune,
triethylene tetrammne {(TETA}, fetracthviene pertamime {(TEPA), and pentacthyvlene hexamine
{PEHA}. It should be noted that small molecular additives can be used as stabilizing agents that
disperse single-walled carbon nanotubes without the ehimunation of the inter-band ophical
fransitions.

0064 in some embodiments, the UNT powder or pastes can also be mixed with
composition of amines consisting one or more of the following amines: diethylenstriamine

{DETA), dusopropylanine (DIPEA or Hwug's base), inethanolamine, ethyvlene diamine,

amineethyl ethanolanune, tnethvlene tetramune (FETA), tetraethylene pentamine (TEPA), andior
pentaethylene hexamine (PEHAj in different proportions.

{O6065] The mixnge of ONT powder or pastes with the mclusion of one or more of the
above-mentioned additives can then be agitated in delonized water, sonicated m deionized water,
power sonicated m detomzed water, or dispersed m water using a high-shear mixer at 4453

andd 450,

10066} The CNT-water-stabihizer suspension or dispersion thus obtamed can then be
filtered throagh a coarse filter (e.g., a filter having openings greater than about 10 nucrometers)
to ehiminate larger suspended particles.

10067} At 455, the resuiting filtered sotution can be centrifuged m an uliracentnfoge that
subjects g centrifugal force of greater than about 5,000¢ to about 200,000¢. The centrituge used
can be, for example, a static batch rotor type centrifuge, a continuous flow type centrituge, or a
tubular tlow type centrifuge. 1t should aiso be noted that volumes of ONT dispersions handled

a batch system can be about a few c¢ to several hundreds of cc. The volumes handled by the

flow system can range fron: about a few co/minutes to several gallons/hr.
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[6068] At 460, the centrifuged solution obtained can be {iltered 1 a tangental flow

filtration assembly o remove extraneous carbon nanoparticies that are below a certamn cut-off
lamit. It shoudd be noted that the filliration assembly can handle volumes ranging from about a
few co/minates to several gallons/hr.

[6069] A single walled carbon nanotube (SWONT) can be viewed as a rolled-up
eraphene sheet within certain allowed chiralities. Based on this geometric constraing, SWONT
produced by any method statistically 1s made up of about one-third with metal-hike electrical
conduction and about two-thirds showing a semiconducting behavior, Varous chermceal and
electrophoretic methods have demonstrated the separation of the carbon nanotubes by types.
taliing into the metallic and semiconducting ones.

160TH in some embodunents, carbon nanotubes thos separated mto metaliic and
semiconduciing carbon nanotubes at varicus degrees of separation or enrichment can be made
mio the formation ot carbon nanotube inks employing a combmation of steps described heren.
For example, 11 some embodiments, the plurality of carbon nanotubes dispersed n the solvent
can be separated such that at least 80% of the plurality of carbon nanotubes are semiconducting
single-walled carbon nanotubes. In some embodiments, the plurabity of carbon nanotubes can be
enriched in either semiconducting or metattic single~walled carbon nanotubes. for example, mn
comparison to their iiral abundance m the as-produced carbon nanotube matenals (e g, often
approximately a 2:1 ratio of semiconduciing vs. metalhic corresponding 1o the ensemble of all
theoreticatly existing chiralities).

10071} FIGL 5 15 a chart showing an nliraviolet-visible absorption spectrum of a carbon
nanotube-based ink as a fmal product in a water-based employving DIPEA as the stabihzing
agent. The mterband optical transitions indicative of an imtact electronic structure of the
SWONT are indicated with black arrows.

100721 FiG. 613 a chart showing an ultraviolet-vistbie absorption spectruns of a carbon
nanotobe film deposited from the water-based mk on a 67 x 47 glass substrate. The interband
optical transitions arising from the first van Hove transtiions are indicated with white arrows and
the second van Hove transitions are mndicated with black arrows.

16073 FIG. 7 is a scanning electron microscope {SEM) umage ot a dense carbon
nanotube network depossted on a sapphire substrate 1y accordance with some embodiments of

the present invention.
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GENERAL DESCRIPTION OF INK FORMATION: SOLVENT-BASED INK

0074} FI(r, 8 1s an exemplary schematic diggram showing the mechanisms for creating a
wrap around the carbon nanotubes, gs shown m FIG. 8, o help them stabilize m the chosen
organic solvent. Alternatively, the polyvmer molecules mav co-dissolve and function as viscostty
adjustment agents, thereby aiding to control the theological properties of the UNT-solvent ink.
tn erther emvbodiment, a ONT film that s deposited on a solid substrate will still have the
polymer molecules. The polymer molecules decompose on thermal annealing m aw mto 1%
noa-toxic gaseous products. In addition, more than about 90% of the polymer {oss ocours

below 200°C at which temperature carbon nanotubes are very stable even m alr. The resuliing
final product is a neat carbon nanotube film.

4175 For exampie, FiG. 913 a chart showing a thermogravimetiic analysis {TGA) plot
of polyprapylene carhonate (PPC) and the sharp decomposition of the polymer. As shown, more
than 93% of the pobvymer loss occwrs below 200°C at which temperature carbon nanotubes are
very stable even m air. The denvative plot shows the sharp and rapid decomposition. 1t should
be noted that approxamately 0.5 wit% residue shown m FIG. 9 anses from extraneous impuriies.
[0076] Referring to FIG. 10, FIG. 1015 a process flow chart showing one of the

methods 1000 for preparing solvent-based carbon nanotube inks in accordance with some
embodiments of the present wnvention. The detatied flow chart shows the sequence of wmt
operations it the processing of a solvent-based carbon nanotube ik formulation. It should be
noted that, m the process flow chart of FiG. 10 and other process How charts desceribed berem,
some steps can be added, some steps may be omittad, the order of the steps may be re-arranged,
and/or some steps may be performed simultaneousty.

100771 Stmdar 1o FIG. 4, method 1000 begins with heating as produced carbon nanotube

raw material on a stir-hot plate w a mxture of hyvdrochloric acid (HU1 and hydrogen peroxide
{H203). The concentration of hydrochloric acid can generally be between about 0.53N to

about 1ON and the concentration of hvdrogen peroxide can generally be between about 5% to
about 30%. The ratio of HCI to H+O, can be kept between aboat 3:1 to about 1:1. It should also

be noted that the temperature at which stirrmg takes place can generally be between about 50°C

to about 807 C.
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16078} As described above, in one embodiment, the hydrogen peroxide can be slowly
added to the carbon nanotube acwd nuxture by, for example, using a syringe pump. Alernatively,
the hvdrogen peroxide needed for the reaction can be generated mn in-situ reagtions.

06079} The daration of the stirring/heating can range from about 1 hour to about 48
hours. The CNT/acid/peroxide mikture on heating/stirring ¢an be washed with deionized (D)
water repeatedly m g hiltrgtion funnel or Nutsche-type filter for farge scale operations (see,

g, 115-130% The ONT-acid shurry i washed untid it 1s neuiral to pH paper and colorless.
0080 The HOKH-O, slotry after repeated washmgs can be completely dried {e.g., less
than 1 wt % of water), partially died (e.g., less than 50 wit% of water), or wet {e.g., the weight of
CUNT 15 less than the weight of water}. Accordingly, the HCVHLO, sturry can be used mn the torm
of a powder, partially dried paste, or a wet paste in downstream apphications.

10081} As shows mn FIG. 10, a solvent nuxture 15 prepared by mixing an organic solvent
with a stabilizing additive at 1010, For example, a solvent mixiure can be prepared by dissolving
an accurately weighed guantity of a stabilizer i the range of about €1 to about 5 wi% of
polypropyiene carbonate in a suatable organic solvent, preferably N-methvipyrrolidinone (NMP}
10082} (Other suitable solvents that can also be used may mchude, for example, propylene
isopropyl ketone, eic.

[HO83] It should be noted that polypropylene carbonates of different molecular weiglis
can also be nsad as & viscosity adjusting agent wstead of or i addition 10 a stabilizing addibive i
solvents such as N-methvlpvrrolidinone (NMP), propvlene glveol monomethvl ether acetate
(PGMEA), cyclohesanone, Methyl ethyl Ketone (MEK ), methyl isopropyl ketone, etc.

[0084] Referring back to FIG, 10, at 1020, as prepared raw carbon nanotubes, semi-
purtiied carbon nanotubes, punfied carbon nanotube powder, or purnthied carbon nanotabe pastes
as described above can be muxed with the sobvent muxtute at a concentration of about 0.1 o
about 5 wit%e and then agitated, sonicated, power sonicated, or dispersed using a high-shear
IXET.

[608S] The CNT-polymer-solvent suspension or dispersion can be filtered through a

coarse hilter {e.g., a filier having openings greater than about 10 mucrometers) to elimimate larger

suspended particles.
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10086] The resulting filtered solutions/dispersions can be centrifuged  an
ultracentnifuge that subjects a centrifugal force of greater than about 5,000y to about 200,000y
The centrituge used can be, for example, a static batch rotor type centrifuge, a continuous flow
type centrifuge, or a tnbular flow type centrifuge. it should also be noted that volumes of UNT
dispersions handled m a batch system can be about a few ¢¢ to several hundreds of ce. The
volumes handled by the flow system can range from gbout a few co/mmuies o several

gations/ir.

EXAMPLES
{H087] The following examples further tHlustrate some embodinments of the present

mvention, but should not be construed as m any way himiting the scope.

EXAMPLE 1
{ilihhg Raw carbon nanotubes were produced in a combustion method amploving

pentacarbonyl. Approximately 970 mg of raw carbon nanotubes prepared by combustion of

y
r

methane were added to 200 mi of DI water 1n a 500 mi round bottom Hask, To this mixture,

75 mi of 36% hydrochloric acid was added slowly with stiring followed by the slow addition of

75 mi of 1ce cold, 30% hydrogen peroxide in drops. This muxture was allowed 1o stir over a
magnetic hot plate stirver overnight at a temperature of about 647'C. The mixture was then
allowed to cool to room temperature without stunng. A black sediment of carbon nanotubes
settied at the bottom while the supernatant hquad was deep vellow/brown and transparent due to
the presence of iron tons. The supernatant baguid was decanted mto a larger flask. About 100 mi
of DI water was added to the solid contents, which was hand stirred and allowed to settle over
few minutes. The new supernatant fiquid furned pale and was decanted as described betore.
This procedure was repeated untid the sapernatant hquid was coloriess and clear. At this point
the decanted hquid was filtered through a 90 mm diameter Whatman filter paper (#30, hardened)
it @ ceranuc Biichner funnel. This first stage wet ONT shurry collected on the filter paper was
washed until the washings were no different in pH compared to DI water as tested by a pH paper.

A small portion of thus wet ONT slurry was dried i the Biichuer funnel by drawing air through 1t
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mercury ) untd the powder peeled ofl from the filter paper and was collected 11 a botide.

EXAMPLE 2
{0089] A first stage wet ONT slurry prepared as desenbed m Example 1 owas transterred
back 1o a clean 500 mi round bottom (RB) Hask from the filter paper by washing with
approximately 50 mil of DI water. To this slurry, 100 mil of DI water and 50 md of 6N nitric acid
was added. The mitre acid was added dropwise. The flask was fitted with a reflux condenser
cocled with running cold water and the mixture m the R Hask was stir heated on a hot plate o
reftux. Atfter refluxing for about 3 hours, this mixture was allowed to cool to room temperature
withount sturning. A biack sediment of carbon nanotubes settied at the bottom of the RB flask
while the supernatamg liquid was very pale yellow, The supernatant hquid was decanted into a
larger Hask. Abont 100 mi of D water was added to the sohd contents n the RB Hask and was
hand stirred betore being allowed to settle over few nunutes. The supernatant hiquid in the RB
flask turned coloriess and clear and was decanted. The decanted hgud was filtered through a 90

n drameter Whatman filter paper (#350, hardened) in a ceramuc Biichner funnel. The wet

water as tested by a pH paper. This resultant, second stage wet ONT shury was dried m the
Biichner tunnel by drawing an through it under vacuum. The vacuum was applied with a ssmple
rotary pump (10 mm of mercury) until the powder peeled off from the filter paper for collection
in a bottle. Some of the second stage wet slurry was only partially dried and stored as a purified

CNT paste.

EXAMPLE 3
10094 in vet another purification method, as prepared raw carbon nanotube samples
were pre~washed i neutral DI water prior 1o acid treatiment as desenbed below, An accurately
wetghed amount of raw carbon nanotubes (e.g., less than about one gram} is placed mn a thick
watled glass tube and somcated with a power sonicator horn for 15 minutes. The resulting dark
saspension was filtered through a cellulose {ilter (2-5 microns) for the removal of finer particles.

The OUNT water paste collected over the filter paper was ysed in the further puntfication process

it the place of as prepared ONT.
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EXAMPLE 4
168911 in vet another acid purtfication process, approximately one gram of the ONT
water paste collected as described i Example 3 was transferred to a 2 hiter round bottom flask
and DI water was added to make up the volume to 1000mi. To this mixture, 100 ml of 36% HCI
aitd 50 mi of 30%; hydrogen peroxide were added and allowed to stir i a hot plate at room
temperature overnight. The ONT acid slurry was washed with DI water gs described in
Examples | and 2. The punified wet ONT slurry was ransferred to a 5300 mi round bottom flask
to which 100 ml of 6N witric acid and 230 mid of DI water were added. The ONT acid nuxture
was refiuxed for 3 bours and allowed to cool. The nitric acid water slurry was filtered and
washed through a filter paper and aliowed to dry partially. The partially dried ONT was further

used 1 the preparation ot a water-based UNT ik as described heremn,

EXAMPLE S

[$092] In vet another example, about 300 my of the partially dried ON7T paste as
described m Example 4 was placed m a ceramic cup to which 2 mi of NN~
dusopropviethylamine (DIPEA) was added and mixed well manually with a ceramuic paddie.

The mixture was allowed to sit overnight, The ONT-DIPEA paste was transferred to a 1L
comcal flask o which 730 mi of DI water was added. The muxture was sonicated for about |
howr m g Branson bath sonicator and alliowed to stgnd for about an hour, 1t was resonicated for

one more hour and the resulting suspension was centrifuged at 15,000 RPM at 16°C for 1 hour.

ENAMPLE ©
16093] in vet another acid purtfication process of the raw carbon nanotubes, two grams of
the raw carbon nanotubes m a one liter round bottam flask, 500 mi of DI water, 100 mi of 36%
HCH and 100 mi of we cold hydrogen peroxide were added and set for stirring at approxumately
&OVC overmight, The ONT acid shury was washed with DI water as described in Examples 1
and 2. The purthed wet ONT shurry was transterred to a 300 mi round bettom flask to which

100 mi of 6N ninic acid and 250 mi of D water were added. The ONT acid mixiure was

retluxed for 3h and allowed 1o cool. The mitrnic acid water slurry was filtered through a #50

- 19~
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‘Whatman filter paper in 8 Buclmer funnel and allowed to dry partially. The partially dried ONT

was further used 1o the preparation of a solvent-based UNT ink as deseribed below m Example 7.

EXAMPLE 7
{0094} A sciution of polypropylene carbonate (PPG) {(a commercial sample trom
Novomer Inc.) was prepared by dissolving PPG i 20 mil of N-methyipyrrolidinone (NMP) to
concentration of 2 me/mil. To this solution, 20 myg of the partially dry ONT prepared as
described w1 Exampic © was added and sonicated in a bath somicator for | hour. The solution in
the test tube was transferred t© a conical flask. 80 mi of NMP was added to the mixtare to make
up the total volume to 100 mi. The solution was soncated 90 minutes and centrifuged at 10,000

RPM for | howr at 107C. A very stable dark solveni-based UNT ink was obtained and bottled.

APPLICATIONS
{6{195] The resulting ink composition can be coated on any suitable substrate {e.g.. a
class substrate, a plastic substrate, a sapphire substrate, etc.) using a number of fechnigues,
mciuding mkijet printing, spin coating, spray coating, etc. in addition, the resulting mnk
conmiposiion can be used in numerous applications rangmg from hiquid crystal displays (LOCDs),
antistatic coatings, electrodes, touchscreens, and numerons other apphications.
[0096] For example, m one embodunent, an ink with extensive bundling of SWONT and,
thus, nnted suspendability can be used for apphcations, such ag battery electrodes or capacitors.
In another embodiment, an ink with individually suspended SWUNTs can be used for
applications, such as transparent conductive coatmgs.
[6097] In another suitable entbodiment, an ink prepared as described herein can be
coated onte plastic beads ranging w s1ze from ghout 10 nanometers to several hundred
prcrometers {um}. Alternatively or additionaliy, the mk can be coated onto plastic fibers, glass
fibers, or ceranue hibers having diameters ranging from 10 nanometers 10 several hundred
micrometers {m) and having aspect ratios ranging from 10 to 10° In a more particular
example, & scanming electronic microscope { SEM) miage of plastic beads coated with carbon
nanotubes using the above-described ink is shown in FIG. 11
098] it should be noted that the coating of plastic, glass, ceramic, gad/or other suitable

substrates and matenals can be used to enhance electne and/or thermal conducnvity,

- 20 -
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Accordingly, this can be used for electrically conducting films or electrostatic dissipation
applications.

10991 it should further be noted that the ks prepared as descrtbed heremn can be used as
a medium for chemical functionalization of carbon nanotubes with, for example, but not Iimited
to, reactions with diazontun salts, Diels-Alder reagents, ¢vcloadditions, halogenations,
nucleophitic or radical addittons (see, e.g., Tasis et al., Chem. Rev, 2006, 106, 1103-1136, and
Zhang et al., J. Am. Chem. Soc. 2009, 131, 8446-8454), Such functionalization may selectively
occur with metallic or semi-conducting carbon nanotubes.

{0100] Mixtuares between functionalized and unfunctionalized carbon nanotubes
dispersed wm the above-mentioned inks can be separated by density gradient centrifugation or
clectrophoresis.

10101} (Carbon nanotubes that are functionalized n other reaction media, such as organic
solvents (e.g. . o-dichlorobenzene, tetrabydrofuran {THE), etc) or water i the presence or not of
wome surfactants, are redissolved in the above-mentioned inks.

16102} Accordingly, solvent-based and water-based carbon nanotube mks with
removable additives are provided.

{0103} Althoagh the tnvention has been desenibed and ilustrated in the foregoing
Hustrative embodiments, i 1s anderstood that the present disclosure has been made only by way
of example, and that numerous changes in the details of implementation of the invention can be
made without departing from the spirit and scope of the mvention. Features of the disclosed

embodiments can be combined and rearranged 101 various wavs.



‘"What is claimed is:

l. An ink composition comprising:

a plurality of carbon nanotubes;

a solvent; and

a removable additive that stabilizes the plurality of carbon nanotubes in
the solvent,
wherein the solvent is an organic solvent selected from the group consisting of N-
methylpyrrolidinone (NMP), propylene glycol monomethyl ether acetate
(PGMEA), methyl ethyl ketone (MEK), and methyl isopropyl ketone;
wherein the removable additive is polypropylene carbonate; and
wherein the removable additive is removed from the ink composition by at least

90% by thermal annealing at a temperature lower than about 200°C.

2. The ink composition of claim 1, wherein the removable additive acts as a

dispersal agent and a stabilization agent.

3. The ink composition of claim 1, wherein the removable additive adjusts viscosity

of the ink based at least in part on molecular weight of the removable additive.

1. The ink composition of any one of claims 1-3, wherein at least 90% of the

plurality of carbon nanotubes are single-walled carbon nanotubes.

1

The ink composition of claim 4, wherein the single-walled carbon nanotubes
dispersed in the solvent are enriched in semiconducting or metallic carbon
nanotubes in comparison to its distribution in initial as-produced single-walled

carbon nanotube materials.

6. The ink composition of any onc of claims 1-3, wherein at least 90% of the

plurality of carbon nanotubes are double-walled carbon nanotubes.

7. The ink composition of any one of claims 1-3, wherein at least 90% of the

plurality of carbon nanotubes are multi-walled carbon nanotubes.

-0
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10.

1.

12.

13.

14,

The ink composition of claim 7, wherein the plurality of carbon nanotubes are

functionalized.

The ink composition of any one of claims 1-8, wherein the solvent 1s N-

methylpyrrolidinone (NMP).

A method of preparing an ink composition, the method comprising:

providing a plurality of carbon nanotubes;

providing a removable additive to the plurality of carbon nanotubes;

providing a solvent to the plurality of carbon nanotubes and the
removable additive, wherein the plurality of carbon nanotubes are dispersed
within the solvent and wherein the removable additive stabilizes the plurality of
carbon nanotubes that are suspended in the solvent; and

removing a substantial portion of the removable additive by thermal
annealing,
wherein the solvent is an organic solvent selected from the group conststing ot N-
methylpyrrolidinone (NMP), propylene glycol monomethyl ether acetate
(PGMEA), methyl ethyl ketone (MEK), and methyl isopropyl ketone;
wherein the removable additive is polypropylene carbonate; and
wherein the removable additive is removed from the ink composition by at least

90% by thermal annealing at a temperature lower than about 200°C.

The method of claim 10, further comprising applying the ink composition to a

substrate.

The mcthod of claim 11, wherein the removable additive is removed after

applying the ink composition to the substrate.

The method of claim 11 or 12, wherein the substrate 1s one of a glass substrate, a

plastic substrate, and a sapphire substrate.

The method of any one of claims 10-13, wherein the removable additive acts as a

dispersal agent and a stabilization agent.

- 273 -
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15.

16.

7.

18.

19,

20.

The method of any one of claims 10-13, wherein the removable additive adjusts
viscosity of the ink based at least in part on molecular weight of the removable

additive.

The method of any one of claims 10-15. further comprising mixing the solvent
with the removable addtitive prior to dispersing the plurality of carbon nanotubes

in the solvent.

The method of any one of claims 10-16, wherein the plurality of carbon

nanotubes ar¢ individually suspended within the solvent.

The method of any one of claims 10-17, wherein the plurality of carbon

nanotubes are substantially bundled within the solvent.
The method of any one of claims 10-18, further comprising depositing the ink
composition onto a surface, wherein the ink composition forms an antistatic thin

1lm on the surface.

The method of anv one of claims 10-19, wherein the solvent 1s N-

methylpyrrolidinone (NMP).

.04 -
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