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FABRICATION OF NANOFIBER RIBBONS

AND SHEETS

CROSS-REFERENCE TO RELATED

APPLICATIONS

This Application for Patent is a divisional of U.S. patent
application Ser. No. 14,581,092, filed Dec. 23, 2014, which

is a divisional of U.S. patent application Ser. No. 11/718,
954, filed May 9, 2007, which was a 371 of PCT/USOS5/

41031 filed Nov. 9, 2005, and claimspriority to the follow-
ing U.S. Provisional Patent Applications: U.S. Provisional

Patent Application Ser. No. 60/626,314 filed Nov. 9, 2004;

U.S. Provisional Patent Application Ser. No. 60/666,351
filed Mar. 30, 2005; and U.S. Provisional Patent Application

Ser. No. 60/702,444 filed Jul. 26, 2005. All of these above-
identified patent applications are commonly assignedto the

Assignee of the present invention and are hereby incorpo-
rated herein by reference in their entirety for all purposes.

This work was supported by Defense Advanced Research

Projects Agency/US Army Research Office grant W911NF-
04-1-0174, the Texas Advanced Technology Program grant

00974 1-0130-2003, and the Robert A. Welch Foundation.

FIELD OF THE INVENTION

Methods and apparatus are described for spinning high
performance twisted, false twisted and non-twisted yarns

comprising nanofibers and for drawing sheets and ribbons

comprising nanofibers. Shaped articles, composites, and
applications are described for these yarns, ribbons, and

sheets.

DESCRIPTION OF THE BACKGROUND ART

Commercial synthesis methods produce nanofibers of

either carbon single wall nanotubes (SWNTs) or carbon
multiwalled nanotubes (MWNTs) as a soot-like material.

The strength and elastic modulus of individual carbon
nanotubes in this soot are well knownto be exceptionally

high, ~37 GPa and ~0.64 TPa, respectively, for about 1.4 nm
diameter SWNTs (R. H. Baughman,A. A. Zakhidov, and W.

A. de Heer, Science 297, 787-792 (2002)). Relevant for

applications needing strong, but lightweight materials, the
density-normalized modulus and strength of individual

SWNTsare even more impressive, being factors of ~19 and
~54 higher, respectively, than for high-tensile-strength steel

wire.
A critical problem hindering applications of these and

other nanofibers is the need for methods for assembling

these nanofibers into long yarns, sheets, and shapedarticles
that effectively utilize the properties of the nanofibers. Since

such nanofibers can confer functionalities other than
mechanical properties, methods are needed for enhancing

the mechanical properties of fibers made of the nanofibers
without compromising these other functionalities. Important

examples of these other functionalities, which combine with

the mechanical functionality to make the fibers multifunc-
tional, are electrochromism, electrical and thermal conduc-

tivity, electromechanical actuation, and electrical energy
storage.

Methods are known for growing both single wall and
multiwalled nanotubesasforests ofparallel aligned fibers on

a solid substrate and for utilizing MWNT forests for a

process to produce nanofiber assemblies (K. Jiang et al.,
Nature 419, 801 (2002)); and in U.S. Patent Application

Publication No. 20040053780 (Mar. 18, 2004). However,
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2
the resulting assemblies are extremely weak, so they cannot

be used for applications that require any significant level of

tensile strength.

Although advances have been made in spinning polymer

solutions or polymer melts containing either SWNTs or

MWNITs, the melt viscosity becomes too high for conven-

tional melt or solution spinning when the nanotube content

is much above 10%. Nevertheless, impressive mechanical

properties have been obtained for polymer-solution-spun

SWNTs, which in large part can be attributed to the

mechanical properties of the nanotubes (see S. Kumaretal.

Macromolecules 35, 9039 (2002) and T. V. Sreekumar etal.,

Advanced Materials 16, 58 (2004)). Another problem with

both polymer melt and polymersolution spinning is that the

nanotubes are not present in sufficient quantities in the

polymer to effectively contribute to such properties as

thermal and electrical conductivities. Additionally, the

unique mechanical properties of the individual nanotubes

are diluted, since by far the major componentofthe fiber is

polymer.

A. Lobovsky et al. (U.S. Pat. No. 6,682,677) have
described a sheath-core melt spinning process that attempts

to avoid the usual limitations caused by low concentrations

of carbon nanotubes in melt spun yarns. This process
involves melt compounding 30 weight percent of very large

diameter carbon MWNTs (150-200 nm in diameter and
50-100 microns in length) in a polypropylene matrix. This

nanotube/polymer mixture was successfully spun as the
sheath of a sheath/core polymerthat contains polypropylene

as the core. Despite the high viscosity of the nanotube/

polymer mixture in the sheath and the brittleness of the
solidified composition, the presence of the polymer core

permitted this sheath-core spinning and the subsequent
partial alignment of nanotubesin the sheath. Pyrolysis ofthe

polypropyleneleft a nanotube yarn that is hollow (with outer

diameter 0.015 inch and inner diameter 0.0084 inch). To
increase the strength of the hollow nanotube yarn, it was

coated with carbon using a chemical vapor deposition
(CVD) process. Even after this CVD coating process, the

hollow nanotube yarns had low strength and low modulus
and were quite brittle (see Lobovsky et al. in U.S. Pat. No.

6,682,677).
A gel-based process enabled spinning continuousfibers of

SWNT/poly(vinyl alcohol) composites (B. Vigolo et al.,

Science 290, 1331 (2000); R. H. Baughman, Science 290,
1310 (2000); B. Vigolo et al., Applied Physics Letters 81,

1210 (2002); A. Lobovsky, J. Matrunich, M. Kozlov, R. C.
Morris, and R. H. Baughman, U.S. Pat. No. 6,682,677; and

A. B. Dalton et al., Nature 423, 703 (2003)). Present

problems with this process result from the fact that the
nanotubes are simultaneously assembled in combination

with poly(vinyl alcohol) (PVA) to form gel fibers, which are
converted to solid nanotube/PVA fibers. This PVA then

interferes with electrical and thermal contact between car-
bon nanotubes. The PVA can be removed by thermalpyroly-

sis, but this severely degrades the mechanical properties of

the fibers.
Unfortunately, the polymer-containing fibers made by the

above gel spinning processes are not useful for applications
as electrodes immersed in liquid electrolytes because they

swell dramatically (by 100% or more) and lose mostof their
dry-state modulus and strength. This process means that

these polymer-containing fibers are unusable for critically

importantapplications that use liquid electrolytes, such as in
supercapacitors and in electromechanical actuators (R. H.

Baughman, Science 290, 1310 (2000)).
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In another process (V. A. Davis at al., U.S. Patent Appli-

cation Publication No. 20030170166), SWNTs were first

dispersed in 100% sulfuric acid and then wet-spun into a

diethyl ether coagulation bath. Though highly electrically
conductive (W. Zhou et al., Journal of Applied Physics 95,

649 (2004)), such prepared yarns have compromised prop-
erties, in part due to partial degradation of SWNTs caused by

prolonged contact with sulfuric acid. This degradation,
which can bepartially reversed by high temperature thermal

annealing in vacuum,creates a serious obstacle for practical

applications. Moreover, any solution- or melt-based process-
ing methodthat directly forms a polymer assemblyis limited

to short nanotube lengths (typically a few microns) by the
viscosity increases associated with polymer dispersion and

formation of globules having little nanotube orientation as a
result of nanotube coiling.

Y. Li et al. (Science 304, 276 (2004)) reported that

MWNTyarns could be formed directly from unoriented
carbon nanotube aerogels during nanotube synthesis by

CVD. While a twisted yarn was pictured, the ratio of
nanotube length (~30 um) to yarn diameter was about unity,

which means that important property enhancements due to
lateral forces generated by twisting were not obtainable.

Twisting together micrometer-diameter fibers to make

twisted yarns having enhanced mechanical properties is well
known in the art, and has been widely practiced for thou-

sands of years. However, no successful means has been
conceivedin the prior art for achieving the potential benefits

of yarn twisting for nanofibers that are a thousand-fold or
more smaller in diameter than for the twisted yarns of the

prior art. About a hundred thousand individual nanofibers

would be in the cross-section of a 5 um diameter yarn, as
compared with the 40-100 fibers in the cross-section of

typical commercial wool (worsted) and cotton yarns. The
challenge of assembling this enormous numberofnanofibers

to make a twisted yarn having useful properties as a result

of a twist is enormous, and the teachings of the present
invention will describe the structural features that must be

achieved and how they are achieved.
Reflecting these problems with prior-art technologies of

nanofiber yarns, important applications have not yet been
commercially enabled, such as carbon nanotubeartificial

muscles (R. H. Baughmanetal., Science 284, 1340 (1999)

and U.S. Pat. No. 6,555,945), carbon nanotube yarn super-
capacitors, structural composites involving carbon nano-

tubes, and electronic textiles involving strong, highly con-
ducting nanofiber yarns,

No methods of the prior art have been developed for
continuously producing strong nanotube ribbons and sheets

that are free of polymeror other binding agent, although said

sheets would be quite valuable for diverse applications.
Carbon nanotube sheets of the prior art are usually made

using variations on the ancient art of paper making, by
typically week-long filtration of nanotubes dispersed in

water and peeling the dried nanotubes as a layer from the
filter (see A. G. Rinzler et al., Applied Physics A 67, 29

(1998) and M. Endo et al. Nature 433, 476 (2005)). Inter-

esting variations of the filtration route provide ultra-thin
nanotube sheets that are highly transparent and highly

conducting (see Z. Wu et al., Science 305, 1273 (2004) and
L. Hu, D.S. Hecht, G. Griiner, Nano Letters 4, 2513 (2004)).

While filtration-produced sheets are normally isotropic
within the sheet plane, sheets having partial nanotube align-

ment result from applying high magnetic fields during

filtration (J. E. Fischer et al., J. Applied Phys. 93, 2157
(2003)) and mechanically rubbing nanotubesthat are verti-

cally trapped in filter pores (W. A. De Heeret al., Science
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4
268, 845 (1995)). In other advances, nanotube sheets that are
either weak or have unreported strengths have been fabri-

cated from an un-oriented nanotube aerogel (Y. Li, I. A.

Kinloch, A. H. Windle, Science 304, 276 (2004), by Lang-
muir-Blodgett deposition (Y. Kim et al., Jpn. J. Appl. Phys.

42, 7629 (2003)), by casting from oleum (T. V. Sreekumar
et al., Chem. Mater. 15, 175 (2003)) and by spin coating (H.

Ago, K. Petritsch, M. S. P. Shaffer, A. H. Windle, R. H.
Friend, Adv. Mat. 11, 1281 (1999)).

For electrical device applications, nanofiber sheets are

needed that combine transparency, electrical conductivity,
flexibility, and strength. Applications needs include, for

instance light emitting diodes (LEDs), photovoltaic cells,
flat panel liquid crystal displays, “smart” windows,electro-

chromic camouflage, and related applications.
Eikos, Inc. developed a transparent conductive coating

based on carbon nanotubes (P. J. Glatkowski and A. J.

David, WO2004/052559 A2 (2004)). They used solution-
based technology involving carbon single wall nanotube

inks. Transparent carbon nanotube (CNT)films involving a
polymeric binder were made by N. Saran et al. (Journal

American Chemical Society Comm. 126, 4462-4463
(2003)) using a solution deposition method. Also, transpar-

ent SWNTelectrodes have been madeby A. G. Rinzler and

Z. Chen (U.S. Patent Application Publication No. US2004/
0197546). A. G. Rinzler noticed high transmittance of a

SWNTfilm in both the visible range and the near infrared
(NIR) range (3-5 um) (A. G. Rinzler and Z. Chen, Trans-

parent electrodes from single wall carbon nanotubes,
US2004/0197546)).

All of these processing methods are liquid based, and

noneprovides strong, transparent, nanofiber electrode mate-
rials or those that can be self-supporting when transparent.

Also, none of these methods provides nanotube-basedelec-
trodes having useful anisotropic in-plane properties, like

anisotropic electrical and thermal conductivity and the abil-

ity to polarize light.
There are reports about a successful application of a

non-transparent carbon nanotubefilm as a counter electrode
in a Grdetzel photoelectrochemical cell, which uses either

liquid phase or solid phase electrolytes (see K.-H.Jung et al.,
Chemistry Letters 864-865 (2002); and S.-R. Jang et al.,

Langmuir 20, 9807-9810 (2004)). However, strong, trans-

parent nanofiber electrodes have not been available for use
in dye solar cells (DSCs), although the need for them is

apparent, particularly for flexible solid-state DSCs.
Additionally, none of the above-mentioned approaches

have addressed the problem of charge collection or injection
from such transparent CNT coatings into organic electronic

devices: organic light emitting diodes (OLEDs), optical field

effect transistors (OFETs), solar cells, etc. This problem
requires either very low work function (w-f.) for electron

injection or high w.f. for hole injection.
Nanofibers, and in particular carbon nanofibers, are well

knownto be useful as electron field emission sources for flat
panel displays, lamps, gas discharge tubes providing surge

protection, and x-ray and microwave generators (see W. A.

de Heer, A. Chatelain, D. Ugarte, Science 270, 1179 (1995);
A. G. Rinzler et al., Science 269, 1550 (1995); N.S. Lee et

al., Diamond and Related Materials 10, 265 (2001); Y. Saito
and S. Uemura, Carbon 38, 169 (2000); R. Rosen etal.,

Appl. Phys. Lett. 76, 1668 (2000); and H.Sugie et al., Appl.
Phys. Lett. 78, 2578 (2001)). A potential applied between a

carbon nanotube-containing electrode and an anode pro-

duces high local fields as a result of the small radius of the
nanofiber tip and the length of the nanofiber. These local

fields cause electrons to tunnel from the nanotubetip into the
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vacuum. Electric fields direct the field-emitted electrons
toward the anode, where a selected phosphorproduces light
for a flat panel display application and (for higher applied
voltages) collision with a metal target produces x-rays for
the x-ray tube application.

Methods are known for creating both single-wall and
multiwall carbon nanotubes as forests of parallel aligned
fibers on a solid substrate and for utilizing such nanotube
forests as cathodes (S. Fan, Science 283, 512 (1999) and J.
G. Wenet. al., Mater. Res. 16, 3246 (2001)). However, the
resulting forest assemblies have various instabilities at large
current loads, one such instability being the flash evapora-
tion of catalyst and carbon, followed by spark emission of
light and by the transfer of CNTs from cathode to anode,
thereby destroying the cathode (R. Nanjundaswamyet. al.,
in Functional Carbon Nanotubes, edited by D. Carroll et al.
(Mater. Res. Soc. Symp. Proc. 858E, Warrendale, Pa.,
2005)). Although advances have been made in creating
robust forests of oriented CNTs on glass substrates (e.g., by
Motorola and Samsung), such forests are still not the best

solution for the nanofiber cold cathode.
One of the most challenging issues with oriented CNT

arrays is the emission non-uniformity. Due to problems with

screening effects and variations in CNTstructure and overall
sample uniformity, only a very small fraction of the CNTs

emit at any given time. Thus, unless special treatment is
performed (e.g., chemical or plasma), emission from such

types of CNT forest cathodes is often dominated by edge
emission and hot spots (Y. Cheng, O. Zhou, C. R. Physique

4, (2003)).
Stability is the second main technical issue which remains

to be solved. Two primary reasons are usually responsible

for the emission instability, namely the adsorption of
residual gas molecules and Joule heating of the CNTs (J.-M.

Bonard, et al., Appl. Phys. Lett. 78, 2775 (2001), N. Y.

Huanget al., Phys. Rev. Lett. 93, 075501 (2004)). Other
methods of making cold cathodes from CNTs include for-

mation of a composite with polymeric binder (O. Zhouetal.,
Acc. Chem. Res. 35, 1045 (2002)) in which CNTs are not

oriented. Nevertheless, impressive emissive properties have
been obtained for polymer binder/SWNTcold cathodes. The

field screening effect seems not to play a crucial role in

randomly oriented CNTs simply due to their statistical
distribution. Also, in these types of emitters, field-induced

alignment is possible that might significantly enhance field
emission properties. However, the same problemsthat exist

for oriented forests of CNTs also exist in these types of
emitters.

The problem with polymer binder/CNT cathodes is that

the nanotubes are not present in sufficient quantities in the
polymerto effectively contribute to field electron emission

and also to such properties as thermal and electrical con-
ductivities (so that the binder is destroyed by heat and

current). Additionally, the unique electrical properties of the
individual nanotubesare diluted, since the major component

of the cathode is by far the polymer binder. Thus, the upper

level of stable field emission currentis significantly reduced.
A critical problem hindering applications of these carbon

nanotubes (CNT) cold cathodes is the need for methods of
assembling these nanotubes into the framework of a mac-

roscopic mounting system that is sufficiently strong and
suitably shaped such that the properties of the CNTs forfield

emission can be effectively utilized.

SUMMARY OF THE INVENTION

The present invention is directed to nanofiber yarns,

methods of making said yarns, and to applications of said
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yarns. Additional embodiments provide for the drawing of
nanofiber ribbons, as well as sheets having arbitrarily large

widths. Importantly, this yarn spinning and sheet and ribbon

drawing technology can be extended to produce various
yarns, sheets, and ribbons of diverse nanofiber materials for

use in a variety of applications and devices.
In some embodiments, processes of the present inventions

for spinning yarns comprising nanofibers comprise the steps
of: (a) arranging nanofibers in an array selected from the

group consisting of (1) an aligned array, and(ii) an array that

is converging towards alignment, so as to provide a primary
assembly about whose alignment axis twist can occur; (b)

twisting about the alignment axis of said primary assembly
to produce a twisted yarn; and (c) collecting said twisted

yarn via a technique selected from the group consisting of (1)
winding the twisted yarn on a spindle, (11) depositing the

twisted yarn on a substrate, and (iii) incorporating said

twisted yarn into another structure; wherein (1) a significant
component of the nanofibers have a maximum thickness

orthogonal to the nanofiber axis of less than approximately
500 nm, (ii) the nanofibers have a minimum length-to-

thickness ratio in the thinnest lateral thickness direction ofat
least approximately 100, (iii) the minimum ratio of nanofi-

ber length to yarn circumference is greater than approxi-

mately 5, and (iv) the net introduced twist in one direction
per yarn length, compensated by twist in an opposite direc-

tion, for a twisted yarn of diameter D is at least approxi-
mately 0.06/D turns. In some embodiments, the step of

arranging involves a drawing process.
Prior to or after yarn collection, twist in one direction in

a singles yarn can be compensated by twist in an opposite

direction at another stage in processing for a variety of
useful purposes, such as for (a) plying yarns by folding them

onto themselves and (b) forming composite or welded
structures in which the nanotubes are untwisted or mini-

mally twisted. The benefits provided by the initially intro-

duced twist can be yarn densification and/or increases in
yarn strength that enable application of increased forces on

the yarn during initial processing.
In some embodiments, the present inventionis directed to

a process of producing a yarn comprising nanofibers, the
process comprising the steps of: (a) providing a pre-primary

assembly, wherein the pre-primary assembly comprises a

substantially parallel array of nanofibers; (b) drawing from
the pre-primary assembly to provide a primary assembly of

the nanofibers having an alignment axis about which twist-
ing can occur, wherein the primary assembly is selected

from the group consisting of (i) an aligned array and (ii) an
array that is converging toward alignment about the align-

ment axis; and (c) twisting about the alignment axis of said

primary assembly to produce a twisted yarn.
In some embodiments, the present inventionis directed to

an apparatus for producing a yarn comprising nanofibers, the
apparatus operable to perform a process comprising the

steps of: (a) providing a pre-primary assembly, wherein the
pre-primary assembly comprises a substantially parallel

array of nanofibers; (b) drawing from the pre-primary

assembly to provide a primary assembly of the nanofibers
having an alignment axis about which twisting can occur,

wherein the primary assembly is selected from the group
consisting of (1) an aligned array and (ii) an array that is

converging toward alignment about the alignment axis; and
(c) twisting about the alignmentaxis of said primary assem-

bly to produce a twisted yarn.

In some embodiments, the present inventionis directed to
an apparatus for producing a yarn comprising nanofibers,

said apparatus comprising: (a) a pre-primary assembly,
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wherein the pre-primary assembly comprises a substantially
parallel array of nanofibers; (b) a drawing mechanism

attached to the pre-primary assembly, wherein the drawing

mechanism is operable to draw from the pre-primary assem-
bly to provide a primary assembly of the nanofibers having

an alignment axis about which twisting can occur, wherein
the primary assembly is selected from the group consisting

of (i) an aligned array and (ii) an array that is converging
toward alignment about the alignment axis; and (c) a twist-

ing mechanism, wherein the twisting mechanism is operable

to twist about the alignment axis of said primary assembly
to produce a twisted yarn.

In some embodiments, the present invention is directed to
a process of producing a nanofiber ribbon or sheet compris-

ing the following steps: (a) arranging nanofibers to provide
a substantially parallel nanofiber array having a degree of

inter-fiber connectivity within the nanofiber array; and (b)

drawing said nanofibers from the nanofiberarray as a ribbon
or sheet without substantially twisting the ribbon or sheet,

wherein the ribbon or sheet is at least about one millimeter
in width.

In some embodiments, the present invention is directed to
an apparatus for producing a nanofiber ribbon or sheet, the

apparatus operable to perform a process comprising the

steps of: (a) arranging nanofibers to provide a substantially
parallel nanofiber array having a degree of inter-fiber con-

nectivity within the nanofiber array; and (b) drawing said
nanofibers from the nanofiber array as a ribbon or sheet

without substantially twisting the ribbon or sheet, wherein
the ribbon or sheetis at least about one millimeter in width.

In some embodiments, the present invention is directed to

an apparatus for producing a nanofiber ribbon or sheet, the
apparatus comprising: (a) a substantially parallel nanofiber

array having a degree of inter-fiber connectivity within the
nanofiber array; and (b) a drawing mechanism, wherein said

drawing mechanism is operable for drawing nanofibers from

the nanofiberarray as a ribbon or sheet without substantially
twisting the ribbon or sheet, wherein the ribbon or sheet is

at least about one millimeter in width.
In some embodiments, the present invention is directed to

ananofiber singles yarn comprising aboutat least about a ten
thousand nanofibers in a square micron of a cross-section of

nanofiber singles yarn, wherein: (a) the nanofiber singles

yarn is at least about one meter in length; (b) the nanofiber
singles yarn has a diameter less than about ten microns; and

(c) the nanofiber singles yarn is in the form selected from the
groups consisting of unplied, plied and combinations

thereof.
In some embodiments, the present invention is directed to

a process comprising the steps of: (a) selecting a porous yarn

comprising nanofibers; (b) knotting the yarn to form a
knotted yarn; and (c) obtaining a region-selective material

manipulation of the yarn by exposing the knotted yarn to a
substance selected from the group consisting of a gas; vapor;

plasma; liquid; solution; fluid dispersion; super critical liq-
uid; melt; conditions resulting in electrochemical deposition,

electrochemical materials removal, electrochemical polym-

erization, and combinations thereof.
In some embodiments, the present invention is directed to

a process for making a deformable nanofiber sheet or ribbon
comprising the steps of: (a) selecting a substrate from the

group consisting of an elastically deformable substrate, an
electrically deformable substrate, and combinationsthereof;

(b) elongating the substrate to form a deformed substrate,

wherein said elongation is selected from the group consist-
ing of elastically elongating, electrically elongating, and

combinations thereof; (c) adhesively applying a nanofiber
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8
sheet or ribbon to the deformed substrate; and (d) enabling
at least partial return of said elongation after said adhesive

application step.

In some embodiments, the present inventionis directed to
a process for embedding an elastomerically deformable

nanofiber sheet between two elastomeric polymer sheets
comprising: (a) selecting a first elastomeric polymer sheet;

(b) elastically elongating the first elastomeric polymer sheet
to form a deformed substrate; (c) adhesively applying a

nanofiber sheet to the deformed substrate; (d) enabling at

least partial return of said elastic elongation after said
adhesive application step; (e) applying a resin precursor for

a second elastomeric polymer sheet to the nanofiber sheet
when the first elastomer polymer sheet is in relaxed or

partially relaxed state; and (f) curing the resin precursor to
form the second elastomeric polymer sheet while the first

elastomer polymersheet is in a relaxed orpartially relaxed

state.

In some embodiments, the present inventionis directed to

a process for spinning yarns comprising nanofibers, the
process comprising the steps of: (a) drawing a primary

assembly comprising aligned nanofibers from a forest of
nanofibers, wherein the angle between direction of drawing

and alignment direction of the nanofibers in the forest is

between about ninety degrees and about five degrees; and
(b) twisting the primary assembly of nanofibers about an

axis that is generally aligned with the nanofibers of the
primary assembly to produce a nanofiber twisted yarn.

In some embodiments, the present inventionis directed to
process for spinning yarns comprising nanofibers, the pro-

cess comprising the steps of: (a) drawing from an array of as

synthesized nanofibers to form a primary assembly com-
prising a plurality of generally aligned nanofibers, wherein

the nanofibers from the array of nanofibers are successively
linked during the drawing step, have maintained previous

linkages during the drawing step, or combinations thereof;

and (b) twisting the primary assembly of aligned nanofibers
about an axis generally aligned with the nanofibers to

produce a nanofiber twisted yarn, wherein length of the
significantly prevalent nanofibers is at least five times the

circumference of the twisted nanofiber yarn.
In some embodiments, the present inventionis directed to

a process of making twisted yarn comprising nanofibers, the

process comprising the steps of: (a) spinning a nanofiber
yarn comprising at least 20% by weight nanofibers using a

liquid-based method, and (b) twisting about the yarn direc-
tion to provide a twisted yarn.

In some embodiments, the present inventionis directed to
a process for producing a nanofiber ribbon or sheet from a

nanofiber forest that comprises the following steps: (a)

producing a nanofiber forest comprising nanofibers, wherein
the nanofiber forest is suitable for drawing ribbonsor sheets

from the nanofiber forest, wherein the ribbon or sheet would
be at least about one millimeter in width and wherein the

nanofiber forest has a sidewall; (b) connecting an attachment
to the sidewall or near the sidewall of the nanofiber forest,

and (c) drawing the nanofiber ribbon or sheet from the

nanofiber forest by drawing upon the attachment.
In some embodiments, the present inventionis directed to

a process comprises the following steps: (a) producing a
carbon nanotube forest comprising nanotubes, wherein the

carbon nanotube forest is suitable for drawing ribbons or
sheets from the carbon nanotubeforest, wherein the ribbon

or sheet would be at least about one millimeter in width and

wherein the carbon nanotube forest has a sidewall; (b)
connecting an attachmentto the sidewall or near the sidewall

of the carbon nanotube forest; (c) drawing the ribbon or
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sheet from the carbon nanotube forest by drawing upon the
attachment, wherein the ribbon or sheet is a highly oriented

aerogel ribbon or sheet; and (d) infiltrating the sheet or

ribbon with a liquid and subsequently evaporating the liquid
from the sheet or ribbon, wherein theinfiltration and evapo-

ration at least partially densifies the sheet or ribbon and
forms a densified sheet or ribbon.

In some embodiments, the present invention is directed to
a process for strengthening a yarn, ribbon, or sheet com-

prising nanofibers, wherein said process comprises the steps

of: (a) infiltrating a liquid into the yarn, ribbon or sheet, and
(b) evaporating the liquid from the yarn, ribbon, or sheet to

strengthen the yarn, ribbon or sheet.
In some embodiments, the present invention is directed to

process of strengthening a yarn comprising nanofibers, said
process comprising the steps of: (a) twisting the yarn in a

first direction; and (b) twisting the yarn in a second direc-

tion, wherein the second direction is opposite the first
direction and net twist of the twisting in the first and second

direction is about zero.
In some embodiments, the present invention is directed to

an apparatus for producing a twisted nanofiber yarn, wherein
the apparatus comprises: (a) a supply of nanofibers; (b) a

transport tube for transporting the nanofibers from the

supply to a collector; (c) the collector that collects nanofi-
bers from the supply, wherein the collector is rotatable; (d)

a winder that withdraws twisted nanofiber yarn from the
collector while the collector is rotated, whereby as the

twisted nanofiber yarn is withdrawn from the collector the
nanofibers within the collector are twisted to form twisted

nanofiber yarn.

In some embodiments, the present invention is directed to
a process ofproducing a twisted nanofiber yarn, wherein the

process comprises: (a) continuously supplying nanofibers to
a collector; (b) rotating the collector to form an assembly of

largely parallel nanofibers; (c) forming a nanofiber yarn

from the assembly; and (d) withdrawing the nanofiber yarn
from the assembly, wherein the yarn is twisted due to the

rotation of the collector to form a twisted nanofiber yarn.
In some embodiments, the present invention is directed to

an apparatus for producing a twisted nanofiber yarn, the
apparatus operable to perform a process comprising the

steps of: (a) continuously supplying nanofibers to a collec-

tor; (b) rotating the collector to form an assembly oflargely
parallel nanofibers; (c) forming a nanofiber yarn from the

assembly; (d) withdrawing the nanofiber yarn from the
assembly, wherein the yarn is twisted due to the rotation of

the collection to form a twisted nanofiber yarn.
In some embodiments, the present invention is directed to

a device comprising an array of aligned conductive chan-

nels, wherein (a) said conductive channels are operable for
directional transport of species selected from the group

consisting of electrons, ions, phonons, and combinations
thereof; and (b) said conductive channels are provided for by

nanofibers in a form selected from the group consisting of
ribbons, sheets, and combinations thereof.

In some embodiments, the present invention is directed to

a method comprising the steps of: (a) providing oriented
nanofibers in a form selected from the group consisting of

ribbons, sheets, and combinationsthereof; and (b) using said
oriented nanofibers as an array of conductive channels for

the directional transport of species selected from the group
consisting of electrons, ions, phonons, and combinations

thereof.

In some embodiments, the present invention is directed to
a device comprising: (a) a cathode, wherein said cathode

comprising nanofibers in a form selected from the group
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consisting of yarns, ribbons, sheets and combinations
thereof; and (b) an anode, wherein a region of low gas

pressure separates said anode from said cathode.

In some embodiments, the present inventionis directed to
a device comprising: (a) a cold cathode, said cold cathode

comprising nanofibers in a form selected from the group
consisting of yarns, ribbons, sheets, and combinations

thereof, wherein said form is made by a process comprising
the steps of: (1) arranging nanofibers in aligned arrays having

sufficient inter-fiber connectivity within the array so as to

provide a primary assembly; and(i1) drawing said nanofibers
as an electrode material from the primary assembly; and (b)

an anode, wherein a region of low gas pressure separates
said anode from said cathode.

In some embodiments, the present inventionis directed to
a process of patterning nanofiber sheets along their length,

the process comprising a patterning technique selected from

the group consisting of photo-polymerization, photolithog-
raphy, electron-beam inducedreaction ofpolymer; pressure-

induced material transfer; liquid, gas phase, and plasma
treatments to deposit, remove, and transform materials; and

combinations thereof.
In some embodiments, the present inventionis directed to

an optoelectronic device comprising: (a) a first electrode,

said first electrode comprising nanofibers in a form selected
from the group consisting of yarns, ribbons, sheets and

combinationsthereof; (b) an active layer operably associated
with the first electrode; and (c) a second electrode operably

associated with the active layer andthefirst electrode.
In some embodiments, the present inventionis directed to

an optoelectronic device comprising: (a) a first electrode,

said first electrode comprising nanofibers in a form selected
from the group consisting of ribbons, sheets, and combina-

tions thereof, wherein said form is made by a process
comprising the steps of: (i) arranging the nanofibers in

aligned arrays having sufficient inter-fiber connectivity

within the array so as to provide a primary assembly;and(11)
drawing said nanofibers as an electrode material from the

primary assembly; (b) an active layer operably associated
with the first electrode; and (c) a second electrode operably

associated with the active layer andthefirst electrode.
In some embodiments, the present inventionis directed to

a method for making an optoelectronic device, said method

comprising the steps of: (a) providing components compris-
ing: (i) a free-standing nanofiber material operable for use as

a first electrode, wherein said material is in a form selected
from the group consisting of yarns, ribbons, sheets, and

combinations thereof, and wherein the material has a three-
dimensional network of pores comprising a surface area in

the range between about 100 m?/g and about 300 m?/g;(ii)

an active material layer operably associated with the first
electrode; and (1i1) a second electrode operably associated

with the active material and the first electrode; and (b)
assembling the components to operatively form the opto-

electronic device.
In some embodiments, the nanotube yarns comprise car-

bon nanotubes. Such carbon nanotube yarns of the present

invention provide unique properties and property combina-
tions such as extreme toughness, resistance to failure at

knots, high electrical and thermal conductivities, high
absorption of energy that occurs reversibly, up to 13%

strain-to-failure compared with the few percent strain-to-
failure of other fibers with similar toughness, very high

resistance to creep, retention of strength even when heated

in air at ~450° C. for one hour, and very high radiation and
UV resistance, even when irradiated in air. Furthermore,

these nanotube yarns can be spun as one micron diameter
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yarns and plied at will to increase the linear density (i.e., the

weight per yarn length) by forming two-folded, four-folded,

and multi-folded yarns.

In some embodiments, the nanofibers are nanoscrolls. In

some embodiments, the nanofibers are chemically and/or

physically modified before or after a twist spinning or a

ribbon or sheet draw process. In some embodiments, the

nanofiber yarns are used to form composites.

The nanofiber yarns of the present invention can be used

in a variety of diverse applications. In some embodiments,

this spinning technology can be extended to produce various

nanofibers and nanoribbons of diverse materials that can

extend the range of applications. Applications for the nano-

fiber yarns of the present invention include textiles; elec-

tronic devices; conducting wires and cables; electrochemical

devices such as fiber-based supercapacitors, batteries, fuel

cells, artificial muscles, and electrochromic articles; field

emission and incandescent light emission devices; protec-

tive clothing; tissue scaffold applications; and mechanical

and chemical sensors.

Advantages of the present invention will become more

apparent from the detailed description given hereinafter.

However, it should be understood that the detailed descrip-

tion and specific examples, while indicating preferred
embodiments of the invention, are given by wayofillustra-

tion only, since various changes and modifications within the
spirit and scope of the invention will become apparent to

those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-

tion, and the advantages thereof, reference is now made to
the following descriptions taken in conjunction with the

accompanying drawings, in which:

FIG. 1 is an optical micrograph showing nanotube fibers
being drawn from a nanotube forest, while twisted at high

rate using the pictured motor.
FIG. 2 shows scanning electron microscope (SEM)

micrographs, at two different magnifications (A and B), of
the consolidation of a drawn ribbon into a twisted yarn

during draw-twist spinning from a forest of MWNTs,

wherein an ~600 um wide forest strip formed the pictured
3.2 um diameter twisted nanofiber yarn.

FIG. 3 shows SEM pictures of (A) singles, (B) twofold,
and (C) fourfold carbon MWNTyarns,as well as (D) knitted

and (E) knotted carbon MWNTsingles yarns.
FIG. 4 provides SEM pictures showing that twisted car-

bon MWNTsingles yarn (bottom) and twofold yarn (top)

retain twist up to the point where fracture has occurred due
to tensile failure.

FIG. 5 shows engineering stress-strain curves up to frac-
ture for (a) carbon MWNTsingles yarn, (b) a twofold

MWNTcarbon nanotube yarn, and (c) a PVA-infiltrated
MWNTsingles yarn.

FIG. 6 shows SEM micrographsof an overhand knot in a

twofold carbon multi-wall nanotube yarn that has about the
same diameter as the yarn.

FIG. 7 showsthe hysteretic stress-strain curves (1%/min
strain rate) observed on unloading and reloading a twofold

carbon MWNT yarn over a 1.5% strain range after prior
mechanical conditioning.

FIG. 8 shows, for the stress-strain loops in FIG. 7, the

energy loss per cycle versus the initial strain on unloading
for cycles of 1.5% in strain (squares) and a 0.5% in strain

(circles).
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FIG. 9 showsthe effective Young’s modulus of a twofold

carbon MWNT yarn as a function of the stage of the

hysteresis cycle, wherein the effective yarn modulii calcu-

lated for the stress-strain loops shown in FIG.7 are plotted

versus total tensile strain, and wherein the circles and

squares are the effective modulii for the beginning and end

of unloading, respectively, and the diamonds andtriangles

are those for the beginning and end of reloading, respec-

tively.

FIG. 10 showsthe relationship between percent change in

diameter and percent change in length during stretching a

twofold MWNT yarn (top) and a singles MWNT yarn

(bottom), wherein the symbols used are: opencircles (initial

stretch), solid diamonds (the first stress decrease), solid

closed circles (second stress increase), solid triangles (sec-

ondstress decrease), and solid squares (stress increase until

yarn rupture), wherein the curves are guides for the eye.

FIG. 11 shows a photograph of a spun carbon MWNT

ribbonthat is helically wrapped on a 1 mm diameter hollow

capillary tube, wherein the high transparency(resulting from

a wrap thickness that provides a low layer resistively) is

indicated by the legibility of a %4 point line that is on paper

sheet behind the nanotube ribbon-wrapped capillary tube.

FIG. 12 shows an SEM micrograph of an overhand knot

in a singles MWNTtwisted yarn, wherein the relative yarn

dimensions at places removed from the knot, at the knot

entrance and exit, and in the body of the knot provide

regional density differences that can be used for selective

region infiltration and reaction, and wherein the pictured

stray nanotubes that migrate from the knot and other regions

of the knot can optionally be removed chemically (such as

by passing the yarn through an open flame), and if desired

for applications like electron field emission, the density of

these stray nanotubes can be selectively increased in differ-

ent regions ofthe yarn by mechanicaltreatments or chemical

treatments, including chemical treatments that result in

nanofiber rupture.

FIG. 13 shows an SEM micrograph of an overhand knot

tied in one twofold MWNTyarn, so that the knot includes

a second twofold MWNTyarn, wherein such intersections

betweeninitially independent yarns can be usedaselectrical

junctions and as microfluidic junctions, and wherein the
degree of interaction between the two yarns (electrical

contact resistance and resistance to microfluidic mixing) can
be varied by tightening the knot.

FIG. 14 shows an SEM micrograph of CVD-produced
coiled carbon nanofibers that are useful for producing highly

extensible nanofiber yarns.

FIG. 15 shows an SEM micrograph ofa section of a 280
micron high forest of crimped and aligned nanofibers that

was produced by a CVD process.
FIG. 16 is a schematic picture of a textile weave that

provides docking sites for functional devices (such as sub-
strate-released electronic chips).

FIG. 17 is a photograph of a spun MWNTribbonthatis

deposited on one side of a glass microscope slide to make a
transparent conducting sheet, wherein the printing of a logo

is on a sheet of white paper that is beneath the electrically
conducting layer.

FIG.18 is a picture of a twofold twisted MWNTyarn that
has been electrically heated to incandescence in an inert

atmosphere chamber.

FIG. 19 is a line drawing illustrating a preferred spinning
system for producing MWNT yarns in accordance with

some embodiments of the present invention, wherein the
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drawing showshow the yarn can be formed withoutthe need

for rings, travelers, or caps that would significantly increase

the tension in the yarn.

FIG. 20 is a schematic drawing showing details of the

substrate holderthat in this case optionally uses 6 substrates

with nanotubes optionally coated on both sides of a sub-

strate.

FIG.21 is a photograph ofa self-supporting 3.4-cm-wide

meter-long MWNTsheet that has been hand drawn from a

nanotubeforest at an average rate of 1 m/min, wherein sheet

transparencyis illustrated by the visibility of the NanoTech

Institute logo that is behind the MWNTsheet.

FIG. 22 is a Scanning electron microscopy (SEM) image,

at a 35° angle with respect the forest plane, capturing a

MWNTforest being drawn into a sheet.

FIG. 23 is a SEM micrograph showing the cooperative

90° rotation of MWNTsin a forest to form a strong carbon

nanotube sheet.

FIG. 24 showssheet resistance R(T) measured in vacuum,

normalized with respect to R(300 K), versus temperature.

The inset showsthe nearly identical temperature dependence
of sheet resistance in the draw direction for forest-drawn

sheets before (solid rectangles) and after densification (open

circles), in the orthogonal direction for the densified forest-
drawn sheet (diamonds), andfor a filtration-fabricated sheet

of forest-grown MWNTs(solid circles).
FIG. 25 shows optical transmittance versus wavelength

for a single MWNTsheet, before and after densification, for
both polarized and unpolarized light, where the arrow points

from the data for the undensified sample to that for the

densified sample.
FIG. 26 shows noise power density (measured in air for

10 mA biasing) versus frequency for a densified forest-
drawn MWNTsheet(open circles), compared with that for

ordinary filtration-produced MWNTsheets (solid circles)

and SWNTsheets(solid rectangles) having the same 40 ohm
resistance. The dashed lines are data fits for a 1/f* depen-

dence on frequency (f), where @ is 0.98+0.04, 0.97+0.02,
and 1.20+0.02, respectively. The lower-limit noise powerat

temperature T (the product of 4k,T and the sample resis-
tance R, where k, is Boltzmann’s constant) is indicated by

the horizontal dotted line.

FIG. 27 is a SEM micrograph of a two-dimensionally
re-reinforced structure fabricated by overlaying four nano-

tube sheets with a 45° shift in orientation between succes-
sive sheets.

FIG. 28 is a SEM image showingthe branchingoffibrils
within a densified solid-state fabricated MWNTsheet.

FIG. 29 shows mechanical property measurements for

as-drawn MWNTsheets cut from one original sheet and
stacked together so that they have a common nanotube

orientation direction. (A) Engineering stress versus strain,
showing surprisingly small variation in maximum stress for

samples containing different numbers of sheets that are
stacked together. (B) The maximum force and the corre-

sponding strain as a function of numberof stacked sheets for

the sample runs of (A).
FIG. 30 is a photograph showing an as-drawn nanotube

sheets supporting millimeter scale droplets of water, orange
juice, and grape juice where the massof the millimeter size

droplets is up to 50,000 timesthat ofthe contacting nanotube
sheets.

FIG. 31 is a photograph showing a free-standing, unden-

sified MWNT sheet (16 mmx23 mm) used as a planar
incandescent light source that emits polarized radiation,

wherein the backgroundcolorfor the unheated sheet (A) and

10

15

20

25

30

35

40

45

50

55

60

65

14
the incandescentsheet (B)differs because of reflected incan-
descent light from a white paper sheet that is behind the light

source.
FIG. 32 showsspectral radiance in directions parallel to

(\) and perpendicular to (L) the draw direction of an as-

drawn, undensified MWNT sheet after an added inelastic
stretch in the initial draw direction of 2.5%. The inset shows

this data on a semi-logarithmic scale. Underlying solid lines
(largely obscured by coincidence with the data points) are

data fits assuming black body radiation with T=1410 K.

FIG. 33 is a photograph of two 5-mm thick Plexiglas
plates that have been welded together by microwave-in-

duced heating of an as-drawn MWNTsheet that was sand-
wiched between these plates, wherein this welding process

maintains the electrical conductivity, nanotube orientation,
and transparency of the nanotube sheet.

FIG. 34 provides photographs of an electronically con-

ducting and microwave absorbing appliqué comprising an
undensified MWNTsheets attached to transparent adhesive

tape (Scotch Packaging Tape from 3M Corporation),
wherein the transparency of the applique is indicated by the

visibility of the logo and the “UTD”printed on a paper sheet
underneath the appliqués. The applique is folded in the

bottom picture (and held together using a paper clip) for

experiments that show that the sheet resistance is little
effected by the folding.

FIG. 35 showsthat 100% elongation of a silicone rubber
sheet with attached MWNTsheetcauseslittle change in the

sheet resistance of the MWNTsheet (uncorrected for geom-
etry change in going from stretched to contracted state).

FIG.36 is a photograph ofan organic light emitting diode

(OLED) that uses a transparent solid-state-fabricated
MWNTsheetas the hole-injecting electrode.

FIG. 37 shows that MWNTs in a MWNTsheet on one
substrate can be mechanically transferred to produce a

printed image (“UTD NanoTech”) on another substrate. This

transfer occurs without substantial loss of nanotube orien-
tation. The picture on the left shows the MWNTsheet

attached to the substrate (non-porous paper) after the trans-
fer process and the picture on the right shows ordinary

writing paper with the transferred image.
FIG. 38 schematically illustrates a processofutilizing one

motor to simultaneously and independently vary twisting

and winding rates for yarns. The process imposes minimal
tension on the spun yarns, which is especially useful when

the yarn diameter is very small, when low strength yarns are
being processes prior to subsequent strength enhancement,

or when low strength yarns having high elastic deformability
are needed.

FIG. 39 shows an optical micrograph of a multiwalled

nanotube yarn wound helically on a bobbin (a 5 mm
diameter plastic tube) during twist-based spinning of yarn

from a carbon nanotubeforest.
FIG. 40 shows two optical micrographs of a CNT-wool

composite yarn in which CNTfibers and wool fibers were
introduced during twist spinning.

FIG. 41 The high degree of nanotube orientation in the

nanotube sheet is demonstrated by this Raman data for an
as-drawn four-sheet stack in which all sheets have the same

orientation. A VV configuration (parallel polarization for
incident light and Ramansignal) was used, with polarization

parallel to (||) or perpendicular to (L) the draw direction of
the nanotubesheets.

FIG. 42 is an optical micrograph showing a two-ply

MWNTyarn (comprised of 12 um diameter singles yarns)
that has been inserted in a conventional fabric comprising 40

um diameter melt-spun filaments.
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FIG. 43 schematically illustrates a rotor spinner that

converts nanofibers, such as carbon nanotubes, into twisted

yarn.
FIG. 44 schematically illustrates an apparatus for densi-

fying carbon nanotube yarns using a spinneret that intro-

duces false twist, meaning the absence of net twist. An
optional method for additional densification and inserting

additives (a syringe pump)is also pictured.
FIG. 45 provides details for the spinneret of FIG. 44 for

introducing false twist.

FIG. 46 schematically illustrates a spinning apparatus in
whicha false-twist spinneret is used for the densification and

strength enhancement for a nanotube yarn before the intro-
duction of net twist (also called real twist).

FIG. 47 shows the dependence of electrical resistance
upon the twist level (in turns/meter) for a solid-state spun

MWNTyarn.

FIG. 48 showsthe dependenceofultimatetensile stress as
a function of yarn helix angle (with respect to the yarn

direction) for a solid-state spun MWNTyarn, where the yarn
samples corresponding to open circles are twist spun without

any prior treatment and the yarn samples corresponding to
open squares where initially densified by liquid infiltration

and liquid evaporation in order to avoid too severe a drop-off

in nanotube yarn strength with decreasing twist angle.
FIG. 49 shows the dependence of failure strain as a

function of yarn twist angle (with respect to the yarn
direction) for a solid-state spun MWNT yarn samples of

FIG. 48.
FIG. 50 showsthe dependenceofultimatetensile stress as

a function of yarn diameter for low and high twist yarns.

FIG. 51 shows the dependence of failure strain as a
function of yarn diameter for low and high twist yarns.

FIG. 52 compares SEM images of (a) Yarn A: with a
26000 turns/m clockwise twist and (b) Yarn B: a 26000

turns/m clockwise twist was introduced first and then the

sametwist was introduced anticlockwiseto release the twist.
FIG. 53 showsa process in which nanotube sheets can be

drawn, attached to a substrate film, densified by immersion
in a liquid and evaporation of this liquid, and then wound

onto a mandrel.
FIG. 54 showsa process in which nanotube sheets can be

drawn,attachedto a substrate film, densified using exposure

to a vapor, and then collected on a mandrel.
FIG. 55 showsa process for laminating a nanotube sheet

between films.
FIG. 56 compares SEM micrographs of the growth sub-

strates for spinable and non-spinable nanotubeforests (after
removal of the nanotubes) wherein the small diameter pits

on the growth substrate correspond to the growth site of a

MWNT.
FIG. 57 provides SEM micrographs showingthat the PVA

infiltration has not disrupted the twist-based structure of a
MWNTsingles yarn.

FIG. 58 is a SEM micrograph showing about twenty
MWNTsingles yarns that have been plied together to make

a twenty-fold yarn having a diameter about equal to that of

a human hair.
FIG. 59A-C schematically illustrate components and suc-

cessive stages during the fabrication of a matrix addressable
bolometer. A) depicts a free-standing nanofiber sheet con-

ductor, which has highly anisotropic electrical and thermal
conductivities as a result of nanofiber orientation; B) depicts

a frame comprising arrays of metal electrode pads and

having a rectangular central opening over which two nano-
fiber sheet conductors (of the type shown in A) can be

suspended from opposite frame sides so that the orientation
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direction of the nanofiber sheet conductors are orthogonal.
The metallic electrode pads are covered with a thin film of

temperature sensitive material. C) depicts the two orthogo-

nally aligned nanofiber sheets attached to opposite sides of
the frame in accordance with some embodiments of the

present invention.
FIG. 59D shows an example of a single sheet bolometer

that uses thin wires (5911) of iron and of constantan as a
sensitive thermocouple.

FIG. 60 schematically illustrates an anisotropic resistor

with low temperature coefficient of resistivity, which can
deposited on a flat insulating substrate or rolled on an

insulating cylindrical substrate to provide a required resis-
tance determined according to the utilized numberofturns.

FIG. 61 shows schematically aligned nanofiber sheets in
the architecture of a transparent electromagnetic (EM)

shield, which can advantageously use the flexibility, elec-

trical conductivity, transparency, radiofrequency and micro-
wave frequency absorption, and dichroism obtainable for

solid-state drawn nanofiber sheets.
FIG. 62A schematically illustrates a gas sensor using a

carbon MWNT nanotube sheet, whose sensitivity is
increased by the use of a deposited layer of SWNTs. While

the MWNTsheetis herein schematically represented using

a series of parallel lines it should be recognizedthatthere is
a degree of lateral connectivity for the MWNTsheets and

this degree of lateral connectivity both increases sheet
mechanical robustness and decreases sheet anisotropy. FIG.

62B demonstrates the feasibility of the device concept by
demonstrating that a large change in resistance results when

a SWNTsheetis exposedto either benzene of alcohol vapor.

FIG. 63 schematically illustrates a transparent antenna,
made of oriented nanofiber sheets that are laminated on an

optionally flexible or elastomeric insulating substrate
FIG. 64 schematically illustrates a nanofiber-sheet-based

heat exchangerfor dissipation of excessive heat from micro-

electronic chips. The nanotube sheet is connected by lami-
nation to the heat sink, shown as a copperplate.

FIGS. 65A-D are SEM imagesdepicting different types of
carbon nanotube yarn cathodesthat were fabricated by using

an initial draw process from a carbon nanotubeforest: (A) a
twisted singles yarn, (B) a knotted two-ply yarn, (C) mul-

tiple yarns that are knotted together, and (D) a singles yarn

helically wrapped on a glass capillary.
FIGS. 66A and 66B schematically illustrate (A) the geom-

etries of lateral planar cathode and (B) a vertical single-end
cathode for field emission from MWNT twisted yarns,

respectively.
FIG. 67 is a typical current-voltage (I-V) plot of field

emission from a MWNT yarn in the vertical, single-end

geometry. A short (1 ms) high voltage pulse (2 kV) was
pre-applied to raise the yarn vertically.

FIG. 68 showsthe spectrum of light emitted from a single
twisted MWNTyarn end, and the fit of this spectrum to

Planck’s black body radiation law (solid line). At high
currents, this light emission from the nanotube yarn accom-

panies electron emission. The Inset shows a photograph of

the incandescent light source that appears on the tip of the
carbon nanotube yarn when using high current.

FIG. 69 showscurrent versus applied voltage for electron
emission from a side of a twisted multiwall carbon nanotube

yarn. A decrease in onset voltage as a result of hysteresis
behavior during the first voltage cycle can be seen, indicat-

ing that this initial cycle improves electron emission.

FIGS. 70A and 70Bare phosphor-screen images showing
the emission uniformity of the carbon multiwall nanotube

yarns in lateral geometry (1.e., emission lateral to a side of



US 9,605,363 B2

17
a nanotube yarn). Images were taken using a one millimeter

gap between the cathode and the phosphor screen anode.

The voltages applied were negative pulses of 1.5 kV and 3

kV for the A and B images, respectively.

FIG.71 is phosphor screen image showing a prototype of

a patterned alpha numeric display based on electron emis-

sion from multiwalled nanotube yarns in a flat, patterned

geometry. Images were taken with a 1 mm gap between the

cathode and the phosphor screen anode. Negative 3 kV

voltage pulses were applied to the cathode. The repetition

rate of the pulses was 1 kHz and duty cycle was 1%.

FIG. 72 schematically illustrates a twisted nanofiber yarn,

in accordance with some embodimentsofthe present inven-

tion, wherein electron field emission occurs predominately

from the sides of the nanofiber yarn. Nanotubes and nano-

tube bundles extendlaterally from the yarn sides and thereby

provide amplified field emission through concentration of

field lines. Such lateral nanotubes and nanotube bundles

concentrate the electric field lines (shown as arrows coming

from the anode), thereby enhancing field emission.

FIG. 73 schematically illustrates field emission from the
end of an electrically conducting nanofiber yarn, enhanced

by untwisting of an end of the twisted nanofiber yarn in high

electric field, in accordance with some embodiments of the
present invention. This type of nanofiber yarn-end emission

can be particularly suitable for use as a point type electron
source.

FIGS. 74A and B show SEM micrographs, at two differ-
ent magnifications (A and B), of the unwrapping of a yarn

during field emission, which creates a “hairy” yarn with

multiple nanofiber end tips, such tips being particularly
suitable for enhanced field emission of electrons.

FIG. 74C schematically illustrates formation of a hairy
nanofiber yarn as a result of electric field effect on yarn

regions that are closest to the anode. The illustrated nano-

fiber yarn is spirally wrapped around a wire or cylindrical
capillary.

FIGS. 75A-D are images on phosphorescent screen
depicting light emission from a nanofiber-yarn-based cath-

ode in a lateral geometry both without (A and B) and with
(C-D)knots. In the pictured case, the knotted part ofthe yarn

cathode shows suppressed offield-induced emission, which

can be used for patterning electron emission from nanofiber
yarn cathodes.

FIGS. 76A and 76B are current versus voltage (A) and
current versus time (B) curves of self-improving yarn cold

cathodes, showing an increase of the current density and a
lowering of the threshold and operation voltage upon

increasing the time of operation.

FIG. 77 illustrates the concept of using a textile for
supporting electron emitting nanofiber yarns, wherein two

electrically conducting nanofiber yarns are woven orthogo-
nally into an otherwise substantially non-electron-emitting

textile. This insulating textile (or one comprising electrically
conducting nanofiber-free wires) provides a flexible support

for the electron emitting nanofibers and enables their place-

ment in a patterned manner within the textile for electron
emission purposes. The textile and any ofthe components in

the textile can serve for dissipation of generated heat, and
the current density can be tuned by varying the density and

topology of the woven structure.
FIG.78 is a picture showing an operating phosphorescent

lamp in which the electron emitting element is a twisted

carbon MWNT yam. This nanofiber yarn cathode is
wrapped about a copper wire located at center of a glass

cylinder.
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FIG. 79 schematically illustrates a transparent cold cath-

ode electron emitter comprising a carbon nanotube sheet

(7901) supported by either a transparent insulating substrate

(7902) or a substrate coated with a transparent electrically
conducting film. For the case where the contacting substrate

is insulating, the transparent nanotube sheet is contacted
with an electrical contact material, which can be anelectri-

cally conducting tape (7903).
FIG. 80 schematically depicts two electron emission

pathways from nanotubesheets:(top portion) electron emis-

sion due to field enhancement at the ends and sides of
nanofibers and (bottom portion) electron emission from tips

(free ends extended from the sheet) and from the sides of
nanofibers within the sheet.

FIG. 81 schematically depicts a non-transparent electron
emitter used in conventional configuration for a phospho-

rescent display or lamp, wherein the cathode (8102 electron

emitter) is on the back side of the display or lamp andlight
is exclusively provided in the frontal direction from the

phosphorescent screen (8105) that is on the front side of the
display or lamp.

FIG. 82 schematically depicts an electron emitter used in
another conventional configuration for a phosphorescent

display, wherein the cathode (8202 electron emitter) is on

the back side of the display (i.e., behind the phosphorescent
screen §205) and the charge collector is a transparent ITO

film (8204). In this geometry some light is radiated back-
wards. Resulting reflection from the back part of the display

creates various problems, such as decrease of display con-
trast and resolution.

FIG. 83 schematically illustrates a display architecture of

the present invention where a transparent nanofiber sheet
electron emitter (8303) is on the front of the display, light

emitted by the phosphor screen (8305) is reflected by the
back anode plate (8306) and reachesthe viewerafter passing

through the transparent nanofiber sheet cathode (8303).

FIG. 84 schematically illustrates how a transparent nano-
tube sheet electron-emitting cathode can be used for gener-

ating an effective back-light source for a conventional liquid
crystal display (LCD). The back source light is polarized

(which is desirable for LCD operation), since the transparent
cold cathodeacts as a polarizer dueto the existence ofhighly

oriented nanotubes in the nanotube sheet.

FIG. 85 depicts a polymeric light-emitting diode (PLED)
which uses a densified transparent carbon nanotube (CNT)

sheet as the anode, in place of the typically used indium tin
oxide (ITO). Due to the flexibility of the carbon nanotube

sheets, this PLED can be highly flexible if the substrate is a
flexible.

FIG. 86 depicts an organic light-emitting diode (OLED)

which uses a carbon nanotube sheet as an anode. Similar to
the PLED,this device has the active low molecular weight

organic layers deposited on top of a densified transparent
nanotube sheet. Dueto the flexibility ofthe carbon nanotube

sheets, this PLED can be highly flexible if the substrate is a
flexible.

FIG. 87 depicts a PLED with a bottom-up construction,

starting with the cathode layer and subsequent deposition of
the organic/polymeric functional layers. The final layer, the

carbon nanotube sheet (anode), is placed on the device by
means of stamping from another substrate, or by laying a

free-standing nanotube sheet over the device.
FIG. 88 depicts the bottom-up structure described in FIG.

87 on a silicon wafer for active matrix OLED. Thesilicon

wafer may contain aluminum/calcium contact pads or tran-
sistors. The polymeric layers are depositedfirst, followed by

the nanotube sheet anode on the top.
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FIG. 89 depicts a transparent PLED which uses a carbon

nanotube sheet as both the anode and the cathode. As a

result, both electrodes and the device itself are transparent.

The device can be built on a flexible/elastomeric substrate,
thereby realizing the ultimate goal of a flexible transparent

display.
FIG.90 illustrates a solar cell or photodetector based on

carbon nanotube ribbons as a top transparent conducting
electrode, in accordance with some embodiments of the

present invention.

FIG.91 illustrates a solar cell or photodetector based on
carbon nanotuberibbonsas a bottom transparent conducting

electrode, in accordance with some embodiments of the
present invention. A SEM image of part of the carbon

nanotube ribbon electrode is also shown ontheleft, after 90°
rotation from alignment in the device.

FIG.92illustrates a transparentsolar cell or photodetector

based on carbon nanotuberibbons as top and bottom trans-
parent conducting electrodes, in accordance with some

embodiments of the present invention.
FIG. 93 illustrates a tandem solar cell or photodetector

based on carbon nanotube ribbons as a upper transparent
conducting electrodes.

FIG. 94 shows the examples of spectral sensitivity of

polymeric solar cells, demonstrating the additional function-
ality of carbon nanotube charge collectors for enhancement

of light absorption and charge generation in UV and IR
spectral bands. Curve 1 corresponds to ITO anode, curves

2-4 to carbon nanotubesheet anode, and curve 5 to carbon
nanotube sheet anode coated with very thin Au/Pdlayer.

FIG. 95 depicts, schematically, a plastic solar cell based

on conjugated polymer/fullerene photoactive bulk donor-
acceptor heterojunction with transparent nanotube sheet

anode (hole collector) and polymer/nanotube wires nanoin-
tegrated as photoactive electron collectors. Insets show the

hole transfer from conducting polymer chains into the

nanotubesofthe transparent nanotube sheet anode, and also
an electron transfer, upon exciton dissociation in a polymer/

single wall nanotube system.
FIG. 96 schematically depicts conjugated polymer/nano-

tube composite integrated on the nanoscale inside 100 nm
scale (on average) pores within the porous structure of a

transparent nanotube sheet. Holes photogenerated in the

filled pores are collected on sheet nanotubes within the
charge collection length of the polymer (about 100 nm), as

shownbyarrows.
FIG. 97 showscurrent versus voltage curves of a polar-

ization-sensitive photocell that utilizes a transparent ori-
ented carbon nanotube sheet anode.

FIG. 98 shows an SEM imageof a carbon nanotubesheet

in which a very thin film (5 nm) ofAu/Pd wassputtered on
top of the nanotubes. An SEM image of an uncoated

nanotube sheet is shown for comparison.
FIG. 99 schematically illustrates a transparent organic

field effect transistor (OFET) with transparent gate, source
and drain electrodes made of carbon nanotubesheets and the

active channel of organic or polymeric semiconductor. The

transparency of this device enables photomodulation of
source-drain current, which is useful for optical chip-to-chip

information transfer.
FIG. 100 is a schematic diagram showing the basic

structure of a prior art dye-sensitized solar cell, in which
nanofiber sheets can be used as an anode.

FIG. 101 schematically illustrates novel architecture for a

dye-sensitized solar cell (DSC), wherein a conventional
anode of a DSCis replaced by transparent nanofiber sheets,

ribbons, or yarns of present invention embodiments. The
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cathode can also use transparent nanofiber sheets, ribbons,

or yarns (instead of traditional ITO) coated by nanoporous

titania.

FIG. 102 shows an SEM image of single wall carbon

nanotubes deposited from a liquid onto a transparentsheet of

multiwall carbon nanotubes made using a solid-state sheet

fabrication process or invention embodiments.

FIG. 103 illustrates a multijunction solar cell (tandem

solar cell), in which the transparent top electrode (10301),

and one or more transparent inner interconnect electrode

sheets enable increased energy harvesting efficiency through

expandingthe harvested light to a broader region of the solar

spectrum.

FIG. 104 schematically illustrates a carbon nanotube yarn

based fuel cell.

FIG. 105 schematically illustrates a carbon nanotube yarn

based heat pipe.

FIG. 106 schematically illustrates an apparatus for con-

tinuously spinning carbon nanotubes and other nanofibers

into twisted yarns, wherein two motors are used to insert

twist and wind the yarn on a bobbin andtherelative rotation

rates of these motors determines the inserted twist per yarn

length.

DETAILED DESCRIPTION OF THE

PREFERRED EMBODIMENTS

Invention embodiments described herein provide novel
fabrication methods, compositions of matter, and applica-

tions of nanofiber yarns, ribbons, and sheets having quite

useful properties. For example, carbon nanotube yarns ofthe
invention embodiments provide the following unique prop-

erties and unique property combinations: (1) toughness
comparable to that of fibers used for bullet proof vests, (2)

resistance to failure at knots (contrasted with the sensitivity

to knotting for the Kevlar® and Spectra® fibers used for
antiballistic vests), (3) high electrical and thermal conduc-

tivities, (4) high reversible absorption of energy, (5) up to
13% strain-to-failure compared with the few percentstrain-

to-failure of other fibers with similar toughness, (6) very
high resistance to creep, (7) retention of strength even when

heated in air at 450° C. for one hour, and (8) very high

radiation and UV resistance, even when irradiated in air.
Moreover, the Inventors (i.e., Applicants) show that these

nanotube yarns can be spun as one micron diameter yarns (or
either lower or much higher diameter yarns), and plied at

will to make twofold, fourfold, and higher folded yarns.
Additionally, the inventor’s show that novel yarns having

the above-described properties can be spun using either

carbon SWNTs or carbon MWNTs, the latter being much
less expensive to produce than the former.

Invention embodiments also provide for the fabrication of
nanofiber sheets having arbitrarily large widths at commer-

cially useful rates. These sheets are optically transparent and
have a higher gravimetric strength than the strongest steel

sheet and the Mylar® and Kapton® sheets presently used

because of their high gravimetric strength for ultra-light air
vehicles.

Importantly, the inventors also teach how this technology
can be used to produce various yarns, sheets, and ribbons of

diverse nanofibers, and how produced yarns, sheets, and
ribbons of these nanofibers can be applied.

For the purpose of mostefficiently and clearly describing

the embodiments of this invention, a nanofiber is herein
defined as a fiber or ribbon havinga largest thickness normal

to the fiber axis of less than 100 nm.
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Since the smallest possible nanofibers for a particular

system can form bundles and aggregates of bundles (which

can potentially also fall under the above definition of nano-

fibers), the Inventors hereby define the nanofibers described
herein to be the smallest diameter nanofibers whose discrete

nature is importantly relevant either for the assembly of
pre-processing arrays or the structure of fabricated sheets,

ribbons, or yarns.
Also, unless specifically otherwise indicated, no differen-

tiation is made between the terms knitted, braided, and

woven. The reason for ignoring differences in these terms
herein is that statements made about any one of these terms

typically applies generically to all of these terms and like
terms. Also, the terms two-fold and two-ply, and like terms

are used equivalently for plied (i.e., folded) yarns.
The challenge of spinning nanofibers into twisted yarns of

this invention is in downscaling prior-art technologies of

usual spinning about a thousand fold to provide the special
geometries in which twist can be successfully utilized.

Optionally and preferably the maximum total applied twist
in one direction per unit fiber length for a twisted yarn of

diameter D is at least approximately 0.06/D turns and a
significant componentofthe nanofibers have (1) a maximum

width of less than approximately 500 nm, (11) a minimum

length-to-width ratio of at least approximately 100, and (111)
aratio ofnanofiber length to yarn circumference greater than

approximately 5.
For the purpose of fabricating nanotube sheets and rib-

bons by solid-state draw processes, optionally and prefer-
ably a significant component of the nanofibers have (i) a

maximum width of less than approximately 500 nm and a

(ii) a minimum length-to-width ratio of at least approxi-
mately 100.

The net twist is defined as the overall twist introduced
during all processing from an initial fiber assembly to the

product used for applications. Processes that result in

untwisting are included in the evaluation of net twist.
Optionally and preferably for twisted yarns, the maximum

total twist in one direction (uncompensated by the possible
occurrence of twist in an opposite direction) is at least

0.06/D. Optionally and preferably, the net twist (defined as
compensated by applied yarn twists in opposite directions)

for the nanofiber yarn can vary from negligible to at least

approximately 0.12/D turns for some applications and at
least 0.18/D for other applications. Especially for the pur-

pose of applications where high deformability without rup-
ture and low yarn strength is needed (such as for yarn

actuators where the actuating material is predominately a
material that is imbibed into the yarn), the net yarn twistis

preferably above 0.18/D.

For the purposes of this invention, a false twist is herein
defined as a twist in one direction that is followed by an

essentially equal twist in the opposite direction, so that the
net twist is essentially zero. The definition is herein applied

whether the net twist of near zero is introduced by simply
applying a twist at an intermediate position in a yarn (so that

twist is introduced on one side of the twist position and

automatically substantially removed on the opposite side of
the twist position) orbyfirst twisting at the end ofa yarn and

then releasing the original twist by applying an equal and
opposite twist to the same yarn end.

The Inventors differentiate between ribbons and ribbon
shaped yarns (also called yarns) by defining a ribbon as

having a width of at least a millimeter.

For the purpose of draw-based fabrication processes the
inventors here define pre-primary and primary nanofiber

assemblies. A pre-primary assembly of nanofibers is an
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assembly of at least approximately parallel nanofibers(1.e.,
oriented nanofibers) that undergoes a substantial change in

nanofiber orientation direction during the process of making

an oriented nanofiber yarn, a twisted nanofiber yarn (includ-
ing a false twisted yarn havinglittle net twist), a nanofiber

ribbon, or a nanofiber sheet. A primary assembly of nano-
fibers is an oriented nanofiber array or a nanofiberarray that

is converging on an orientation direction, wherein the draw
direction for yarn, sheet, or ribbon formation is either the

direction of nanofiber orientation or the direction of nano-

tube orientation that is being converged upon.
A solid-state fabrication process is one that can be prac-

ticed without the required presence of a liquid during
nanofiber yarn, ribbon, or sheet formation.

Unless the needed nanofiber properties are obviously not
those obtainable for carbon nanotubes, carbon nanotubesare

nanofibers that are included in the group of optionally

preferred nanofibers for the embodiments of this invention.
Also, the fabrication method employed for converting a

nanofiber array into a sheet, ribbon, or yarns is preferably by
solid-state fabrication methods of invention embodiments.

Also, a yarn made byplying at least one singles yarn is
understood to comprise a singles yarn.

So that invention embodiments can be further understood,

the inventors herein use the term knot for both mathematical
knots and knots called unknots, since unknots can be inex-

pensively tied without using the ends of a robe or yarn.
Useful examples of unknots are slip knots.

Unknots are important because they can be economically
produced, such as in conventional weaving processes, and

because their untying unknots that are slip knots (by apply-

ing stress to yarn ends) is a useful way to increase energy
dissipation before failure for a given weight nanofiber yarn

(i.e., yarn toughness).
1. Forest-Based Nanofiber Fabrication Invention Embodi-

ments

(a) Twist-Based Yarn Spinning from Nanofiber Forests
One preferred process of this invention involves twist-

based spinning of carbon nanotubes from a nanotubeforest,
so called because the nanotubes grow from a substrate like

approximately parallel trees and have close to the same
height. The nature of the nanofiber forest used for spinning

is critically important, and will be elaborated on in another

section. Most nanofiber forests are unsuitable for twisted
yarn, ribbon, or sheet production. Other nanofiber forests

yield yarns or ribbons whichare far too weak to be useful for
most applications. For example, Jiang et al. have described

(in Nature 419, 801 (2002) and in US. Patent Application
Publication No. 20040053780 (Mar. 18, 2004)) the produc-

tion of very weak untwisted yarns from nanotubeforest that

they grow. These yarns are weak likely both because of the
low performanceofthe utilized carbon nanotube forest and

the lack of realization that twist processes can be down-
scaled to nanofibers to provide strength increases.

In some important embodiments the yarns of the present
invention are simultaneously twisted while being drawn

from a nanotube forest. FIG. 1 shows an arrangement used

in the laboratory for accomplishing this twist process during
drawing, and FIGS. 2A and 2B are SEM pictures showing

nanotube assembly into yarn during the spinning process, in
which the nanotubes are simultaneously drawn from the

nanotube forest and twisted. Element 101 in FIG. 1 is a
nanotube forest, prepared as described in Example 1. Ele-

ment 102 is the silicon growth substrate, element 103 is a

ribbon drawn from the forest, and element 104 is the
nanotube yarn resulting from twisting this ribbon, which is

wedge-shaped when viewed in 3-D and has a maximum
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wedgethickness of about equal to the height of the nanotube

forest. Element 104 is often referred to in conventional

textile processing as the ‘spinning triangle’. The overlapping

images of both the nanotube wedge and yarn are a result of

reflection in the mirror-like silicon substrate. Element 105 is

the end of a miniature wooden spindle about which the

nanotube fiber has been wrapped. Element 106 is adhesive

tape that attaches this wooden spindle to the rotating rod of

motor 107.

The direction of drawing is very nearly orthogonal to the

original nanotube direction and parallel to the silicon sub-

strate in FIG. 1. Nevertheless, this spinning process is

sufficiently robust that the angle betweentheinitial nanotube

direction and the draw direction can be decreased from 90°

to almost 0°. Although this spinning process is amenable to

automation for spinning continuous yarns, Example 2

describes yarns that were prepared by hand drawing from a

nanotube forest while they were twisted using a variable

speed motor operated at ~2000 rpm. The diameter of the

twisted yarns ranged from below one micron to above 10

microns, and depended uponthe sidewall area on the nano-
tube forest from which the MWNTyarn was drawn. The

obtained combination ofyarn diameters that are hundreds of

times smaller than the nanotube length (about 300 um) and
high twist (about 80,000 turn/m) resulted in yarns having

quite attractive properties.
For twist-based nanofiber draw and other nanofiber draw

processes of invention embodiments for yarn spinning,it is
preferred that nanofibers are simultaneously pulled from

essentially the full height of the nanofiber forest sidewall.

The Inventors have found that achieving very useful
properties from such twist spinning of nanoscale fibers

requires that a number of conditions are optimally satisfied,
and these conditions provide the basis for numerous pre-

ferred embodiments. Such conditions are described below.

First, a significant component of the nanofibers should
optionally and preferably have a maximum thicknessof less

than approximately 500 nm. For circular nanofibers, this
maximum thickness corresponds to the nanofiber diameter

(which is the nanofiber width if the nanofiber is a nanorib-
bon). More optionally and preferably, a significant compo-

nent of said nanofibers should have a maximum thickness of

less than approximately 100 nm. Most optionally and pref-
erably, a significant component of said nanofibers should

have a maximum thickness of less than approximately 30
nm. Bysignificant component, the Inventors mean a com-

ponent of the nanofiber thickness distribution that is suffi-
ciently prevalent to significantly affect yarn properties.

Second, the nanofibers optionally and preferably should

have a minimum aspectratio, i.e., ratio of nanotube length
to diameter, of at least approximately 100 at the thinnest

lateral section. More preferably, the nanofibers should have
a minimum length-to-thickness ratio in the thinnest lateral

direction of at least approximately 1000. Most preferably,
the majority weight fraction component of the nanofibers

should have an aspect ratio in the thinnest lateral section of

at least approximately 10000.
Third, optionally and preferably the nanofibers in the

yarns should have a minimum ratio of nanofiber length to
yarn circumference that is greater than approximately 5.

Morepreferably, the nanofibers in the yarns have a mini-
mum ratio of nanofiber length to yarn circumference thatis

greater than approximately 20. Most preferably the major

weight componentof the nanofibers has a ratio of nanofiber
length to yarn circumference of greater than approximately
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Fourth, the maximum applied twist per yarn length,

uncompensated by possibly applied twist in an opposite

direction, for a twisted yarn of diameter D is optionally and

preferably at least approximately 0.06/D turns. Optionally
and more preferably for some applications, the maximum

applied twist for a twisted yarn of diameter D is at least
approximately 0.12/D turns. Optionally and most preferably

for some applications, the maximum applied twist for a
twisted yarn of diameter D is at least approximately 0.18/D

turns. Preferably for some applications, the maximum

applied twist is preferably above 0.06/D turns and below
0.12/D.
The weight-averaged nanofiber length in the yarn is

optionally and preferably at least approximately 2 times the

inverse of the yarn twist (measuredin turns per yarn length).
Additionally, it is optionally preferable that at least a 20%

of the total Weight fraction of the nanofibers in the yarns

migrate from near to the yarn surface to deep in the yarn
interior and return to close to the yarn surface in a distance

that is less than approximately 50% of the nanofiber length.
Morepreferably, the major weight fraction of nanofibers in

the yarns migrate from near to the yarn surface to deep in the
yam interior and return to close to the yarn surface in a

distance that is less than approximately 20% ofthe nanofiber

length.
The twist-based spinning process for nanofiber yarns is

preferably accomplished by arranging nanofibers in approxi-
mately aligned arrays or in an array that is converging

towards alignment so as to provide a primary assembly. A
primary assembly is above defined as one in which the

nanotubes are either approximately arrayed parallel to a

draw direction or are converging on such alignment. Hence,
a nanotube assembly can possibly change from a primary

assembly to the above defined pre-primary assembly—
depending upon the direction of draw.

This primary assembly can optionally be formed from a

precursor assembly, such as a nanotube forest, which can be
either a primary assembly or a pre-primary assembly,

depending upon the direction of draw. Nanofibers converg-
ing towards alignment can be formed by drawing these

nanofibers from a nanotube forest. This nanofiber forest is
suitable for formation of the primary assembly, or as a

primary assembly, can be on aplanar or non-planar substrate

and the nanofibers in the forest can either be deposited over
substantially the entire substrate surface or only on part of

the surface. Also, different types of nanotubes can be in
different regions of the surface, or they can be mixed in the

same forest regions.
For convenience in facilitating nanotube yarn spinning

and ribbon and sheet draw, the minimum radius for the

forest-occupied-area of a curved forest substrate is option-
ally over ten times the maximum height of the forest.

The twist process to make yarn can be accomplished (as
illustrated in FIG. 2, where B has a higher magnification

than A) in close proximity to a pre-primary assembly (such
as a nanofiber forest). In such cases a rectangular nanotube

ribbon does not form priorto the twist process. Alternatively,

a rectangular nanotube ribbon can be drawn from the forest
and twisted into a yarn after the rectangular ribbon is

substantially formed.
It is important to note in FIG. 2 that a spinningtriangle is

formed as the nanotubes are drawn from a forest and
progressively converge to form a yarn having a substantially

circular cross section. The geometry of the spinningtriangle

downto the nanoscale is related to the width ofthe nanofiber
forest sidewall (.e., edge) selected for spinning, the forest

height, and the helix angle needed for the spun yarn (which
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is in turn determined by the ratio of yarn twist rate to yarn
draw rate). Since the strength of the nanofiber array in the

convergence zone(i.e., the spinning triangle) is lower than

that of the yarn, it is optionally preferable that convergence
to a partially twisted yarn having approximately circular

cross-section be substantially complete within about 50
millimeters of the nanofiber forest or a pre-primary assem-

bly of any sort. Optionally and more preferably, this sub-
stantially complete convergence to produce the tip of the

spinning triangle occurs within about 5 mm from the nano-

tube forest. The optimal convergence distance also depends
on forest height. Optionally and preferably, this substantially

complete convergence to partially twisted yarn having
approximately circular cross-section occurs within a dis-

tance from a nanofiber forest that is less than 50 times the
average height of the nanofiber forest. More optionally

preferable, this substantially complete convergence occurs

within a distance that is less than about 5 times the average
height of the nanofiber forest or a pre-primary assembly of

any sort.

It is also important to note in FIG. 2 that initial twisted

core formation is evident at approximately the center of the
wedge that is being twisted during draw. It is optionally

preferable that yarn core formation appears 4 to *4 of the

distance between wedge end to wedge apex. It is also
optionally preferable that the twisted fiber core appears at

between 4 and *4 of the lateral distance betweenthe lateral
wings of the wedge.

The Inventors find, surprisingly, that the draw angle
(between the draw direction and the direction of the nano-

fibers in the forest) can usefully vary between 90° and nearly

0° (nearly orthogonal to the plane of the substrate and
attached forest). For some spinning processes, the draw

angle is preferably between about 90° and 60°, and for other
processes the draw angle is preferably between about 0° and

50°.
The nanofiber forests can optionally be stripped from the

growth substrate and spun into nanofiber yarns, ribbons, or

sheets while not attached to this growth substrate. This
stripping process can optionally occur during the spinning

process. Where a forest substrate does notrestrict the draw
angle, the draw angle can optionally and preferably vary

over the range from 85° abovethe plane of the forest to 85°

below the plane of the forest.
Nanofiber forests stripped from the growth substrate can

optionally be stacked upon each other to provide an array of
layers from which the nanofiber yarns are spun (see

Example 43). These nanofiber layers can be optionally
mechanically compressed orthogonal to the plane of the

forests to provide a degree of interpenetration between

nanofibers in neighboring nanotubeforest layers. The forest
layers in the laminated nanotube forests can optionally

comprise nanotubes having the same height and density
within the forest, or they can differ in nanotube height and

density within the forest, the chemical composition or struc-
ture of the nanotubes, or optional coating materials or

friction aids within the individual nanotube forests.

The nanofibers in neighboring contacting forests can
optionally be terminated with reactive groups that cause

end-to-end or near-end sidewall binding between individual
nanofibers or nanofiber bundles in different layers. Such

binding processes can enable faster spinning rates than are
otherwise possible and improvethe properties of the yarn by

effectively increasing the nanofiber or nanofiber bundle

lengths.
The draw-twist spinning process can be conveniently and

optionally and preferably practiced at close to ambient
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temperature, i.e., ordinary room temperature or temperatures

reached without intentional heating or cooling. However, in

some embodiments it is optionally preferred that the draw-

twist spinning process is accomplished at either above or

below ambient temperature. For example, such higher or

lower temperatures can optionally be employed to optimize

the degree of direct or indirect inter-fiber bonding for the

draw-twist process. For example, an inter-fiber binding aid

can optionally be employed to provide a self-supporting

capability for nanotube forests that have been stripped from

the growth substrate. Local heating at close to the edge ofthe

nanofiber forest can be usefully employed for evaporating

the binding aid or causing this binding aid to becomefluid,

so that the draw twist process can occur most productively.

Also, said heating process can be used for reaction with gas

phase additives that facilitate the draw-twist process or

improve yarn properties. This heating can be accomplished

by various means, such as using heating induced byvisible,

ultraviolet, infrared, radio frequency, or microwave fre-

quency absorption or resistive heating using solid- or gas-

phase contact heating (and combinations thereof). The heat-

ing or cooling processes optionally provide a nanofiber

temperature of between -200° C. and 2000° C. Optionally

and more preferably, this heating or cooling process is

between -20° C. and 500° C. Optionally and most prefer-

ably for some invention embodiments, the initial draw step

and the initial twist step to form the twisted nanofiber yarn

is conducted at below 60° C. Local heating for regions being

spun, such as the edge of a nanotubeforest, can usefully be

accomplished via resistive heating by using a voltage

applied between the spun yarn and the nanotube source,

which results in a current along the nanofiber yarn.

Oneparticularly advantageous arrangementis to synthe-

size the nanofibers as a forest on a surface that continuously

moves from a furnace region (where CVDis used to grow

the nanofibers as a forest) into a region where the nanofibers

in the forest are either draw-twist or nanofiber ribbons or

sheets are drawn from the nanofiber forest. The method of

growth of the nanofiber forest in the furnace region can be

by the various methods knownin the art, and variations on

these methods, such as shown in Example 1.

In one optional and preferred method the growth substrate
is either a flexible belt or is attached to moving belt. This

moving belt carries the nanofiber forest from the forest
growth region of the production apparatus to the region

where yarns are twist spun or nanofiber ribbonsorsheets are
spun. The spun twisted nanofiber yarns, nanofiber ribbons,

or nanotube sheets can be optionally transferred in a con-

tinuous process to manufacture steps where the nanofibers
yarns ribbons are optionally plied, the nanofiber ribbons or

sheets are laminated, and where the nanofiber yarns, rib-
bons, or sheets are optionally overcoated orinfiltrated with

an agent (such as a polymer) that serves any of various
functions (such as to increase the bonding between nanofi-

bers, to provide electrical insulation, or to provide ionic

conductivity for use of these yarns, ribbons, and sheets for
electrochemical device applications).

Materials that are both suitable as belt or drum materials
and suitable for nanotube forest growth are known in the

literature. For instance, Ch. Emmeneggeret al. report (Ap-
plied Surface Science 162-163, 452 (2000)) that aluminum

and cobalt are suitable substrates for nanotube growth. In

addition, L. Liang et al. (U.S. Patent Application Publication
No. 20040184981 A1) describe the application of the oxi-

dized surfaces or many metals for the growth of nanotube
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forests, where the benefit of the metal oxide layer is to
prevent the deactivation of the catalyst used for forest

growth.

Another suitable drum material is an outer layer of
amorphous SiO, or crystalline SiO, (quartz), which is

known to be an effective substrate material for nanotube
forest growth, as well as the growth ofal least eight forests

upon each other (X. Li et al., Nano Letters 5, 1997 (2005)
and Y. Murakami, et al. Science 385, 298 (2004)). The SiO,

is also suited for application on belts used for nanotube

forest growth (and stripping to form yarns, sheets, and
ribbons), as long as the SiO, layer on the belt is sufficiently

thin, relative to the maximum radius of belt curvature
(usually corresponding approximately to the radiusofrollers

used to movethe belt) such that fracture ofthe SiO, does not
occur,

In some embodiments, nanotube synthesis to make a

primary or pre-primary array, and the nanotubespinning can
be accomplished as a continuous process by employing a

rotating drum. This drum is preferably at least 50 centime-
ters in diameter. Synthesis of the nanofibers (such as forests

made by CVD processes) on one side of the drum is
followed by nanofiber yarn draw and subsequent twist-

based, false-twist-based, or liquid-densification-based spin-

ning processes to make yarn or the drawing of ribbons or
sheets from a distant part of the rotating drum.

As another alternative, the fabrication of the primary or
pre-primary nanotubearray and the nanotube spinning can

be accomplished in different apparatus, such as by coiling a
substrate containing the primary or pre-primary nanofiber

array into a roll. This roll can then be unwoundas a separate

process for conducting spinning, and especially draw-twist
spinning processes.

Example 37 demonstrates such a process wherein forest-
spun nanotube sheets are attached toa plastic film substrate,

densified on this substrate using liquid infiltration and

evaporation, and then draw-twist spun into a carbon nano-
tube yarn by drawing a nanotube ribbon from the plastic film

substrate and twisting this ribbon.
The nanofibers on the primary assembly or the pre-

primary assembly can be optionally patterned, and patterned
depositions of different nanofibers on the same substrate can

be optionally employed andthese different nanofibers can be

optionally spun into either the same yarn or different yarns.
Such patterned deposition of nanofibers, which can be

obtained, for example, by the patterned deposition of nano-
fiber growth catalyst, can be used to help determine the

diameter of twisted yarn or the width of spun ribbons. For
the mentioned invention embodiments in which moving

belts or rotating drumsare used, this patterned deposition of

nanofibers is preferably as parallel strips that extend in the
direction of substrate displacement.

As a useful alternative to patterned deposition of nano-
tubes, the nanotubes can be grown uniformly over the

substrate (such as by CVD deposition of a nanotube forest
on the surface of a drum or belt) and laser trimming can be

used for patterning the nanotubearray for subsequent draw-

twist spinning. This laser trimming is optionally and pref-
erably such that narrow lines ofremoved nanotubes separate

parallel regions where the nanofiber forest is largely unex-
posed to the laser beam. These lines of removed nanotubes

are preferably parallel to the translation direction resulting
from drum rotation or belt translation. Laser trimming can

also be used to uniformly decrease the height of nanofibers

in a forest of nanofibers. The benefit of such trimming of
nanofiber height along the length of a strip of nanofiber

forest used for spinning is to control yarn structure along the
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length of draw-twist yarns. Such trimming of nanotube
height along a forest strip length can be optionally done

periodically, so that the produced draw-twist fibers have

periodic variation in structure along the fiber length. Such
variation in yarn structure along the yarn length can be

useful for achieving property variations along this length,
such as electronic property variations or for increasing the

yarn density by providing thin yarn segments that can fit in
void spaces between segments of larger diameter yarns. The

yarn structures having variations along the yarn length are

preferably either twisted yarns, false-twisted yarns, liquid
densified yarns, or non-twisted yarns thatare infiltrated with

an agent that provides inter-nanofiber binding, such as an
organic polymer.

Aswill be described below in moredetail, the effect ofthe
above change in nanofiber length for different segments of

the yarn is to change the local density of the twisted yarn,

and this change in local density can be employed for
directing processes that selectively transform the electrical

properties of one yarn segmentrelative to that of other yarn
segments. The effect is that various electronic devices can be

made along the yarn length, such as diodes based on n-p
junctions. Various processes can be used for this selective

area patterning, which makeuseoftheeffect of local density

changes. The local density of a particular yarn segment
depends upon the length of the nanofibers in that segment,

since the nanotube length affects inter-fiber bonding, and
thereby the distribution of twist between different segments

of the yarn—whichaffects the yarn density (porosity) for a
segment and the dependence of local yarn density on an

applied tensile strain. The electrical conductivity of a seg-

ment, and the temperature rise caused by a current through
the yarn,is also affected by the porosity differences between

segments and the varying numberofinter-fiber contacts per
nanotube.

Porosity differences along the yarn can be used for

selectively doping different yarn segments, selectively
chemically modifying them, or for protecting one yarn

segment from chemical exposure effects that affect other
yarn segments (by selective infiltration of protecting chemi-

cals in different yarn segments). These processes form the
initial basis for yarn lithography processes of device

embodiments, which enable the construction of electronic

devices in the nanofiber yarns (see Section 10(a)). The
porosity differences between different yarn segments having

different structure can be tuned by varying the tensile stress
applied to the yarn. Also useful for this new type of yarn

lithography, the selective heating of different yarn segments,
due to the porosity differences and resulting electrical con-

ductivity differences of these segments, can be used for the

selective deposition, selective reaction, or selective removal
of particular chemicals from specific yarn segments.

Various agents can be used to modify the properties of,
and interactions between, nanotubes during processing; the

final yarn, ribbon, or sheet; or the properties of the inter-
mediate or final products made ofor incorporating said yarn,

ribbon, or sheet. Such agents can be selected to optimize

yam properties including, but not limited to, friction or
binding, strength, thermal and electrical conductivity,

chemical reactivity, and surface energy and chemistry.
Suitable agents can provide the desired function when in

either the solid state, liquid state or adsorbed gas state and
can be applied either from the gas, vapororliquid state, from

a gas plasma, from a suspension, solution, dispersion, emul-

sion or colloid, electrochemically from a solution, or by
particle, fiber or layer infiltration and by other methods

familiar to those skilled in the art of application. These
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agents can be applied to a pre-primary assembly like a
nanotube forest, to the primary assembly, or after formation

of the twisted yarn, ribbon, or sheet. Agents for the chemical

or physical modification of carbon nanotubes and inter-
nanotube interaction in nanotube forests for yarn, sheet, or

ribbon fabrication processes are optionally and preferably
delivered from gas phase, vapor phase, or plasmastates.

Agents used for modifying the properties of the pre-
primary assembly, primary assembly or yarn, ribbon, or

sheet can be selected to physically or chemically modify the

surface of the nanotubefibers, as in oxidation, reduction, or
substitution with functional groups, such as by (1) cova-

lently binding molecular, polymeric, or ionic species to the
nanotubes; (2) forming non-covalent binding, as in van der

Waals and charge-transfer binding (3) covalently or non-
covalently binding species capable of hydrogen bonding,

and/or (4) physically over coating with a polymer, a metal or

metal alloy, a ceramic, or other material. Agents can be
selected that, irrespective of bonding, at least partially

encapsulate, envelop, or coat individual nanotubes or
bundled nanotubes on the nanoscale.

Irrespective of the nature of any bonding, agents can be
selected so as to have one or more physical dimensions of a

similar order to the nanotubes, that is to say nanolayers,

nanofibers and nanoparticles, and thereby or otherwise to
interpose between the nanotubes and produce a variety of

physical or chemical interactions between them. Suchinter-
actions can encompass, but not be limited to, locking tubes

together, or facilitating their relative motion,or of facilitat-
ing or limiting the transfer of electrical or thermalor light or

sound energy between them orof facilitating or limiting the

transfer of strain or compression or shear or rotary force
between them. Irrespective of their size and the nature of

their interactions, agents can be selected which interpose to
separate nanotubes and thereby limit or facilitate their

interactions, or which occupythe interstices between nano-

tubes but do not interpose or separate them and hence or
otherwise allow or facilitate direct inter-tube contact.

Notwithstanding that agents mentioned heretofore are
applicable to interactions between individual or bundled

nanotubes within a pre-primary assembly, primary assembly
or yarn, ribbon or sheet, all such agents are also similarly

able to facilitate or limit interaction between said pre-

primary assembly, primary assembly or yarn, ribbon or sheet
and the externality including, but notlimited to, the substrate

on which the nanotubes are grown, the tools and equipment
used to produce, handle, process or store them and the

intermediate or final products into which they are fashioned
or in which they are incorporated, including but not limited

to yarns, textiles and composites. Such interaction with the

externality can include deliberate connection to the exter-
nality by, but not limited to, the methods of bonding,

soldering, welding, attaching, connecting and other such
methods used by those skilled in the art of connection. Said

interaction can also include deliberate prevention of con-
nection in the nature of, but not limited to, insulating,

isolating, masking, desensitizing or rendering incompatible.

Agents can be selected which are applied and present only
for that operation for which they are intended and then are

removedor otherwise depart having fulfilled their function.
Such agents may be washed out with a solvent, liquefied,

evaporated or decomposed by thermal energy, decomposed
or altered by any form ofradiation or chemical treatment, or

otherwise be rendered, soluble, mobile, labile, volatile or

fugitive in order that such agent may wholly or substantially
be removed from or leave the nanotubes. Agents can be

selected which are applied and present for a particular
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function but which then remain either serving no further
purpose, or continuingto serve their initial function, or serve

alternative or additional functions in subsequent operations

and intermediate and final products. Such agents may
remain wholly unchanged or may undergo chemical or

physical changes or both. An example of such an agentis a
chemical which, in its monomeric form acts as a lubricant or

friction modifier for yarn assembly and is subsequently
polymerizedin situ to promote or facilitate nanotube or yarn

adhesion and interaction.

Those skilled in the art will recognize that the agents
described herein fulfill many of the functions applied in

conventional fiber processing and are of recognized types
including, but not limited to, fillers, surfactants, lubricants,

modifiers, humectants, binders, sizes, linkers, adhesives,
monomers and polymers. Those skilled in the art will also

recognize that the applications of these agents to a pre-

primary assembly, primary assembly or yarn, ribbon or sheet
of nanotubesor to intermediate or final products made of or

incorporating them introduce unique and hitherto undiscov-
ered or unobtainable qualities and functions to them.

The pre-primary and primary nanofiber assemblies and
the final twisted yarns can optionally include (1) nanofibers

having substantially different lengths or diameters, (2) non-

nanosize diameterfibers that are either continuousor limited
in length, (3) nanofibers having different chemical or physi-

cal surface treatments, or (4) nanofibers that have effectively
continuous lengths. One benefit of including continuous or

effectively continuous twisted fibers in the twisted yarns is
that these effectively continuous fibers can help bind short

length nanofibers into a mechanically robust assembly.

Optionally and mostpreferably, these effectively continuous
fibers are also either microdenier fibers (weighing less than

a gram per 9000 meter length) or nanofibers. These nano-
fibers having effectively infinite length are preferably made

by electrostatic spinning. These continuous or effectively

continuousfibers optionally and preferably largely comprise
either a metal or an organic polymer.

One preferred method to spin a singles yarn that com-
prises nanofibers having different lengths, different chemical

compositions, or different coatings is to effectively and
simultaneously draw-twist these fibers from the same pre-

primary or primary assembly. This pre-primary or primary

assembly is optionally and preferably a nanofiber forest.
It is optionally preferred for selected applications that the

twisted nanofiber yarns comprising different fiber compo-
nents are assembled in a segregated manner, such as alter-

nating strips in a nanofiber forest.
(b) False-Twist-Based Yarn Spinning from Nanofiber For-

ests

The Inventors have surprisingly discovered that a sub-
stantial part of the mechanical strength enhancement dueto

twist-based spinning of nanofibers can be obtained by using
false twist. False twist is basically twist in one direction

followed by an approximately equal twist in the opposite
direction. This unexpected discovery has enormouspractical

importance for several reasons. First, false twist can be

introduced very rapidly, which decreases the cost of spin-
ning processes. Second, false-twisted nanofiber yarns can be

advantageously used for formation ofyarns in which twistis
not neededto provide inter-nanofiber coupling, which can be

the case for yarns in which nanofiber length is very long and
ones in which an infiltrated material (such as a polymer)

provides mechanical coupling between nanofibers. For

example, the discovered strength enhancement due to false
twist enables application of the higher stresses needed for

fast spinning, whether or not true twist (net twist in one
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direction) is later introduced into the yarn. Finally, the
absence of significant true twist for a nanotube/polymer

composite yarn can enhance yarn toughness (the energy

required to break the yarn), since the presence of substantial
twist can interfere with the energy dissipative processes that

otherwise occur over large yarn deformations.
The experiments of Example 40 show that twist dramati-

cally increases yarn tensile strength, even whenthis twist is
subsequently eliminated by an equal twist in an opposite

direction. In this experiment, ribbons having fixed width

were pulled from a carbon nanotubeforest. In the absence of
twist or false twist, the strength of the ribbon was too low to

be measured. When twisted to form a twist angle of 28°,
strength increased from this negligible value to 339 MPa.

However, unlike the case for yarns comprising large diam-
eter fibers, an important percentage of this strength increase

(33%) was retained when the carbon nanotube yarn was

subsequently untwisted by an amount equal to the initial
twist. Note that the increase in yarn diameter (compare A

and B SEM micrographs of FIG. 52) as a result of twist
de-insertion is relatively small.

Since strong untwisted yarns are highly desirable for use
in forming nanotube/polymer composite yarns have both

high strength and high toughness, this surprising discovery

that false twist (twist insertion followed by twist de-inser-
tion) can dramatically increase yarn strength is quite impor-

tant. This discovery provides the motivation for the false-
twist spinning apparatus described in FIGS. 44-46.

False twist processes can optionally be applied more than
once to a yarn, so as to provide yarn densification and other

desirable results. Also, twist-based spinning and liquid-

densification-based spinning (see Section 1(e)) can be
optionally and beneficially applied during nanofiber yarn

spinning.
(c) Sheet and Ribbon Fabrication from Nanofiber Forests

While drawing yarns from carbon nanotube forests have

been described in the priorart, these yarns have a maximum
reported width of only 200 um and are much too weak to be

useful. The Inventors herein show that strong sheets having
arbitrarily wide widths can be drawn from nanotubeforests.

The structural nature of the nanotube forest is important
for drawing both sheets and wide ribbons from nanotube

forests, and the preferred structural nature of the forest is

described in Section 1(e).
Example 21 demonstrates the drawing of about five

centimeter width transparent nanotube sheets from the side-
wall of multiwalled nanotube (MWNT) forest. Draw was

initiated using an adhesive strip to contact MWNTs teased
from the forest sidewall. Importantly, bundled nanotubes

were simultaneously pulled from different elevations in the

forest sidewall, so that they join with bundled nanotubesthat
have reached the top and bottom of the forest, thereby

minimizing breaksin the resulting fibrils (FIGS. 22 and 23).
Sheet production rates of up to ten meters per minute where

demonstrated, which is comparable to the rates used com-
mercially for twisting wool together to make yarn. Even

whenthe measured areal density of the sheet was only ~2.7

ug/em?, meter-long, 500 cm? sheets were self-supporting
during draw. A one centimeter length of 245 um high forest

converted to about a three-meter-long free-standing MWNT
sheet. The sheet fabrication process is quite robust and no

fundamentallimitations on sheet width and length are appar-
ent: the obtained 5 cm sheet width equaled the forest width

when the draw rate was about 5 m/min or lower. The

nanotubes are highly aligned in the draw direction, as
indicated by the striations in the SEM micrograph of FIG.

22.
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For applications in which sheet or ribbon transparencyis

needed, the carbon nanofiber sheets or ribbons preferably

have an areal density of less than 10 ug/cm?.

As for twist-based nanofiber draw, it is preferred that
nanofibers are simultaneously pulled from essentially the

full height of the nanofiber forest sidewall (edge).
For economic reasons, the ribbon and sheet draw pro-

cesses are optionally preferably conducted at least 5 meters
per minute. Also, for reasons of economic fabrication, the

nanotube sheets optionally have a width of about 5 cm or

greater.

Example 22 shows that the solid-state drawn nanotube

sheet of Example 21 comprises a novel, useful state of
matter that was previously unknown: an aerogel comprising

highly oriented carbon nanotubes. From the measuredareal
density of about 2.7 g/cm? andthe sheet thickness of about

18 um, the volumetric density is approximately 0.0015

g/cm*. Hence, the as-produced sheets are an electronically
conducting, highly anisotropic aerogel that is transparent

and strong. The high degree of nanotube orientation in the
nanotube sheet is demonstrated by the Raman spectra of

FIG.41, which indicates a polarization degree of about 0.69
to 0.75. The anisotropy of light absorption (FIG. 25) also

indicates the high anisotropy of the nanotube sheets. Ignor-

ing the effect of light scattering, the ratio of absorption
coefficient for parallel and perpendicular polarizations for

the as-drawn single sheet was 4.1 at 633 nm, and mono-
tonically increased to 6.1 at 2.2 um. Thestriations parallel to

the draw direction in the SEM micrograph of FIG. 22
provides more evidence for the high degree of nanotube

orientation for the as-drawn nanotube sheets.

For certain applications, it is optionally preferred that the
aerogel sheets and ribbons madeby invention embodiments

have a density of less than 0.005 g/cm*.
The width of the nanofiber sheet can be optionally

increased or decreased to ribbon type widths. This can be

optionally accomplished by controlling the width of the
nanotube forest sidewall (or other pre-primary nanofiber

assembly) that is contacted when ribbon draw is initiated,
patterning forest deposition, or by separating wide drawn

sheets into ribbons (such as by mechanical or laser-assisted
cutting). The ribbon width is optionally preferred to be at

least 0.5 mm. More optionally preferred, the ribbon width is

above one millimeter.
In another method of invention embodiments, nanofiber

sheets of arbitrarily large lateral extent are obtained by
assembling nanofiber ribbons or narrower sheets, so that

adjacent ribbonsor narrowersheetsat least partially overlap
to provide inter-ribbon binding. This assembly can be

accomplished on a planar or non-planar substrate, such as a

rotating drum.Since the inter-ribbon binding will normally
be low, a binding agent (such as a polymer like polyvinyl

alcohol) can optionally be used to enhance inter-ribbon
bondingin the sheet. Alternatively, inter-ribbon bonding can

be enhanced by other means, such as by using electron
beam, microwave,or radio frequency welding (optionally in

the presence of a bonding agent). Soaking the sheetin liquid,

such as methanolor isopropyl alcohol, and then drying (see
section 1(d)) is another wayto fix the binding (inter-ribbon

binding and/or the binding between ribbon and substrate).
(d) Liquid-Based Densification for Strengthening Nanotube

Sheets and Ribbons
The Inventors have also surprisingly discovered that

liquid imbibing, followed by liquid evaporation can be used

for causing over 300 fold densification of nanofiber sheets
an ribbons, and for increasing both strength and tenacity

(gravimetric strength).
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Morespecifically, Example 23 shows that the Inventors

can easily densify these highly anisotropic aerogel sheets

into highly oriented sheets having a thickness of 50 nm or

less and a density of ~0.5 g/cm*. In this specific instance
they obtain a 360-fold density increase by simply adhering

by contact the as-produced sheet to a planar substrate (e.g.
glass, manyplastics, silicon, gold, copper, aluminum, and

steel), immersing the substrate with attached MWNTsheet
into a liquid (e.g. ethanol), retracting the substrate from the

liquid, and then permitting evaporation. Densification of the

entire sheet, or selected areas within the sheet, can also be
similarly obtained by dropping or otherwise injecting such a

liquid onto the sheet area where densification is desired, and
allowing evaporation. Surface tension effects during ethanol

evaporation shrank the aerogel sheet thickness to 30-50 nm
for the MWNTsheet prepared as described in Example 1.

The aerogel sheets can be effectively glued to a substrate by

contacting selected regions with ethanol, and allowing
evaporation to densify the aerogel sheet. Adhesion increases

because the collapse of aerogel thickness increases contact
area between the nanotubes and the substrate.

Example 27 showsthatthe densification process substan-
tially increases the mechanical properties of the nanotube

sheets. Stacks ofundensified identically oriented sheets have

an observed gravimetric tensile strength of between 120 and
144 MPa/(g/em*). A densified stack containing identically

oriented sheets had a strength of 465 MPa/(g/cm*), which
decreased to 175 MPa/(g/cm*) when neighboring sheets in

the stack were orthogonally oriented to make a densified
biaxial structure. These density-normalized strengths are

comparable to or higher than the ~160 MPa/(g/cm*) strength

of the Mylar® and Kapton® films used for ultra-light air
vehicles and proposed for solar sails for space applications

(see D. E. Edwards et al., High Performance Polymers 16,
277 (2004)) and those for ultra-high strength steel sheet

(~125 MPa/(g/cm*)) and aluminum alloys (~250 MPa/(g/

em®)).
Example 35 showsthat the nanotube sheets are a type of

self-assembled textile in which nanofiber bundles branch
and then recombine with other branches to form a network

having a degree of lateral connectivity orthogonal to the
draw direction. The SEM micrograph of FIG. 28 showsthis

branching and branch recombination. Fibril branching con-

tinues throughout the sheet, thereby making a laterally-
extended, inherently interconnected fibril network.

(e) Liquid-Densification-Based Spinning from Nanofiber
Forests

The inventors find that a strong nanotube yarn can be
obtained from a nanotube forest by using liquid-based

densification, thereby avoiding the need for either twist or

false twist. While Example 38 demonstrates this process for
a ribbon drawn from a forest, the inventors find that this

process can also be applied for narrow yarns. If no twist is
applied and the yarns are used as-drawn from the forest, the

yarn mechanical strength was too low to be measured using
the available apparatus. The effect of liquid treatment (in-

volving liquid imbibing, and filament densification during

liquid evaporation) was to dramatically increase strength, as
well as to increase tenacity (see Example 20). For the case

of the ribbon described in Example 36, the obtained strength
resulting from liquid-densification was 215 MPa.

The choice ofliquids for liquid-densification-based nano-
tube spinning is guided in part by surface energy andliquid

cohesive energy considerations, since it is desirable that the

imbibed liquid is adequately imbibed into the nanotube
sheet, ribbon, or yarn. Since the surface energy of the

nanotubes can be dramatically effected by chemical deriva-
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tization and surface coatings (see Section 7), this choice of
liquid depends upon whether or not this derivatization has

occurred (for example, as a result of reactions during forest

synthesis, post-synthesis treatment ofthe nanotubeforest, or
after initially drawing the nanotube ribbon, sheet, or yarn).

For the largely non-derivatized nanotube forests of Example
1, acetone, ethanol, methanol, isopropyl alcohol, toluene,

chloroform, and chlorobenzene preform well as liquids for
sheet, ribbon, or yarn densification. The performance of

liquids that do not perform well for a particular type of

nanotube can be enhanced by adding a suitable surfactant.
For example, water does not perform satisfactorily for

densifying the nanotubesheets prepared using the method of
Example 22 from the nanotube forests of Example 1. How-

ever, a surfactant/water mixture (either 0.7 weight percent
Triton X-100 in water or 1.2 weight percentlithium dodecyl

sulfonated in water) was a satisfactory densification agent

(see Example 23). Other considerations for the choice of
liquid for densification are liquid viscosity (which affects the

rate of the liquid infiltration process) and the ease at which
this liquid can be volatilized during subsequent processing.

The optionally preferred degree of infiltration is option-
ally and preferably the maximum that can be achieved

without unnecessarily increasing processing costs. How-

ever, it is sometimes useful to obtain yarns, sheets, and
ribbonsin which liquid is imbibed only into the outer surface

regions of these articles. The benefit of such partial infiltra-
tion is to obtain densification for principally the imbibed

regions.
Various methods can be usefully employed for achieving

infiltration of the liquid used for densification into the

nanofiber yarn, ribbon, or sheet. These include among other
possibilities the condensation of a vapor, immersion into the

liquid, and exposure to an aerosol of the liquid. Removal of
the densification liquid is preferably by evaporation. Super-

critical fluids can also optionally be used as liquids for

achieving yarn, sheet, or ribbon densification.
The liquid used for densification can optionally contain a

binding agentor other functionally useful agent for enhanc-
ing yarn properties (see Section 8), which can be either

dissolved in the densification agent or dispersed withinit as
colloidal material. Useful types of colloidal particle include

catalyst particles and nanofibers, especially largely

unbundled carbon single walled nanotubes.
Twist-based spinning,liquid-densification-based spinning

(see Section 1(e)), and false-twist based spinning can be
optionally and beneficially applied in any combination dur-

ing yarn spinning. Also, liquid-densification-based spinning
can be optionally combined simultaneously with twist-based

spinning—and the twist can either be retained or subse-

quently be partially or completely removed during later yarn
processing. The inventors show in Example 38 that densi-

fication of drawn ribbons prior to twist madeit possible to
obtain uniformly twisted singles yarn even when the applied

twist is very low (corresponding to a helix angle of 5°).
Application of such low twist in the absence of pre-applied

liquid-based yarn densification resulted in non-uniform twist

and yarn diameter.
(f) Elaboration of Nanofiber Forest Types Useful for Yarn,

Sheet, and Ribbon Production
Most types of nanotube forests are either unsuitable for

spinning or produce weak yarns or ribbons. The nanotube
forests used for spinning either have a degree of entangle-

ment or other bonding between the substantially parallel

nanotubes in the forest, or one that develops early in the
spinning process. A degree of bundling in the forest, wherein

one nanotube meanders between different bundles, can be
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obtained by using such type ofCVD forest growth processes
as described in Example 1. Such a degree of bundling and

meandering is preferable. It is more specifically preferable

that nanotubes in the forest undergo intermittent bundling,
meaning that a individual nanotube forms small bundles

with a small group of neighboring nanotubesat one location
along the forest height and with other small group of

neighboring nanotubes at other locations along the forest
height.

Transition from spinable to non-spinable or difficultly

spinable forests can be caused byrelatively minor changes
in the reaction conditions used for nanotube forest growth.

Even changing the furnace size and type used for spinning
can importantly change the spinability of forests and the

ease of drawing forests. However, those having ordinary
skills in the known art of forest growth will be able make

small changes in growth conditions, so as to provide useful

nanotube forests for nanotube sheet, ribbon, and yarn pro-
duction.

Too low a density of nanotubesin a forest renders a forest
difficult to spin. This is illustrated in FIG. 56 where SEM

micrographs of the growth substrates are compared for
spinable and practically non-spinable nanotubeforests (after

removal of the nanotubes) wherein the small diameter pits

on the growth substrate correspond to the growth site of
MWNTSs.The nanotube diameters (about 10 nm) are roughly

the same for both of these spinable and practically non-
spinable forests. However, the inventors have observed

nanotube forest base area densities of 90 billion to 200
billion nanotubes/cm? for nanotube forests that are highly

spinable, as compared with 9 billion to 12 billion nanotubes/

cm? for low density nanotube forests that were difficult or
impossible to spin. Also, the inventors observed that the

percentage of the forest base area that was occupied by
nanotubes was much higher (7% to 15%) for highly spinable

forests, as compared with 1.1% to 2.5% for nanotube forests

that were difficult or impossible to spin.
While these measurements of nanotube density and frac-

tion of forest area that is occupied are most conveniently
measured using the base plane, it should be understood that

nanotube forest density can differ from the base plane value,
both increasing because individual nanotubes prematurely

stop growth and because new nanotube growth is initiated

abovethe forest base. Optionally and preferably at least 20%
of the nanotubesinitiated on the base area continue growth

to essentially the top of the forest. Optionally and more
preferably, at least about 50% of the nanotubesinitiated on

the base area continue growth to essentially the top of the
forest.

Reflecting these complications the terms maximum nano-

tube forest density and maximum % offorest area are used,
which are defined as the maximum values of these param-

eters when measured on planes parallel to the growth
surface. Also, in some cases it is useful to employ a

non-planar growth surface. In which case, the terms nano-
tube forest density and fraction of surface occupied by

nanotubes is defined using either the non-planar growth

surface or for a surface essentially parallel to the growth
surface.

Based on these surprising observations, nanotube forests
used directly for yarn, ribbon, or sheet draw preferably have

a maximum nanofiber density of at least 20 billion nano-
tubes/cm? when the nanotube diameter is approximately 10

nm. More generally for these and other nanotube diameters,

nanotube forests used directly for yarn, ribbon, and sheet
draw have a maximum percentage of the forest area thatis

occupied by nanotubes that is optionally and preferably
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above about 4%. Optionally and more preferably, the nano-

tube forests used directly for yarn, ribbon, and sheet draw

have a nanofiber density on the forest base of at least 20

billion nanotubes/em? when the nanotube diameter is

approximately 10 nm. Also, optionally and more preferably,

the nanotubeforests used directly for yarn, ribbon, and sheet

draw have a percentage of the forest base area that is

occupied by nanotubes that is above about 4%.

Too high a density of nanotubesin the forest and too large

an interaction between the nanotubes in a forest can also

make nanotube forests difficult or impossible to spin. The

problem here is that interactions within the forest are so

strong that the draw-induced transformation from nanotube

orientation in the forest to that in the yarns and sheets is

interrupted, and principally clumps of nanotubes are with-

drawn from the forest.

Nanotubeforests used directly for yarn, ribbon, and sheet

draw have a maximum percentage of the forest area that is

occupied by nanotubesthat is optionally and preferably less

than 40%. Also, optionally and more preferably, the nano-

tube forests used directly for yarn, ribbon, and sheet draw
have a percentageofthe forest base area that is occupied by

nanotubes that is below about 40%.

The product of the number of nanotubes per unit area in
the forest and the nanotube diameter is optionally and

preferably in the range between 0.16 and 1.6 when measured
on the forest base, since this parameter range is especially

useful for sheet, ribbon, and yarn spinning from carbon
nanotube forests.

This nanofiber forest suitable for formation of the primary

assembly, or as a primary assembly, can be on a planar or
non-planar substrate and the nanofibers in the forest can

either be deposited over substantially the entire substrate
surface or only on part of the surface. Also, different types

of nanotubes can be in different regions of the surface or can

be mixed in the same forest regions.
For convenience in facilitating nanotube yarn spinning

and ribbon and sheet draw, the minimum radius for the
forest-occupied-area of a curved forest substrate is option-

ally over ten times the maximum heightofthe forest. Use of
a curved surface substrate, whether or not this substrate is

subsequently removed before ribbon or sheet draw, can

facilitate the draw of ribbons and sheets that are non-planar.
For the purpose of drawing such ribbons andsheets, the tool

used to start spinning or draw should preferably have a
matching shape, meaning that this tool is sufficiently

matched in shape to the curved substrate that appropriate
forest contact can be made every whereto start spinning.

(g) Elaboration on Methods for Starting Sheet, Ribbon, and

Yarn Draw
Example 46 describes methods for initiating the drawing

of a nanotubesheet,ribbon, ribbon array, yarn, or yarn array
from a nanotube forest using an adhesive, an array of pins,

or a combination of an adhesive and an array of pins.
Interestingly, the inventors find that contact of an adhesive

tape to either the top or sidewall of the nanotube forest is

useful for providing the mechanical contact that enables the
start of sheet draw. Any of an enormousvariety of adhesive

tapes and adhesives applied to surfaces are suitable, includ-
ing the various Scotch® brand adhesive tapes of 3M and the

adhesive strip of 3M Post-it® Notes. Contact of a straight
adhesive strip (so that the adhesive strip is orthogonal to the

draw direction) is especially efficient for starting the draw of

a high structural perfection sheet. The reason that this top
contact method is especially advantageous is that nanotube

forests typically have non-straight sidewalls, and the use of
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a straight adhesive strip (or a straight array of suitably
spaced pins) provides straight contact for forest draw to

make a sheet.

An array of closely spaced pins can also be usefully
employed to start sheet draw. In one experiment, the pin

array consisted of a single line of equally spaced pins. The
mechanical contact needed for spinning was in this case

initiated by partial insertion of the linear pin array into the
nanotube forest (see Example 46). The pin diameter was 100

micron, the pin tip was less than one micron, and the spacing

between the edges of adjacent pins was less than a milli-
meter. Satisfactory sheet draw was achieved using pin

penetration of between 4 and *4 of the height of the forest
(in the range between 200 and 300 microns).

Optionally and preferably, neighboring pins in the pin
array can have differing lengths, so that they are inserted to

differing depths in the nanotubeforest. Also, instead ofusing

a single linear array of pins, the pin array can be two
dimensionalin lateral extent. For example the pin array can

beneficially consist of two or three rows of pins perpendicu-
lar to the draw direction in which adjacent rowsare option-

ally offset in the row direction by one-half of the inter-pin
spacing in the row direction. The pins in the pin array are

optionally and preferably approximately equidistant from

nearest neighborpins.
Draw processes of multiple ribbons or yarns can be

similarly initiated using a linear array of adhesive patches or
a linear array of pins that are separated into segments. The

separation distance between adhesive patches along the
length of the linear array determines the ribbon or yarn

width. The yarn can be subsequently strengthened by, for

instance, twist-based spinning, false-twist spinning, liquid-
densification-based spinning, or any combinations thereof.

Mechanical separation of the sheet strip patches or the pin
patchesin the linear array during the start of draw is usefully

employed in order to avoid interference during processing of

adjacent ribbonsor yarns, such as during the introduction of
twist.

Use of adhesive patches (or pin patches) that have dif-
ferent lengths along the strip direction can be usefully

employed—suchas to draw-twist adjacent strips to produce
different diameter yarns (which can be optionally combined

to provide a plied yarn in which different singles yarns in the

plied yarn have different diameters). Different degrees of
twistor directions of twist can be conveniently and usefully

applied to different singles yarns that are drawn using the
segmented adhesive or pin strip, and these different singles

yarns can then be optionally plied together in a yarn con-
taining a freely-selected numberof plies. Importantly, using

the above methodsfor introducing different diameter singles

yarns into a plied yarn can be employedto produce a plied
yarn having enhanceddensity, since smaller diameter single

yarns can help fill-in void spaces between larger diameter
singles yarns.

(h) Spinning Nanotube Yarns from Either Free-Standing or
Substrate Supported Nanotube Sheets and Ribbons

The inventors have demonstrated that nanotube sheets can

be drawn from a nanotubeforest, separated into ribbons, and
that these ribbons can be subsequently twisted to make

yarns. Similarly, the inventors show that ribbons drawn from
a nanotube forest can be subsequently twisted to make yarn.

For instance, Example 36 showsa process wherein a 3 cm
wide free-standing ribbon is folded upon itself along the

draw direction and then subsequently twisted to make a 50

micron diameter yarn.
Example 37 demonstrates a process wherein forest-spun

nanotube sheets are attached to a plastic film substrate,
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densified on this substrate using liquid infiltration and
evaporation, and then draw-twist spun into a carbon nano-

tube yarn by drawing a nanotube sheet ribbon from the

plastic film substrate and twisting this ribbon.
Example 52 showsthat liquid-densified nanotube sheet

stacks can be formed on cellulose tissue paper, that the
nanotube sheets or ribbons can be easily peeled from this

cellulose substrate, and that these ribbons can be twist spun
to make strong nanotube yarn. This example indicates that

any of a variety of porous substrates, such as poly(propyl-

ene) and polyethylene-based paper sheets, can be used as
carrier substrates for the storage and shipmentof densified

nanotube yarn sheets in rolls, and the latter separation of
nanotube sheets from the substrate as free-standing ribbons

or sheets for subsequent applications, such as the twist-
based spinning of yarns, the formation of lamellar compos-

ites, and the use of ribbons and sheets as electrodes.

Polymer-infiltrated nanofibers yarns can be made by (a)
placing densified or non-densified oriented nanofiber sheets

(or a single oriented nanofiber sheet) on a fusible substrate
film or film strip so that the nanofiber sheets share a common

nanofiber orientation direction, (b) optionally cutting or
otherwise sectioning the resulting laminate along the nano-

fiber orientation direction to provide a laminate ribbon of

suitable width (determined according to the desired yarn
diameter), (c) heating the ribbon laminate while the ribbon

laminate is under tension in the orientation direction or
compression is applied orthogonal to the ribbon surface, so

that the fusible material attaches to and at least partially
infiltrates into the nanofiber sheet, (d) optionally drawing the

ribbon laminate while the fusible material is at a temperature

where it is easily deformable, (e) optionally twisting the
ribbon while the fusible material is at a temperature where

it is easily deformable, and then (f) cooling the fusible
material to ambient temperature. The fusible substrate is

preferably a fusible organic polymerandthe nanofiber sheet

is preferably a carbon nanotube sheet, and the carbon
nanotube sheet is preferably made by draw from a carbon

nanotube forest.
In another useful process, (a) densified or undensified

nanotube sheets are laminated together with a sheet or sheets
of a fusible sheet material to form a laminate, (b) the

laminate is heated to above a temperature at which point

fusion occurs while the laminate is under tension in an
orientation direction or compression orthogonal to the sheet

surface, and (c) cooling the laminate to ambient temperature.
This process can be optionally conducted so that fusion

between the fusible material and the nanotube sheets
between heated rollers that provide a lateral pressure. The

product of this process can optionally be cut into ribbon

shaped yarns that are infiltrated with the fusible material.
The fusible material is optionally and preferably an organic

polymer. For this purpose of film cutting, micro-slitter and
winder equipmentis available from Ito Seisakusho Co., Ltd

(Japan) that is suitable for converting continuous nanotube
sheets to continuous ribbons and yarns.

(i) Post Yarn Spinning and Post Ribbon and Sheet Fabrica-

tion Processes Using Actinic Radiation and Thermal Treat-
ment

Various means can be optionally employed for the post
spinning processing of twisted yarns of Section 1(a), the

false-twist yarns of Section 1(b), the liquid-densitfied sheets
and ribbons of Section 1(d), and the liquid-densification

spun yarns of Section 1(e).

These methods include thermal annealing at a temperature
of less than 2500° C. for multiwalled carbon nanotubes and

less than 1700° C. for single walled carbon nanotubes or
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exposure to actinic radiation, such as gammaray, electron
beam, microwave, or radiofrequency radiation.

Typically, mechanical strength increases as a result of

such treatments (perhaps due to inter-tube coalescence for
single walled carbon nanotubes and inter-tube covalent

bonding for both single walled and multiwalled carbon
nanotubes) and then decreases with further treatment. Ther-

mal annealing can optionally and usefully be combined
either simultaneously of sequentially and thermal annealing

can optionally be conducted byresistive heating caused by

passage of an electrical current through the nanotube yarns
and sheets. The conditions needed to maximize strength by

such processes strongly depend upon nanotubetype, but can
be easily determined for a particular nanotube type and

assembly type by one having ordinary skill in the art.
Information on these methodsis found, for example, in P. M.

Ajayan and F. Hanhart, Nature Materials 3, 135 (2004), in T.

J. Imholt et al., Chem. Mater. 15, 3969 (2003), in A. Kis et
al., Nature Materials 3, 153 (2004), and in US 2004/0222081

Al by J. M. Touret al.
2. Synthesis and Modification of Nanofibers for Yarn, Sheet,

and Ribbon Fabrication
MWNITs and SWNTsare optionally and especially pre-

ferred for use in invention embodiments. Laser deposition,

CVD, and the carbon-are discharge methods are optional
and preferred methods for making the carbon nanotubes, and

these methods are well knownin the literature (R. G. Ding
et al., Journal of Nanoscience and Nanotechnology 1, 7

(2001) and J. Liu et al., MRS Bulletin 29, 244 (2004)).
Synthetic methods generally result in mixtures of nanotubes

having different diameters. Use of catalyst for nanotube

synthesis that is close to monodispersed in size (and stable
in size at the temperatures used for synthesis) can dramati-

cally decrease the polydispersity in SWNT diameter, and
nanotubes having this narrower range ofnanotube diameters

can be useful for invention embodiments. S. M. Bachilo at

al. describe such a method in Journal of the American
Chemical Society 125, 11186 (2003).

The twisted SWNTyarns, nanotube sheets, and nanotube
ribbons of the present invention can be produced from

nanotube forests analogously as described here for MWNT
yarns. However, the preparation of SWNT forests differs

from that of MWNTforests. The alcohol-CVD technique is

used successfully to synthesize SWNTforest (Y. Murakami
et al., Chem. Phys. Lett. 385, 298 (2004)). The method of

forest growth described by K. Hata et al. in Science 306,
1362 (2004) is especially useful, since both SWNT and

MWNTforests result from this method andthe forest height
can be higher than 2.5 mm.In this method catalytic activity

is stimulated by a precisely controlled amount of water

vapor during CVD growth of the nanotubeforests.
As for MWNTforests, not all SWNT forests can be used

advantageously for spinning yarns and for fabricating yarns
and ribbons by forest-based processes. For this purpose, the

SWNT forest should preferably have the characteristics
described in Section 1(f).

Multiple forest layers can readily be grown upon each

other (for example, using the methods described by X. Li et
al. in Nano Letters 5, 1998 (2005)) and these different layers

(when optimized for forest spinning or sheet or ribbon draw)
can be simultaneously utilized, which optimizes materials

throughput. These stacked forests can optionally be stripped
from the substrate prior to the sheet, ribbon, or yarn fabri-

cation by the methods of this invention.

The nanofibers used for spinning and for ribbon and sheet
fabrication can optionally contain coiled (FIG. 14) or

crimped nanofibers (FIG. 15). One benefit of such inclusion
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is an increase in the extensibility of the nanofiber yarns as a
consequence ofthe increase in the effective breaking strain

ofthe coiled or crimped nanofibers. One optionally preferred

method for spinning such coiled or crimped nanofibers into
yarns is to utilize draw-twist assembly from a forest com-

prised of such coiled or crimped nanofibers. An alloy of iron
with indium tin oxide as catalyst can be used to grow coiled

or crimped nanotubes as forests (see M. Zhanget. al., Jpn.
J. Appl. Phys. 39, 1242 (2000)).

Various methods of separating SWNTs according to elec-

trical properties are useful for invention embodiments, such
as for enhancing achievedelectrical conductivity. Examples

of known methods for such separation involve (1) use of
charge transfer agents that complex mostreadily with metal-

lic nanotubes, (2) complexation with selected types of DNA,
and (3) dielectrophoresis (R. Krupkeet al., Nano Letters 3,

1019 (2003) and R. C. Haddon et al., MRS Bulletin 29,

252-259 (2004))
Yarn performance can also be optimized by filling com-

ponent nanotubes or nanotube scrolls (single spirally-
wrapped graphite sheet) with materials to enhance mechani-

cal, optical, magnetic, or electrical properties. Various
methods are particularly useful in invention embodiments

for filling or partially filling nanotubes. These methods for

SWNTs and MWN'stypically includea first step of opening
nanotube ends, which is conveniently accomplished using

gas phase oxidants, other oxidants (like oxidizing acids), or
mechanical cutting. The opened nanotubes (as well as

scrolled nanotubes) can be filled in various ways,like vapor,
liquid phase, melt phase, or supercritical phase transport into

the nanotube. Methods for filling nanotubes with metal

oxides, metal halides, and related materials can be like those
used in the prior art to fill carbon nanotubes with mixtures

of KCI and UCL; K1; mixtures of AgC] and either AgBr or
Agl; CdCl,; Cdl,; ThCl,; LnCl,; ZrCl,; ZrCl,, MoCl,,

FeCl,, and Sb,O3. In an optional additional step, the thereby

filled (or partially filled) nanotubes can be optionally treated
to transform the material inside the nanotube, such as by

chemical reduction or thermal pyrolysis of a metal salt to
produce a metal, such as Ru, Bi, Au, Pt, Pd, and Ag. M.

Monthioux has provided (Carbon 40, 1809-1823 (2002)) a
useful review ofthese methods for filling and partially filling

nanotubes, including the filling of nanotubes during nano-

tube synthesis. The partial or complete filling of various
other materials useful for invention embodiments is

described in J. Sloan et al., J. Materials Chemistry 7,
1089-1095 (1997).

Nanofibers need not contain carbon in order to be useful
for invention embodiments, and a host of processes are well

known in the art for making nanofibers that are not carbon

based. Some examples are the growth of superconducting
MgB, nanowires by the reaction of single crystal B

nanowires with the vapor of Mg (Y. Wuet al., Advanced
Materials 13, 1487 (2001)), the growth of superconducting

lead nanowires by the thermal decomposition oflead acetate
in ethylene glycol (Y. Wuet al., Nano Letters 3, 1163-1166

(2003)), the solution phase growth of selentum nanowires

from colloidal particles (B. Gates et al., J. Am. Chem. Soc.
122, 12582-12583 (2000) and B. T. Mayeret al., Chemistry

of Materials 15, 3852-3858 (2003)), and the synthesis of
lead nanowires by templating lead within channels in porous

membranesor steps on silicon substrates. The latter methods
and various other methods of producing metal and semicon-

ducting nanowires of types suitable for the practice of

invention embodiments are described in Wu et al., Nano
Letters 3, 1163-1166 (2003), and are elaborated in associ-

ated references. Y. Li et al. (J. Am. Chem. Soc. 123,



US 9,605,363 B2

41
9904-9905 (2001)) has shown how to make bismuth nano-
tubes. Also, X. Duan and C. M. Lieber (Advanced Materials

12, 298-302 (2000)) have shown that bulk quantities of

semiconductor nanofibers having high purity can be made
using laser-assisted catalytic growth. These obtained nano-

fibers are especially useful for invention embodiments and
include single crystal nanofibers of binary group III-V

elements (GaAs, GaP, InAs, InP), tertiary IJI-V materials
(GaAs/P, InAs/P), binary I-VI compounds (ZnS, ZnSe,

CdS, and CdSe), and binary SiGe alloys. Si nanofibers, and

doped Si nanofibers, are also useful for invention embodi-
ments. The preparation of Si nanofibers by laser ablation is

described by B. Li et al. (Phys. Rev. B 59, 1645-1648
(1999)). Various methods for making nanotubesofa host of

useful materials are described by R. Tenne in Angew. Chem.
Int. Ed. 42, 5124-5132 (2003). Also, nanotubes of GaN can

be usefully made by epitaxial growth of thin GaN layers on

ZnO nanowires, followed by the removalof the ZnO (see J.
Goldbergeret al., Nature 422, 599-602 (2003)). Nanofibers

having approximate composition MoS,_,I, which are com-
mercially available from Mo6 (Teslova 30, 1000 Ljubljana,

Slovenia) are included in preferred compositions (most
especially for x between about 4.5 and 6).

While some of these above-described non-carbon-based

nanofibers do not have the dimensional characteristics that
are optionally preferred for nanofiber spinning and the

fabrication of nanofiber sheets and ribbons, the prior art
teaches methods for synthesizing nanofibers of these types

that are in optionally preferable dimensional ranges. For
example, synthesis of nanofibers by templating anodized

alumina is a well known technology, and the nanofiber

diameter and nanofiber length can be appropriately adjusted
by appropriate selection of the thickness of the anodized

alumina and the diameter of the channels in this anodized
alumina.

Nanoscrolls are especially useful for invention embodi-

ments, because the inventors find that they can provide
mechanical properties advantages over multiwalled nano-

tubes and other non-scrolled nanofiber types. These nano-
scrolls are individual sheets or a thin stack of sheets of a

layered material that automatically wind to make a scroll,
which is structurally analogous to a jelly roll. Almost any

sheet-like material can self-assemble into scrolls—as long as

the lateral sheet dimension is sufficiently large that the
energy gain from non-covalent binding between layers of

the scroll can compensate for the elastic energy cost of
forming the scroll. Some examples of materials that have

been shown to form nanoscrolls are bismuth, BN, C, V,0;,
H,Ti,0,, gallium oxide hydroxide, zinc and titanium oxides,

CdSe, Cu(OH),, selected perovskites, InGa/GaAs and

Ge,Si,_,/Si heterolayer structures, and mixed layer com-
pounds like MTS, and MTS, (M=Sn, Pb, Bi, etc.; T=Nb,

Ta, etc.). This generality of the scroll formation process for
layered materials, from bismuth to carbon and boronnitride,

means that there is a host of candidate compositions to
choose from for yarn formation. Since scrolls can be made

by simply exfoliating materials that are presently made in

high volumeat low cost, yarns of this invention can also be
madeat low cost. Methods of synthesizing nanoscrolls of a

host of layered materials are known, and these methods can
be used for the practice of present invention embodiments

(see L. M Viculis, L. M., J. J. Mack, and R. B. Kaner,
Science 299, 1361-1361 (2003); Z. L. Wang, Advanced

Materials 15, 432-436 (2003); X. D. Wanget al., Advanced

Materials 14, 1732- (2002); W. L. Hughes and Z. L. Wang,
Applied Physics Letters 82, 2886-2888 (2003); J. W. Liu et

al., Journal of Physical Chemistry B 107, 6329-6332 (2003);
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and Y. B. Li, Y. Bando, and D. Golberg, Chemical Physics
Letters 375, 102-105 (2003)).
3. Non-Forest Nanofiber Assemblies Suitable for Yarn,

Sheet, and Ribbon Fabrication
As an alternative to employing a nanotube forest as the

pre-primary or primary assembly, various other nanofiber
arrays can be employed.

For instance, Example 37 describes a method of twist
spinning of carbon nanotube yarns from a densified nano-

tube sheet. In this example the densified nanotube sheet

serves as a pre-primary array. An as-drawn, free-standing
MWNTsheet (made as in Example 21) was placed onto a

substrate (e.g., glass, plastic, or metal foil) and densified
using a liquid. A plastic substrate, like Mylar film, was most

conveniently used. A desired width of the densified sheet
was easily drawn from the substrate using an adhesive tape

to start the draw process (in which the nanofiber yarn of

ribbon is generated by peeling nanotubes from the sub-
strate). By attaching one end of the separated sheet strip to

a motor to introduce twist while the yarn was drawn, a
uniform diameter spun yarn was obtained.

Example 36 demonstrates that the solid-state fabricated
MWNTsheets can be conveniently drawn and spun into

large diameter yarns having uniform diameter. In this

example the densified nanotube sheet serves as a primary
array. A 10.5 cm long, 3-cm-wide as-drawn nanotube sheet

was folded upon itself to make a quasi-circular assembly
having about the same length. One end was attached to the

tip of a spindle and the other end wasattached to a fixed
copper wire. By introducing twist, uniform spun yarn was

formed at a twist level of ~2000 turns/meter.

Although an aerogel comprising sufficiently long carbon
nanotubesis suitable for twist-based spinning of yarns, the

benefits of lateral stress transfer are not realized unless the
ratio of nanofiber length to nanofiber circumference is above

5 and more preferably above 20. While nanotube yarns have

been previously spun ina CVD furnaceat about 100° C. and
either simultaneously or subsequently twisted, the described

experiments (Y. Li et al., Science 304, 276 (2004), I. A.
Kinlocket. al., WO 2005/007926 A2, and M. Motta, Nano

Letters 5, 1529 (2005)) provided a ratio of nanofiber length
to yarn circumference of below unity, which is inadequate

for achieving the benefits of twist-generated lateral stress

transfer.
Carbon nanotube aerogel comprised of suitably long

nanotubescan be used as a pre-primary array for false-twist-
based yarn spinning and for liquid-densification-based yarn

spinning, as well as for the production of strong ribbons and
sheets by the liquid-densification-based strengthening of

aerogel ribbons or sheets drawn from the aerogel. Drawn

ribbons of these aerogels, optionally strengthened by liquid
densification, can be converted into nanotube yarns using

twist, false twist, or a combination of false twist and twist.
Other nanofiber aerogels are also suitable as a pre-primary

array for false-twist-based yarn spinning and for liquid-
densification-based yarn spinning, as well as for the pro-

duction of strong ribbons and sheets by the liquid-densifi-

cation-based strengthening of aerogel ribbons or sheets
drawn from the aerogel. Drawn ribbons of these aerogels,

optionally strengthened by liquid densification, can also be
converted using twist, false twist, or a combination offalse

twist and twist into nanofiber yarns. Examples of nanofiber
gels providing useful compositions for spinning and for

sheet and ribbon formation are vanadium oxide aerogels,

vanadium oxide/carbon nanotubes composites aerogels, and
nanofibrillar cellulose aerogels. The preparation of gels of

these types are described by J. S. Sakamato and B. Dunn
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(Journal of the Electrochemical Society 149, A26 (2002)),
by W. Dong et al. (Science and Technology of Advanced

Materials 4, 3 (2003)), and by H. Jin et al. (Colloids and

Surfaces A 240, 63 (2004)). Well-known methods can be
usefully employed for increasing nanofiber length and mini-

mizing the length-to-width ratio, so as to improve or provide
applicability of these nanofibers for fiber spinning and for

sheet and ribbon draw.
Magnetically oriented nanofiber sheets, electrically ori-

ented nanofiber sheets, or nanofiber sheets oriented by shear

flow can be employed as primary arrays for yarn spinning.
These nanotube sheets can be obtained in highly oriented

form by various processes, such as the application of either
shear flow fields or magnetic or electric fields during a

filtration process that provides nanotube sheets (see M. J.
Casavant et al., J. Applied Physics 93, 2153-2156, (2003)),

and such forms are useful for the practice of invention

embodiments.
In order to remove impurities, it is optionally useful for

some applications to anneal the nanofiber sheets to remove
impurities, such as possible surfactants used for nanotube

suspension and possible functionalities introduced during
nanotube purification. This optional annealing for carbon

nanotubesis preferably conducted at temperaturesofat least

400° C.for 0.5 hours or longer. In order to preserve carbon
nanotubestructure, annealing is optionally and preferably

carried out in an inert atmosphere at a temperature that is
preferably below about 1500° C. for single walled nano-

tubes.
Such oriented arrays of nanofibers can be employed as a

primary assembly for twist-based spinning. The inventors

have discovered that such twist-based spinning will not be
very successful in producing a high strength yarn unless the

maximum total applied twist in one direction per unit fiber
length for a twisted yarn of diameter D is at least approxi-

mately 0.06/D turns and a significant component of the

nanofibers have (1) a maximum width of less than approxi-
mately 500 nm, (11) a minimum length-to-width ratio of at

least approximately 100, and (ili) a ratio of nanofiber length
to yarn circumference greater than approximately 5.

The inventors find that the oriented carbon nanotube
sheets described in the literature (having nanofiber lengths

of less than a few microns)are largely unsuitable for making

high strength twisted yarns of diameter 1 micron or larger.
The reasonthat the inventors find is that the nanofiber length

should preferably be at least five times the yarn circumfer-
ence and morepreferably 20 times the yarn circumference.

However, the inventors find that the filtration-based sheet
formation process works for much longer nanotubes(such as

the up to 300 micron long nanotubes produces by the method

ofExample 1), and such longer nanotubesare optionally and
preferably employed for invention embodiments.

Yarns made by coagulation spinning processes are also
useful for invention embodiments as long as nanofiber

lengths in these yarns are increased to preferably over at
least five times the circumference ofthe yarn. This condition

has not been realized for the spun yarns in the literature.

Moreover, the nanotube lengths in these yarns are more
preferably over at least twenty times the circumference of

the yarn These coagulation-based spinning methods include,
for example, the coagulation spinning using polymers like

polyvinyl alcohol in the coagulation bath (B. Vigolo et al.,
Science 290, 1331 (2000); R. H. Baughman, Science 290,

1310 (2000); B. Vigolo et al., Applied Physics Letters 81,

1210 (2002); and A. B. Dalton et al. Nature 423, 703
(2003)), coagulation spinning using an aqueous nanotube

dispersion and an acidic or basic non-polymeric coagulant
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(co-pending PCT Patent Application Serial No. PCT/
US2005/035220), and spinning processes that use acidic

spinning solutions and a non-polymeric coagulation bath (V.

A. Davis et al., U.S. Patent Application Publication No.
20030170166). However, for those spinning processes in

which a polymer coagulant is used or the spinning solution
contains a polymer, the inventors find that the polymer-

containing yarn is preferably drawnto a highly oriented state
while the polymer is present and that the polymer is then

most desirably substantially removed (such as by thermal

pyrolysis) prior to the twist process. In the invention
embodiments of this paragraph the yarn formed by coagu-

lation spinning can be the primary assembly for the spinning
process. The inventors also find that hollow yarns containing

highly oriented nanofibers are suitable for the practice of
invention embodiments involving twist processes, provided

that the shortest nanofiber lengths in the hollow yarn are

greater than approximately five times the yarn circumfer-
ence.
Nanotube yarns spun from super acids (V. A. Davisetal.,

USS. Patent Application Publication No. 20030170166; W.

Zhou,et al., J. Applied Physics 95, 649-655 (2004)) are also
optionally especially preferred as primary assemblies for

preparation of twisted yarns of invention embodiments.

However, the nanotubes in the yarns that have been spun in
the prior art using the super acid spinning process are too

short for deriving high performance carbon nanotube yarns
having micron andlarger diameters, unless a polymer binder

is employed. Also, the reported yarn diameters are about 60
um and larger (W. Zhou, at al., J. Applied Physics 95,

649-655 (2004)). Hence, both because ofthe large spun yarn

diameters and the short nanotube lengths, the insertion of
twist does not improve the performance of these yarns,

either as-spun or after thermal annealing. According to the
teachings of the present invention embodiments, twist spin-

ning or draw-twist spinning should preferably provide a

ratio ofnanofiber length to yarn circumferencethatis greater
than approximately 5 for a significant component of nano-

tubes in the yarn. More preferably, a significant component
of nanofibers in the yarns has a minimum ratio of nanofiber

length to yarn circumference of greater than approximately
20. Optionally and most preferably, a major component of

the nanofibers has a ratio of nanofiber length to yarn

circumference of greater than approximately 20. Hence, the
acid-spun yarns of the prior art with 60 um yarn diameter

can be twisted to substantially achieve the benefits of twist
if the nanofiber length is about 940 um, which is about 1000

timesthe likely nanofiber length in the super acid spun fibers
of the priorart.

4. Twist and False-Twist Polymer-Free Nanofiber Yarns

Having Previously Unobtainable Diameters
The invention embodiments provide twisted yarnsthat are

a thousand-fold or smaller in diameter than the twisted yarns
of the prior art. About one hundred thousand individual

carbon nanofibers are in the cross-section of a 5 um diameter
nanotube yarn, corresponding to a nanofiber density of 5000

nanofibers per square micron, as compared with the 40-100

fibers in the cross-section of typical commercial wool (wor-
sted) and cotton yarns. For comparison, the smallest diam-

eter nanotubefibers reported using prior-art technologies are
more than ten times larger in diameter than the micron

diameter twisted carbon nanotube yarns whose preparation
is described in Example 2. Since yarn volumeper meter of

yarn length and linear density are proportional to fiber

diameter squared, the yarns of present invention embodi-
ments are more than one hundred times lower in linear

density and volume per meter than has been achieved for
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textile yarns in the prior art. Microfibers, which are widely
used because they are extremely soft to the touch, drapable,

and highly absorbent, are defined in the textile industry as

being of under one denier(i.e., less than 1 den), that is one
filament weighsless than one gram pernine thousand meters

of length or 0.11 mg/m. For comparison, the linear density
of unplied MWNT yarns of 5 micron diameter (called

“singles” and comprising about 100,000 fibers in the cross
section) is typically about 10 g/m (0.09 den) compared with

the usual 10 mg/m (90 den) and 20-100 mg/m (180-900 den)

for cotton and wool yarns, respectively.
As aresult ofthe small diameters of the twisted nanofiber

yarns and the component nanofibers, linear densities are
achieved that are smaller than current twisted microfiber

yarns by factors of between 10° and 10°, which makes the
yams promising for textile applications in military clothing

and space suits. Benefits in textiles include the combination

of “breathability” and water and windresistance, imperme-
ability of closely-woven micron-diameter yarns to bacteria

like anthrax, high thermal and electrical conductivities,
radio-frequency and microwave absorption, electrostatic

discharge protection, penetration protection, and fabric soft-
ness and drapability, which is in stark contrast with the

uncomfortable stiffness of some electronic textiles. Compa-

rable toughness to Kevlar® fibers used in antiballistic vests,
resistance to knot and abrasion-induced failure, high failure

strains, and high ultraviolet light and thermal stability are
other major advantages of the nanotube yarns for textile

applications.
As a result of these achieved benefits, for some applica-

tion areas, the optionally preferred yarns of invention

embodiments for these low denier applications areas have a
nanofiber singles yarn diameter of less than approximately

10 microns and a yarn length of over one meter. Optionally
more preferred for these applications, the nanofiber singles

yarn diameter is less than approximately 5 microns. The

draw-twist yarns optionally and preferably contain at least
500 nanofibers that pass through each square micron of yarn

cross-sectional area. Optionally and morepreferably,at least
1000 nanofibers pass through each square micron of nano-

fiber yarn cross-sectional area.
5. Elaboration on Twist Insertion, Densification, and Fila-

ment Storage Methods During Spinning

Various known methods oftwist insertion can be used for
introducing twist during nanotube spinning into yarns. Such

methods include, but are not limited to, ring spinning, mule
spinning, cap spinning, open-end spinning, vortex spinning,

and false twist spinning technologies (see E. Oxtoby, Spun
Yarn Technology, Butterworths, 1987 and C. A. Lawrence,

Fundamentals of Spun Yarn Technology, CRC Press, 2002).

Mule spinning has the disadvantage of being a batch process
(spin then wind-on), but has the advantage of not requiring

rings or travelers.
A novel continuous spinning apparatus is provided for

spinning fine and ultra-fine nanofiber yarns, which intro-
duces twist as it winds the spun yarn onto a bobbin. The

apparatus is shown schematically in FIG. 38. The fiber

source is the nanotube forest on substrate (3801). The
produced yarn (3802) is passed through an initial yarn guide

(3803). The spinning apparatus comprises a spindle (3805),
a donut-shaped winding disk (3806) with an associated

winding yarn guide (3804), an electromagnet (3807), and a
donut-shaped metal magnetic disk (3808), which contacts

the ferromagnetic spindle base (3805), which is typically

made of steel. On one end, the spindle is driven by a
variable-speed motor (not shown). On the opposite end there

is a removable bobbin (3811) that takes up and stores the
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spun fiber. The spindle base contains a spindle pin (3810)
that protrudes from the spindle base, and passes through the

centers of the magnetic disk (3808) and the ferromagnetic

winding disk (3806). A variable-speed motor rotates the
spindle at angular speed w,, and the magnetically-induced

friction between the spindle base (3809) and the magnetic
disk (3808) and between the magnetic disk and the ferro-

magnetic winding disk (3806) causes the winding disk to
rotate. An electromagnet is used to introduce a variable

braking force onto the winding disk, which reduces its

angular speed (w,) relative to the spindle. The rotation ofthe
drafted nanofiber assembly about the axis of the spindle

introduces twist, thereby forming the yarn, while the slower
rotation of the winding disk winds the spun yarn onto the

spindle. The winding speed is determined by the speed
difference between , and w, [w(winding)=w,-w,], which

can be continuously adjusted by varying the voltage applied

to the electromagnet. Advantageously, both twist level and
spinning speed can be independently controlled by an elec-

tronic interface to independently regulate motor speed and
applied magnetic field. This system imposes minimal ten-

sion to the spun yarns and can handle spinning of yarns with
either high or low breaking force. This same apparatus can

also be utilized to ply multiple single-strand yarns together

to continuously make multi-strand yarns. In such a case, the
nanotube forest is replaced by reels of unplied yarn.

Various modifications of the spinning apparatus can be
usefully employed. For example, the magnetic disk (3808)

can be eliminated, and a direct frictional force between the
winding disk and the spindle base can be provided by spring

loading the winding disk. The electromagnet (3807) can be

eliminated if spring loading is provided by electrically
controlled actuators (such as ferroelectric or ferroelectric

actuators), Alternatively, the magnetic disk (3807) can be
replaced with a ferroelectric disk whose thickness is elec-

trically controlled to regulate indirect mechanical coupling

between the winding disk and the spindle base. In this latter
case, the electromagnet (3807) can be eliminated andfric-

tional forces between the spindle base, the ferroelectric disk,
and the winding disk can be produced by spring loading.

Another preferred method of spinning the carbon nano-
tubes into yarns is to employ a direct spinning method that

twists as it winds the spun yarn onto a bobbin. The apparatus

is outlined schematically in FIGS. 19 and 20.
FIG. 19 shows a spinning unit (1900) consisting of a

substrate cradle (1901) located above a bobbin (1902) that
rotates about an axis (1903) that is coincident with the yarn

axis, while simultaneously rotating about a take-up axis
(1904). The rotation about the yarn axis introduces twist

(1905) into the drafted nanotube assembly (1906), thereby

forming the yarn, while the rotation about its own axis winds
the spun yarn onto the bobbin fitted firmly onto the drive

roller.
FIG. 20 gives the details of the substrate cradle, which is

shown with 6 substrate units (2001) supported by a network
of substrate-holder arms (2002), a central shaft (2003), and

cross-supports (2004). It will be appreciated, however, that

manyvariations ofthe design are possible that are consistent
with the outlined scheme.It is also possible that MWNT

forests be grown on one side or both sides (2005) of the
substrate. An advantage of growing nanotubes on both sides

ofthe substrate is that it increases the capacity ofthe spinner.
The advantagesofthis direct spinning methodare that the

coincidence between the spinning and yarn axes eliminates

the spinning balloon and the nanotube yarn does not make
contact with any surfaces until after the twist is inserted, by

which time it has sufficient cohesion to be handled without
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disruption. The twist level can be set independently of the
wind-on by running the wrap andtwist drives independently

of each other using variable speed motors.

The apparatus ofFIGS. 19 and 20 can be made continuous
by using substrates for the nanotube forests that are flexible

belts, which bend away from the yarn produced by nanotube
extraction, continuously move to a furnace for nanotube

growth, and then return to the point of nanotube extraction
to produce yarn.

Technologies knownin the art can befitted to the spinner

to improve functionality and productivity, such as monitor-
ing of the tension in the yarn, automatic loading of new

substrates and removal of used substrates, automatic thread-
ing-up and doffing, and systems to manage the build of the

yarn package.
The inventors have surprisingly discovered that a variant

of open end or break spinning can be downsizedby a factor

of over a thousand, from applicability to micron diameter
fibers to nanometer diameter fibers. Open end spinning of

conventionaltextile fibers comprises the following steps: (1)
preparation of an assembly of straight, parallel, and indi-

vidualized fibers; (2) a method for detaching single fibers
from the assembly; (3) means of conveying the fibers to the

internal surface of a cup-shaped collector (rotor); (4) meth-

ods for supporting and driving the collector at high speed;
and (5) a method of withdrawing the fibers from the col-

lector, during which twist is inserted to form the yarn, and
winding the yarn onto a package. All of these steps are also

required to open end spin nanofibers, but the inventors have
found adaptations are needed in order for the process to

operate satisfactorily for nanoscale fibers, namely, (1) ensur-

ing that all surfaces that the nanofibers come into contact
with and the surfaces of the nanotubes are chosen to prevent

the nanofibers from sticking to the surfaces and (2) devel-
oping and using methods applicable on the nanoscale for

delivery of nanofibers that are suitably individualized and

oriented for delivery to the to the collector for twist inser-
tion. Unlike the case of conventional spinning, the suitably

individualized nanofibers can be nanofiber bundles or robes
comprising many thousands for component nanofibers that

must be appropriately assembled during the steps of yarn
spinning or during pre-spinning processing. While natural

fibers also contain component nanofibers, nature’s biology

does the self assembly.
The design of an open end spinner suitable for spinning

nanofibers is shown in FIG. 43. The diagram shows nano-
tubes being detached from a supply package (4301) on

which they were deposited by sheet-drawing from a pre-
primary array. Roller 4301 may be quite long in order to

maximize storage. Nanofibers and nanofiber assemblies are

detached from the supply roller by means of a high speed
beater (4302) that is equipped with a multitude of fine pins

of high surface finish located in close proximity to the
supply roller. The nanofibers and nanofiber assemblies are

ejected into a transport tube (4303) where airflow carries the
nanofibers into a rotor 4304. The airflow is generated by

sustaining the air pressure in the rotor below atmospheric

pressure. The nanofibers and nanofiber assemblies collect
against the internal face of the rotor and slide into a groove

(4305) under the influence of the centrifugal force where
they form an assembly of largely parallel fibers. Once a

sufficient number of nanofibers have accumulated in the
groove, a seed yarn (4306) is introduced into the rotor,

which is aided by the low pressure, whereupon the nanofi-

bers start to twist to form a yarn, one tum of twist being
introduced for every turn of the rotor. Immediately, the yarn

is withdrawn by the rollers 4307 but as with conventional
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open end spinning, a doffing tube navel (4308) is used to
insert false twist into the forming yarn in the rotor in order

to increase the twist in the tail (4306) and improve the

reliability of spinning. As the yarn is formed, it is wrapped
onto a yarn package 4309 by a package winder 4310.

Variations of the basic design are possible as would be
known by those skilled in the art.

False twist spinning is used in conventional textile pro-
cessing either to impart bulk to continuous filaments or for

staple fibers when a secondyarn is availableto trap the false

twist in a twofold structure. False twist spinning has limited
use for conventional staple fiber yarns because the twist

disappears once the yarn passes the twister and the yarn
loses its strength and tenacity. Surprisingly, the inventors

find that the nanofiber yarns described here retain strength
and tenacity after introduced twist is removed, which is

likely due in part to densification of the yarns. This means

that false twist can be used to produce yarnsthat are suitable
for use either with or without applied inter-yarn binder, such

as an infiltrated polymer. This discovery provides the moti-
vation for the false-twist spinning apparatus described in

FIGS. 44-46. Even if the nanofiber yarns are later subjected
to a permanently introduced twist, the introduced false twist

increases nanofiberstrength sothat higher processing speeds

are possible without causing yarn breakage.
These measurement results on the effects of twist inser-

tion and equivalent twist de-insertion (called false twist
insertion) are provided in Example 40. The obtained strength

(whentwist insertion is followed by equal twist de-insertion)
(113 MPa) is much higher than the negligible strength for

non-twisted yarns, but lower than for the case where the

initially inserted degree of twist insertion is retained (339
MPa). Nevertheless, the yarns that have undergonethe twist

insertion/twist de-insertion process are highly desirable for
use in forming nanotube/polymer composite yarns and have

both high strength and high toughness, as well as for

developing the dense packingthat transfers stress as a result
of van der Waals interactions between very long nanotubes.

The point here is that appropriately laterally coupled nano-
fiber yarns will have the greatest strength when the twist is

zero. Twist is introduced to provide lateral coupling. How-
ever, the infiltration of nanofiber yarns with a coupling agent

(such as an infiltrated polymer) can also provide the needed

lateral coupling. In addition, any false twist process that
provides densification of yarns (and corresponding adequate

enhancement of nanofiber-nanofiber coupling) will provide
high strengths if the nanotubes are adequately long.

Corresponding to these discoveries, invention embodi-
ments are provided in which false twist is introduced and the

nanofiber yarnis later infiltrated with a binding agent, such

as a polymer. The nature of appropriate binding agents is
diverse and can include polymers, metals (such as those melt

infiltrated, chemically, or electrochemically infiltrated), and
other organic and inorganic materials (such as SiO,). Bind-

ing agents, such as a polyacrylonitrile, can be optionally
pyrolized, and additional infiltration steps can be followed

by additional pyrolysis steps in order to obtain optimal

filling of the nanofiber yarns with binding agent.
False twist spinning can also be usedto easily provide a

high twist zone that can densify the yarn at high speed as a
pretreatmentto inserting lower levels of real twist. Without

the preliminary densification, higher levels of real twist
would be required slowing the production rate of the yarn.

Apparatus to do this is shown in FIG. 46, where the

pre-primary array (4601) is shown being drawnoff a sub-
strate and being twisted by the false twist spinneret 4602 to

give a highly twisted yarn 4603 upstream of the spinneret.



US 9,605,363 B2

49
Downstream of the spinneret is a conventional spinning
system 4604, comprising a bobbin for winding the yarn

(4605), a traveler-type hook (4606) for inserting twist and a

drive (4607) that introduces a lower level of twist than in the
false twist zone. Motions to provide for package build are

not shownbutare familiar to those skilled in the art. Because
the yarn has been densified by the high twist imparting some

strength, lower levels of real twist are required in order to
attain reasonable strengths for the nanofiber yarn.

A design for a false twist system that is suitable for

spinning nanofibers is shown in FIG. 44. Nanofibers are
withdrawn from the nanotube forest (4401), which is sup-

ported on substrate (4402), and are being simultaneously
twisted by the false-twist spindle 4403 (spinneret) to form

the spinning triangle (4404) and the highly twisted yarn
(4405). When the spinning system has reached equilibrium,

the yarn leaving the spinneret has no twist (4406) but has

some strength because of densification that was imparted as
a result of the twist upstream of the spinneret. The yarn is

wound onto a package (4407) by the package winder (4408).
The spinneret (4403) is shownin greater detail in FIG. 45.

The spinneret 4501 comprises a cylindrical tube (4502), a
section 4503 for locating a supporting bearing, and a pulley

(4504) for driving the spinneret at high speed. Twotoroidal

ceramic yarn guides (4505 and 4506) are mounted at the
opposite end ofthe cylinder 4502 to the pulley to support the

yarn during passage through the spinneret. A hole (4507)
with an appropriate cross-sectional shape is bored through

the body of the cylinder 4502 perpendicular to the shaft. A
ceramic pin 4508 is provided around which the yarn can be

looped to provide effectively a crank for inserting twist. The

pin is shaped to provide positive location of the yarn above
the axis and generally uses a ‘U’ saddle shape in the plane

containing the axis of the spinneret. An additional refine-
mentis to locate a narrow waist on the pin located over the

axis of the spinneret. The pin is open at one end to provide

for easy threading up of the spinneret.
Another method of continuous spinning carbon nanotubes

and other nanofibers into yarns is to employ a direct spinning
methodthat twists as it winds the spun yarn onto a bobbin.

The apparatus is outlined schematically in FIG. 106. The
fiber source is the nanotube forest on substrate (10601),

though other nanofiber sources can be used. The produced

yarn (10602) is passed through an initial yarn guide (10603).
The spinning apparatus comprises a spindle (10605), a

winding disk (10606) with an associated winding yarn guide
(10604), a spinning motor (10607), and a winding motor

(10608), which drives the winding disk through a belt
(10609). On one end, the spindle (10605) is driven by a

variable-speed motor (10607); on the opposite end there is

aremovable bobbin (10611) that takes up andstores the spun
yarn. The spindle (10605) is attached to motor (10607) and

the spindle pin (10610) passes through the centers of the
winding disk (10606). A variable-speed motor (10607)

rotates the spindle at angular speed m, and the winding
motor (10608) rotates the winding disk at angular speed o,.

Therotation of the drafted nanofiber assembly aboutthe axis

of the spindle introduces twist, thereby forming the yarn,
while the faster rotation of the winding disk winds the spun

yarn onto the bobbin. The winding speed is determined by
the speed difference between w, and w,[m(winding)=0,-

@,], which can be continuously adjusted by varying the
speed difference between the two motors. Advantageously,

both twist level and spinning speed can be independently

controlled by electronic interfaces to independently regulate
motor speeds. This same apparatus can also be utilized to ply

multiple single-strand yarns together to continuously make
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multi-strand yarns. In such case the nanotube forest is
replaced by reels of unplied yarn or yarn having lower ply

than desired in a product. Though not shown, provision can

be added to the spinning apparatus of FIG. 106 to move the
bobbin back and forth to collect the yarn.

Since surprising yarn, sheet, and ribbon strength enhance-
ments result from liquid infiltration and subsequent evapo-

ration, the inventors use these enhancements for processing
steps. Example 38 shows the dramatic increases in yarn

strength that result from infiltration of a suitable volatile

liquid in the yarn and subsequent evaporation ofthis liquid.
Tenacity also increases. These effects are apparently due to

yarn densification due to evaporation of the volatile liquid.
If no twist is applied and the yarns are used as drawn from

the forest, the yarn mechanical strength was too low to be
measured using our apparatus.

The most suitable liquids for such densification and

improvements in mechanical strength and tenacity are those
that have sufficiently low viscosity for penetration in nano-

fiber yarns, sheets, or ribbons and the ability to at wet the
nanotubes. While the liquid used in Example 38 is ethanol,

like volatile liquids having low viscosity and cohesive
energy densities approximately matched to the nanofibers

are also useful.

There are many systemsin textile or sheet processing for
adding liquids to yarns, such as spraying, padding, and vapor

coating. All of these techniques can be used during spinning
or sheet fabrication in order to obtain strength enhancements

of the spun yarn or drawn sheets. A syringe pump is
employed in FIG. 44, a solvent bath is used in Example 53,

and condensation of a vapor is used in Example 54.

6. Storage of Ultra-Thin Drawn Nanofiber Sheets
Ultra-thin carbon nanotube sheets can be optionally

drawn and then applied for device construction without the
necessity of storage. However, in somecases it is desirable

to fabricate rolls of such sheet and to subsequently apply

these rolls for applications, such as device construction.
Carbon nanotube (CNT) sheets can be drawn from a

forest, attached to a substrate film (such as a plastic, metal
foil, porous paper, or Teflon film), densified, and wound onto

a mandrel. Demonstration of the feasibility of this process
for adhesive-free, adhesive-coated, and elastomeric, and

porous substrates is provided in Examples 23, 31, 32, and

45, respectively. FIG. 53 and FIG. 54 show schematic
illustrations of such processes.

Example 45 shows that carbon nanotube sheets can be
deposited on a contoured surface and densified on this

surface, so that the shape ofthe contoured surface is retained
in the shape of the nanotube sheet array. This mandrel can

be a contoured storage mandrel. This application demon-

stration enables, for example, the deposition of carbon
nanotubesheetsas a layer in a contoured composite (such as

an aircraft panel), as a contoured heating element for de-
icing on an air vehicle, or a contoured supercapacitor that

provides both an energy storage and structural component
for a contoured car panel.

Element 5302 in FIG. 53 is a nanotubeforest prepared as

described in Example 1. Element 5301 is a growth substrate,
element 5303 is a nanotube sheet drawn from the forest,

element 5304 is the substrate film, and element 5305 is
nanotube sheet attached to the substrate film. The attached

nanotube sheet is densified using a liquid (element 5306),
dried by a heater (element 5307), and then wound onto a

mandrel. Here, rollers (two) are represented by opencircles

and mandrels (three) are represented by filled circles. By
repeating the process, multilayer of nanotube sheets can be

applied to the substrate film. A variation of the process is
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illustrated in FIG. 54. Instead of using liquid, liquid vapor
(element 5406) is used to densify the collected sheet and the

densified sheet (element 5407) is wound onto a mandrel. The

elements are nanotube forest substrate (5401), nanotube
forest (5402), CNT sheet (5403), substrate film (6404), CNT

sheet attached to substrate film (5405), a heating system for
delivery of vapor (5406), densified CNT sheet on substrate

film (5407), substrate film delivery mandrel (5408), roller
for consolidation of nanotube sheet and substrate film

(5409), and collection mandrel (5410). Each of the rollers in

FIGS. 53 and 54 can optionally be replaced by pairs of
rollers, one on each side of laminated nanotube sheet and

substrate film.
Importantly, the densified nanotube sheet produced by the

apparatus of FIGS. 53 and 54 can be later unwound from the
mandrel and separated from the substrate film for the

twist-based spinning of yarn (see Example 37) to form

free-standing densified sheets or for mechanical transfer of
selected portions of nanotube sheets to other substrates (see

Example 34). Also, the substrate can be an elastomeric film
(or textile) that is stretched prior to attachment of the

nanotube sheet (see example 32) or an adhesive coated
substrate sheet (see Example 31). The stretching can be

accomplished by controlling the relative rotation rates of

substrate delivery and substrate film/nanotube sheet take-up
mandrels and rollers (or roller pairs) between these man-

drels.
Example 50 demonstrates that nanotube sheets can be

deposited on a substrate, densified using by the liquid
infiltration method, and then peeled from the substrate to

provide a free-standing, densified sheet array. The impor-

tance of this demonstration is that it enables the storage of
densified nanotube sheets on a mandrel, and subsequent

retrieval of these densified sheets from the sheet substrate
(typically a plastic film carrier) for applications. Eitherthree,

five, or eight layers of as-drawn,free-standing MWNTsheet

(made as in Example 21) were placed onto a substrate (e.g.,
glass, plastic, or metal foil) and densified using a liquid

(using a process of Example 23). A plastic carrier substrate,
like Mylar film, was most conveniently used. A desired

width (or the entire width) of the densified sheet was easily
peeled from the substrate using an adhesive tape to start the

sheet removal process. Unless the densified sheet thickness

is greater than the 30 to 50 nm thickness obtained by liquid
infiltration of the sheets made in Example 21 (for example,

as a result of using a higher forest for the sheet draw), it is
preferable to deposit a stack of more than one sheet on the

carrier substrate, since a single 30-50 nm densified sheet can
be easily damaged during removal from the substrate.

Example 37 showsthat very thin densified carbon nano-

tube sheets stacks (less than 150 nm in thickness) can be
rolled onto a mandrel for storage and possible shipment, and

then subsequently unrolled for application without separat-
ing or supporting the nanotube sheets with a carrier sheet

(like in the Mylar film in Example 50).
7. Chemical and Physical Modifications before and after

Fabrication of Yarns, Sheets, and Ribbons

A variety of methods can be usefully employed in inven-
tion embodiments for the modification of nanofibers either

before or after draw-twist spinning or sheet drawing. Various
benefits can result from such modification, such as optimi-

zation of inter-fiber friction for twist spinning, the develop-
ment of inter-fiber covalent bonding for either yarns or

ribbons, andthe electrical insulation of electrically conduct-

ing nanofiber yarns (such as by a post-spinning chemical
derivatization process for MWNTs). Chemical derivatiza-

tion, physical derivatization, surface coating, or dopant
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insertion can be practiced before or after spinning, or even

during draw-twist spinning processesor after fabrication of

the draw-twist yarns into articles or precursors to articles,

like woven textiles. An especially preferred method for

modifying carbon nanotubes while in nanotube forests is by

gas phase reactions, plasma-inducedreactions, or reactions

and fluid extraction accomplished in supercritical phases,

since these methods generally better preserve nanotube

alignment within the nanotube forest than do solution or

melt phase methods. Fluorination of carbon nanotubes with

fluorine gas and plasma induced surface derivatization are

more specifically useful. Though the utility of these pro-

cesses for yarns of any type has not been previously recog-

nized and they have not been applied to yarns, useful

reaction conditions for carbon nanotube fluorination and

plasma-induced derivation are provided, for example, by T.

Nakajima, S. Kasamatsu, and Y. Matsuo in European Journal

Solid State Inorganic Chemistry 33, 831 (1996); E. T.

Mickelson et al. in Chem. Phys. Lett. 296, 188 (1998) and

in J. Phys. Chem. B 103, 4318 (1999); and Q. Chenet al. in

J. Phys. Chem. B 105, 618 (2001). Other useful methodsthat
can be used for chemical derivatization of carbon nanotubes

are described by V. N. Khabasheshuet al. in Accounts of

Chemical Research 35, 1087-1095 (2002); by Y.-P. Sun etal.
in Accounts of Chemical Research 35, 1096-1104 (2002);

and by S. Niyogiet al. in Accounts ofChemical Research 35,
1087-1095 (2002). Since many of these methods decrease

the length of single walled nanotubes, there are benefits of
applying these methods to double walled and multiwalled

carbon nanotubes.

For example, the nanofibers in the nanofiber forests used
for draw-twist spinning nanofiber yarns can be optionally

coated with a hydrophobic material, like poly(tetrafluoro-
ethylene). One method for such coating on nanofibers is by

the decomposition of hexafluoropropylene oxide at about

500° C. on heated filaments (by hot filament CVD) to
produce CF, radicals, which polymerize to produce poly

(tetrafluoroethylene) on the surface of individual nanofibers
(see K. K. S. Lau et al. in Nano Letters 3, 1701 (2003)).

Related hot-filament CVD methods can be used to provide
coatings of other polymers, like organosilicones and fiuo-

rosilicones. The result of draw-twist spinning of these

hydrophobic nanofibers from nanofiber forests is a super
hydrophobic twisted nanofiber yarn that is useful for water

repellent textiles and textiles for chemical protection cloth-
ing. Since the insulating poly(tetrafluoroethylene) coats the

surfaces of the individual nanofibers (and thereby interrupts
inter-fiber electronic transport), such coating using an elec-

trically insulating polymer is useful for making poorly

conducting twisted yarns from originally electrically con-
ducting nanofibers.

Application of this and related coating methodsto fibers
that have already been draw-twist spun enables the retention

of nanofiber electrical conductivity, since the inter-fiber
contacts are made during the draw-twist spinning and the

coating process can be accomplished without interruption of

these contacts. Application of tensile stress to the draw-twist
spun yarns can optionally and preferably be used during the

coating of draw-twist spun fibers with insulators (including
solid electrolytes), so as to minimize any decrease of the

yarn’s electrical conductivity caused by nanofiber coating
with an insulator. A benefit of such coating of nanofibers in

draw-twist yarns with an electrical insulator after the draw-

twist process is that the yarn becomes an insulator-coated
wire, which has high electrical conductivity in the yarn

direction and is insulating in the lateral direction.
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Various useful ways to chemically and non-chemically

functionalize nanofibers for various applications have been

described in the literature and these methods can be applied

for the twisted nanofiber yarns of the present invention
embodiments (see Y. Li, et al., J. Materials Chemistry 14,

527-541 (2004)). The application of these methods and like
methods to the pre-primary states for the spinning process,

the primary state for the spinning process, spun yarns,
spun-twisted yarns, and yarn assemblies (such as in textiles).

Such insulator coated twisted yarns comprised of highly

conducting nanofibers, like carbon nanotubes, are especially
useful for diverse applications, such as wires in electronic

textiles (which can be used for comfort control in clothing,
via providing the possibility of electrically heating clothing

articles), and insulated wires for transformers, magnets, and
solenoids.

Since the nanofiber yarns of invention embodiments can

be knotted without undergoing a reduction in strength,
unknots that are slip knots can increase the yarn toughness

as measured on a gravimetric basis. Slip knots are unknots
that pull out when you pull an end.

The insertion of either individual slip knots or arrays of
slip knots provide optionally preferred ways to increase

gravimetric toughness of nanofiber yarns. Also, The inser-

tion of either individual slip knots or arrays of slip knots
provide optionally preferred ways to change in useful ways

the stress-strain curve of a nanofiber yarn. Onceall of the
slip knots in a nanofiber array have been pulled out (thereby

dissipating mechanical energy and contributing to yarn
toughness), the stress-strain curve of the originally knotted

yarn will approach that for the unknotted nanofiber yarn.

8. Composite Formation Using Nanofiber Yarns, Sheets, and
Ribbons and Composite and Non-Composite Applications

The nanofibers for nanotube spinning can be optionally
coated with various inorganic and organic materials either

prior to or after the twisting process. The purpose ofthis

coating can be to provide a friction aid for enhancing the
insertion of twist, for conferring special functionality to the

twisted yarn, or for a combination of these goals. These
nanofiber coating agents can optionally fill an arbitrarily

large fraction of the volume of the yarn. However, if the
filling factor is high and the materials used forfilling have

mechanical properties that interfere with the twisting pro-

cess, high filling is preferably achieved after the initial
insertion of twist.

(a) Nanofiber Yarn/Electrolyte Composites
Since the twisted yarns can be useful for electrochemical

applications that utilize the extremely high surface area of
nanofibers, a class of preferred invention embodiments

provide steps in which the twisted nanotube yarns are

infiltrated with solid or gel electrolytes. Examples of such
applications are as electromechanicalartificial muscle yarns,

electrochromic yarns, yarn supercapacitors, and yarn batter-
ies. Solid-state electrolytes can also be used advantageously,

since such electrolytes enable all-solid-state yarn-based
electrochemical devices.

Optional and more preferred organic-based solid-state

electrolytes are polyacrylonitrile-based solid polymerelec-
trolytes (with salts such as potassium,lithium, magnesium,

or copper perchlorate, LiAsF;, and LiN(CF3SO,),) and
ionic liquids in polymer matrices (which can provide a wide

redox stability range and high cycle life for electrochemical
processes). Optional and preferred gel or elastomeric solid

electrolytes include lithium salt-containing copolymers of

polyethylene oxide (because of high redox stability win-
dows, high electrical conductivities, and achievable elasto-

meric properties), electrolytes based on the random copo-

10

15

20

25

30

35

40

45

50

55

60

65

54
lymer poly(epichloridrin-co-ethylene oxide), phosphoric
acid containing nylons (such as nylon 6,10 or nylon 6), and

hydrated poly(vinyl alcohol)/H,PO,. Other optional and

preferred gel electrolytes include polyethylene oxide and
polyacrylonitrile-based electrolytes with lithium salts (like

LiClO.) and ethylene and propylene carbonate plasticizers.
The so-called “polymerin salt” elastomers [S. S. Zhang and

C. A. Angell, J. Electrochem. Soc. 143, 4047 (1996)] are
also optional and preferred for lithtum-ion-based devices,

since they provide very high lithium ion conductivities,

elastomeric properties, and a wide redox stability window
(4.5-5.5 V versus Lit/Li).

Optionally preferred electrolytes for high temperature
device applications include ionic glasses based on lithium

ion conducting ceramics (superionic glasses), ion exchanged
B-alumina (up to 1,000° C.), CaF,, La,Mo,O, (above about

580° C.) and ZrO,/Y,O0, (up to 2,000° C.). Other optional

and preferred inorganic solid-state electrolytes are Agl,
AgBr, and Ag,RbI,. Some of the proton-conducting elec-

trolytes that are useful in invention embodiments as the
solid-state electrolyte include, among other possibilities,

Nafion, S-PEEK-1.6 (a sulfonated polyether ether ketone),
S-PBI (a sulfonated polybenzimidazole), and phosphoric

acid complexesofnylon, polyvinyl alcohol, polyacrylamide,

and a polybenzimidazole (such as poly[2,2'-(m-phenylene)-
5,5'-bibenzimidazole]).

(b) Composites and Additives for Enhancing Electrical
Conductivities

Additives for enhancing the electrical conductivities of
the nanofiber yarns of invention embodimentsare especially

important. Among the preferred materials for enhancing

electrical conductivity are: (1) elemental metals and metal
alloys, (2) electrically conducting organic polymers, and (3)

conducting forms of carbon. These additives can be added to
the nanofiber yarns by various known methods for synthe-

sizing or processing these materials, such as by (a) chemical

reaction (such as the chemically-induced polymerization of
aniline or pyrrole to make, respectively conducting polya-

niline or polypyrrole, the electrode-less plating of metals,
and the pyrolysis of a polymerlike polyacrylonitrile to make

carbon), (b) electrochemical methods for conducting yarns
(such as the electrochemical polymerization of aniline or

pyrrole to make conducting polymers and the electroplating

of metals), and physical deposition methods (such as the
vapor deposition of metals, the infiltration of a soluble

conducting polymeror a precursor therefore from solution,
the infiltration of a colloidal solution of a metal or conduct-

ing polymer, or the melt infiltration of a metal). Conducting
organic polymers that are preferred for infiltration into

twisted nanofiber yarns include substituted and unsubsti-

tuted polyanilines, polypyrroles, polythiophenes, polyphe-
nylenes, and polyarylvinylenes. The synthetic routes to

conducting polymerssuitable for the preferred embodiments
is well known, and are described, for example, in the

Handbook of Conducting Polymers, Second Edition, Eds. T.
A. Skotheim et al. (Marcel Dekker, New York, 1998).

Diamond, diamond-like carbon andother insulating forms

ofcarbon containing sp* hybridized carbons (possibly mixed
with sp? and sp hybridized carbons) are usefully employed,

since they can both insulate electrically conducting nanofi-
ber yarns and substantially contribute to the mechanical

properties of the yarn. Infiltration or coating of the electri-
cally conducting nanofiber yarns with these insulating forms

of carbon is optionally and preferably by CVD processes or

by solid-state reaction of infiltrated precursors using thermal
or thermal and pressure treatments. Typical methodsthat can

be employed for formation of such forms of carbon on the
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yarn surface or interior are described in (a) A. E. Ringwood,
Australian Patent WO8807409 (1988), (b) Y. S. Koet al., J.

of Materials Research 36, No. 2, 469-475 (2001) and (c) J.

Qian et al., J. Mat. Sci. 17, 2153-2160 (2002).
For carbon nanofibers, palladium and palladium alloy

deposition (chemically, electrochemically, or by evaporation
or sputtering) is especially useful for making low resistance

ohmic interconnection between nanofibers and between the
nanofiber yarns and other materials. The use of this metal for

enhancing electrical contacts in nanosize electronic devices

is described by A. Javey, J. Guo, Q. Wang, M. Lunstrom, and
H.J. Dai in Nature 424, 654-657 (2003). Palladium hydride

formation by the absorption of hydrogen can be employed
for tuning work functions so as to minimize contact resis-

tances to and between carbon nanotubes.
(c) Structural Composites

Polymer additives for the twisted yarns and false-twist

spun yarns that are especially preferred for making yarn
composites include polyvinyl alcohol; poly(phenylenetet-

rapthalamide) type resins (examples Kevlar® and
Twaron®); poly(p-phenylene benzobisoxazole) (PBO);

nylon; poly(ethylene terephalate); poly(p-phenylene benzo-
bisthiozole); polyacrylonitrile; poly(styrene); poly(ether

ether ketone); and poly(vinyl pyrrolidone). Epoxies of such

types that are useable for forming graphite-epoxy compos-
ites are also preferred for invention embodiments.

Polymersthat are pyrolizable to produce strong or highly
conductive components can optionally be pyrolized in the

twisted, false-twisted, or liquid-state densified nanofiber
yarn. Heat treatment and pyrolysis (such as the heat setting

in an oxidative environment and further pyrolysis of poly-

acrylonitrile in an inert environment) is preferably accom-
plished while the twisted nanofiber yarn is under tension.

This state of tension is preferably one that results in fiber
draw during at least part of the pyrolysis process. Pitch is

also an especially preferred yarn additive for stretch-facili-

tated pyrolysis processes that result in carbon matrix/nano-
tube yarns. The nanofiber yarn containing material that can

be pyrolized to make carbon(like pitch or polyacrylonitrile)
is preferably either false-twisted or liquid-state densified,

since high twist can undesirably restrict the ability to obtain
fiber draw during pyrolysis.

Because of the importance of draw for strengthening

matrix polymers and the improving the properties of mate-
rials that are being pyrolized, and the observation that twist

decreases the draw ofnanofiber yarns, false-twist spun yarns
are especially useful for optimizing the achievable proper-

ties of the yarn composites.
Structural materials used for friction generation, espe-

cially friction materials used for land vehicle and aircraft

brakes, benefit from the employment of carbon nanotube
yarns and sheets of invention embodiments. These structural

composites are optionally and preferably carbon-carbon
composites. These carbon-carbon composites are preferably

made by in processes that involve either the pyrolysis of an
organic material that has been infiltrated into the an array

comprising nanofiber sheets, nanofiber yarns, or an array

comprising both nanofiber sheets and nanofiber yarns.
Whenused for brakes, the nanofiber sheets are preferably

oriented roughly parallel to the friction surface, such as the
disk surface of land vehicle or aircraft brakes. Optionally

and preferably, these nanotube sheets are transversed in an
at least approximately orthogonal direction by reinforcing

yarns or fibers (optionally and preferably comprising either

graphitic fibers or yarns or nanotube yarns of invention
embodiments). This stitching process can be done using

methods well known in theart.
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The formation of carbon-carbon composites using the

nanotube sheets and yarns of the present invention can

proceed similarly to the conventional technology for carbon-

carbon brakes and can utilize similar additives, like those
employed for oxidative protection. Optionally preferred

materials for pyrolysis to form the matrix component of
carbon-carbon brakes are phenolic resins, polyacrylonitrile,

and like materials known in the art.
Gas phase pyrolysis steps can optionally be accom-

plished, such as those using natural gas as a gas component.

Multiple resin and gas infiltration steps can be usefully
employed in order to decrease void space and optimize

performance.
(d) Composite and Non-Composite Applications

A variety of applications enabled by the high sheet and
ribbon strengths described in Examples 6 and 27. The

inventors provide here density-normalized strengths that are

already comparable to or higherthan the ~160 MPa/(g/cm*)
strength of the Mylar® and Kapton® films used for ultra-

light air vehicles and proposed for solar sails for space
applications (see D. E. Edwards et al., High Performance

Polymers 16, 277 (2004)) and those for ultra-high strength
steel sheet (~125 MPa/(g/cm?)) and aluminum alloys (~250

MPa/(g/cm°)).

The high strength for the inventors nanofiber sheets,
ribbons, and yarns indicate that the preferred applications

modes include use for membranes, diaphragms,solarsails,
tents and other habitable structures, ultralight air vehicles,

micro and macro air vehicles, pneumatically supported
fabrics (such as domes, balloons, otherinflatable structures,

parachutes, and ropes (such as those useful for marine

vehicle mooring and tethering objects in space). As an
alternative or a complementto using pneumatic support, the

nanotube-based sheets and ribbons and nanotube-based tex-
tiles can be mechanically tensioned, using for example metal

tensioning elements.

The utilized yarns and sheets can optionally be plied. For
example, oriented nanofiber sheets of invention embodi-

ments (See Example 28 and FIG. 27) can be optionally
laminated together so as to producea plied sheet structure in

which all sheets do not have the same nanofiber orientation
direction. In fact, nanofiber sheets in plied sheet structures

can be plied to produce a plied sheet structure that has

anisotropic strength for in-plane (i.e., in-sheet directions).
The nanofiber yarns or sheets can optionally contain a

support another functional material. For example, an infil-
trated or overcoated material is useful for reducing or

eliminating gas permeability for membrane, diaphragm,
inflatable structure, and pneumatically supported structures.

These nanofiber-based structures that are coated or infil-

trated include nanotube sheets, ribbons, and textiles incor-
porating nanofiber yarns, as well as other possibilities. Yarn,

ribbon, and sheetinfiltration with polymer, metal, and other
binding agents and matrix materials are also especially

useful for providing strength enhancements.
Since the mechanical gravimetric strength of the carbon

nanotube sheets exceeds that of the Mylar that is being

exploited for solar sails, these carbon nanotube sheets are
especially promising for use as solar sails. While it is

difficult to make ordinary polymerfilmssufficiently thin, the
inventors have made nanofiber sheets that are so thin (50 nm

thickness) that a four ounce sheet could cover an acre.
Such sheets or much thicker sheets of invention embodi-

ments can optionally be plied for the purpose of making a

solar sail that is strong in all in-plane directions. The extreme
radiation and thermal stability of nanotube would be espe-

cially useful for the solar sail application, as would be the
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exceptionally high thermal diffusivity of these sheets (which

would assist in temperature equilibration between differ-

ently thermally exposed sheet areas and sheet sides).

Petal configured solar sails comprising nanofibers sheets,

nanofiber yarns, or combinations thereof are optionally

preferred due to convenient deployability. Such petal con-

figured solar sail are named for structural similarly of solar

sail blade arrays to those of the open petal array of a flower.

Teachings for the geometry of such solar sails are in the

literature. One type (comprising metallized Mylar) was

recently on a missile fired into space, but the launch into

space was unsuccessful.

Optionally preferred configurations for petal configured

solar sail are those comprising a plurality of at least approxi-

mately triangular petals that join at a triangle apex. The

angle of the triangle at the apex where the triangles are

joined is optionally preferably less than 120° and greater

than 15°. Also the number of rectangular petals in the solar

sail is preferably at least three.

While the nanotube sheets could be used for solar sail

applications without being coated or laminated, it is option-
ally preferable to make the nanofiber sheets highly reflect-

ing, which can be achieved by deposition of a thin metal

overcoat or laminating the nanofiber sheet with a highly
reflecting material. Such overcoating with a highly reflecting

material can optionally be accomplished for an infiltrated
nanotube sheet, such as a polymerinfiltrated sheet.

The high strength of the carbon nanotube sheets and
carbon-nanotube-based textiles, as well as the achievable

toughness, means that they can be incorporated in tires as a

tire-cord fabrics, which can optionally be used for providing
a sensor responses indicating tire pressure and the operating

conditions of the tire under use conditions. Methods for
incorporating nanofiber sheets, nanofiber textiles, and nano-

fiber yarns into tires, such as rubbertires, can be like those

used to incorporate conventionaltire cords.
These mechanical properties can enable other applica-

tions, like incorporating into antiballistic composites (in-
cluding antiballistic textiles), cut resistant gloves and other

clothing, space suits, and protective clothing for moon or
planetary missions. The high thermal conductivity and ther-

mal diffusivity of nanotube yarns, sheets, and fabrics can be

useful for the various applications, such as for temperature
regulating clothing (such as for space suits and protective

clothing for the exploration of moons, planets, and other
bodies in outer space).

9. Assemblies of Twisted Nanofiber Yarns, Sheets, and
Ribbons with other Fibers

The twisted, false-twisted, and solution densified nano-

tube yarns of invention embodiments can optionally be
combined with non-wovensto make structures that combine

the cost benefits of non-wovens with the mechanical prop-
erties and electrical properties achievable for the twisted

nanofiber yarns. Various combinations can be usefully
employed. For example, the twisted nanotube yarns can be

embedded within the body of the non-woven (such as a

non-woven produced by electrostatic spinning) or the
twisted nanofiber yarn can be used to stitch the non-woven,

so as to improve mechanical properties of the assembly. A
benefit of incorporating electrically conducting twisted

nanofiber yarns into the body of electrically insulating
non-wovens is that these non-wovens can insulate electri-

cally conducting elements in twisted-nanofiber-based elec-

tronic circuitry. The non-woven can optionally be entangled,
using such means as a water jet or transverse penetration

with a bed of needles.

10

15

20

25

30

35

40

45

50

55

60

65

58
An electrically conducting nanofiber sheets of invention

embodiments can optionally serve as either the receiving

electrode for electrostatically spun yarns or an over laid

material on this electrode. In either case the beneficial result
is a product that is a laminate of the electrostatically spun

yarn and a nanofiber sheet of invention embodiments.
Electrically insulating fibers and yarns can optionally be

twisted in a spiral manner about the twisted electrically
conducting nanofiber yarns, so as to provide electrical

insulation and other desired properties. Also, the twisted

nanofiber yarns can optionally be twisted about conventional
fibers and yarns using equipmentthat is commonly used for

making topologically analogous structures from conven-
tional yarn and fiber structures. Such methods include core

and wrap spinning adaptations to conventional ring spinning
frames.

Example 53 demonstrates a twist-based method for mak-

ing a fiber composite of two different fibrous materials, one
comprising electronically conducting carbon nanotubes and

the other comprising electronically insulating cellulose
microfibers. Also, this example demonstrates a method that

provides either the insulating microfibers or the conducting
carbon nanofibers on the outer surface of the twisted yarn.

In addition, this demonstration shows how a carbon nano-

tube yarn can be covered with an insulating layer. Also, by
replacing the cellulose sheet with a similar sheet comprising

fusible polymer microfibers (such as polypropyleneor poly-
ethylene-based non-woven paper), the method of Example

53 can be used to make polymer/nanotube composite yarns
that are either twisted or false twisted prior to fusion of the

polymer onto the nanofibers in the yarn by thermal or

microwave heating. This demonstration uses the tissue
paper/nanotube stack composite that has been contoured

using the method of Example 45. Three millimeter width
ribbons were cut parallel to the nanotube orientation direc-

tion from the composite stack, and twisted to provide a

moderate strength yarn. Apparently because of the contour-
ing on the oval mandrel (with the nanotubefiber direction in

the circumferential direction), the inventors found that (de-
pending upon the direction of twist) either the insulating

cellulose microfibers or the electrically conducting carbon
nanofibers would appear on the surface of the twisted yarn.

Woven structures used for diverse applications can

include the twisted nanofiber yarns as either part of or the
entire warp or part of or the entire weft. Insulating yarns or

fibers can separate electrically conducting twisted nanofiber
yarns in the warp, the weft, or both—soas to electrically

separate the conducting twisted nanofiber yarns. These con-
ducting yarns can optionally be separated (to avoid

unwantedelectrical contact associated with textile bending)

by laminating insulating textiles or providing insulating
coatings on textile sides where the conducting twisted

nanofiber yarn is exposed. Alternatively, the conducting
twisted nanofiber yarn can have such small diameter com-

pared with the insulating yarns or fibers that separate these
conducting yarns that insulation is provided by the conduct-

ing nanofiber yarns being buried in the bulk ofthetextile.

For this purpose of hindering shorting between uninsulated
electrically conducting nanofiber yarn wires, the electrically

conducting nanofiber yarn wires are optionally and prefer-
ably configured in a woven textile with insulating yarns

having at least five times the diameter of the electrically
conducting nanofiber yarn wires.

FIG. 40 shows a yarn made in the laboratory that com-

bines nanotube components with woolfibers in a twist-based
process. The benefit of such assembly is to combine the

attractive characteristics of wool with those of carbon nano-
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tubes. For example, the carbon nanofiber component can
provide the electrical conductivity needed for yarn applica-

tion for electrical heating, and the wool component can

provide the beneficial characteristics of wool, such as the
ability to absorb sweat.

Afterinitial nanofiber yarn, sheet, or ribbon fabrication by
solid-state methods, additional carbon nanotubes or other

nanofibers (called secondary nanofibers) can be optionally
incorporated into solid-state spun nanofiber yarns, ribbons,

and sheets by a variety of useful processes. One process is

by adding catalyst to these prefabricated materials to enable
CVD-based growth on this catalyst. Another method is to

add catalyst by the thermal decomposition of a metallo-
organic during CVD growth of the secondary nanofibers.

These methods are especially useful for solid-state spun
carbon nanotube sheets, ribbons, and yarns and it is espe-

cially useful for the CVD-grown, secondary nanofibers to be

carbon nanotubes.
As a result of such additional addition of CVD grown

nanotubes to preformed nanotubesheets, ribbons, and yarns
a useful hierarchal structure can be formed, which usefully

includes nanofibers grown from catalyst on nanofibers,
nanofiber bundles, and larger nanofiber assemblies. Advan-

tages can result from such secondary nanofibers to pre-

formed yarns, sheets, and ribbons and these include
enhancements in thermal and electrical conductivity.

Alternatively, secondary nanofibers can be addedto pre-
formed nanofiber sheets of present invention embodiments

by filtration processes of the type typically used for the
formation ofnanotube sheets on a filter membrane.In effect,

the nanofiber sheetis the filter membrane, although another

conventional filter membrane can also be employed to
support the preformed nanofiber sheet during filtration pro-

cesses, and such support is especially useful when the
preformed nanotube sheet is as thin as 30 nm.

10. Applications of Nanofiber Yarns, Ribbons, and Sheets

(a) Textile Applications
The surprising nanotube yarn properties resulting from

the practice of invention embodiments are especially useful
for application of the nanotube yarnsas either a minority or

majority component in two-dimensional or three-dimen-
sional textiles, including electronic textiles. The inventors

have discovered, surprisingly, that high thermal andelectri-

cal conductivities can be obtained in combination with high
strength and high toughness by using processes of this

invention. The small yarn diameters achieved (one micron)
are over ten times lower than for conventional textile yarns

and for previously reported continuousfibers or yarns com-
prising only nanotubes.

Highly conducting twisted nanofiber yarns are useful as

antennas that can be woven into textiles employed for
clothing and used to transmit voice communications and

other data, such as information on the health status, location
of the wearer, and her/his body motions, as well as infor-

mation collected by the wearer or by sensor devices in the
clothing. The configurations employed by such antennas can

be essentially the same as for conventional antennas, except

that the nanofiber yarn antennas can be woven or sewninto
the clothing textile.

Additionally, electrically conducting twisted nanofiber
yarns can usefully be employed to make clothing textiles

(and textiles used for such applications as tents) into large
area acoustic arrays for the detection and location of noise.

The nanofiber yarns can connect microphonesin a textile,

which can be as simple as a poled ferroelectric polymer that
is located at the cross-point between nanofiber yarns in a

textile. These cross-points are optionally and preferably
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between nanofiber yarns that are at least approximately
orthogonal, such as the warp yarn and the weft yarn of a

textile, which are not necessarily both nanofiber yarns. The

poling ofthe ferroelectric coating on a nanofiber yarn can be
either before or after nanofiber yarn assembly into a textile.

However, the poling direction of the ferroelectric is option-
ally and preferably orthogonal to the yarn length direction

and the polling step is optionally and preferably accom-
plished after the textile has been fabricated. This poling

direction can optionally be either within the plane of the

nanofiber yarn or orthogonal to this plane. However, this
poling direction is optionally and preferably orthogonal to

the plane ofthe textile or the local plane of the textile if the
textile is non-planar.

Replacing metal wires in electronic textiles with nanotube
yarns can provide important new functionalities, like the

ability to actuate as artificial muscles and to store energy as

a fiber supercapacitor or battery. Polymer-free MWNTyarns
of the present invention provide twice the strength of

nanotubefibers usedforartificial muscles (R. H. Baughman,
A. A. Zakhidov, and W. A. de Heer, Science 297, 787-792

(2002)) and the polymer-intercalated MWNTyarns provide
a hundred times higher electrical conductivity than for the

coagulation-spun SWNT/PVA fibers used to make fiber

supercapacitors (A. B. Dalton et al., Nature 423, 703
(2003)).

Reflecting the micron or thinner yarn and sheet thick-
nesses demonstrated in the invention embodiments and the

low visibility observed for these thicknesses, as well as the
high electrical conductivities demonstrated for specific com-

positions (like carbon nanotubes), the yarns and sheets ofthe

present invention embodiments can be usefully employed as
transparent and low visibility substrate materials for making

electrical contact and interconnections. Resulting transpar-
ent conducting electrodes are important for such applica-

tions as liquid crystal displays, light emitting displays (both

organic and inorganic), solar cells, switchable transparency
windows, micro lasers, optical modulators, electron field

emission devices, electronic switches, and optical polarizers.
Inorganic electrodes, like ITO (indium tin oxide), degrade

on bending and are costly to apply or repair. The present
invention embodiments eliminate these problems.

The surprising mechanical strength, abrasion resistance,

and resistance to any degradation of these properties due to
knotting makes the twisted yarns of invention embodiments

well suited for fabric keyboard switches for electronic
textiles. Pressure-activated switches of invention embodi-

ments comprise (a) a textile containing electrically conduct-
ing, twisted nanofiber yarns (like carbon nanotube twisted

yarns) that provides a first switch contact, (b) a first elec-

trical connection that is to the first switch contact, (c) a
second electrical connection made to a material that is a

second switch contact, (d) an insulating material that breaks
direct or indirect electrical conduction between the first and

second switch contact (and, thereby between the first and
second electrical connection) unless suitable pressure is

applied to the switch, and (e) means to form electrical

conduction between the first and second switch contact
when suitable pressure is applied.

In one preferred embodimentfor such a keyboard switch,
an electrically conducting twisted nanofiber yarn is woven

into a first textile so that a surface region of this textile is
electrically conducting. This textile with conducting surface

region, which serves as a first switch contact, is separated

from a second electrically conducting surface by an insu-
lating spacer sheet (such as an insulating textile, or a suitably

configured insulating textile fiber or yarn). This insulating
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material extends only part of the possible contact region
between the first switch contact and the secondelectrically

conducting surface, so that pressure applied approximately

orthogonally to the switch surface provides electrical contact
between the first switch contact and the secondelectrically

conducting surface. This second electrically conducting sur-
face can be the second switch contact. Alternatively, pres-

sure-inducedsheetor textile deflection can bring this second
electrically conducting surface in joint electrical contact

betweenthefirst and second switch contact, so as to provide

an electrical path between these switch contacts. In this latter
case, the second switch contact can be an electrically con-

ducting region of the same textile that includes the first
switch contact.

One or both ofthe electrically conducting textiles in the
above switches can be replaced with an electronically con-

ducting nanofiber sheet or sheet portion that has been

fabricated by a solid-state draw process. The nanofibers in
the nanofiber sheet of sheet portion are optionally and

preferably carbon nanotubes, and these carbon nanotube
sheets or sheet portions are optionally and preferably

derived from a carbon nanotube forest. This electronically
conducting nanofiber sheet or sheet portion can optionally

be attached to the surface of another textile that is electroni-

cally insulating. The benefit of such attachmentis to provide
mechanical support for the electronically conducting nano-

fiber sheet, especially when the electronically conducting
nanofiber sheet is so thin that it provides optical transpar-

ency. Such optical transparency is especially important for
providing the greatest latitude for formulating textile appear-

ance.
Because of the combination of surprising mechanical and

electrical properties that are especially useful for electronic

textile applications, the twisted nanofiber yarns can replace
conventional wires in these textiles. For example, conduct-

ing twisted nanofiber yarns of this invention can be used as

wires for sensors and for clothing that contains liquid crystal
displays or light emitting elements (such as light emitting

diodes). These twisted nanofiber yarns, and especially the
twisted carbon nanotube yarns, can replace the conventional

wires used for the electronic textile applications described in
by E. R. Post et al. in IBM Systems Journal 39, 840-860

(2000), and similar methods can be employed for creating

device structures from conventional wires and from these
twisted nanofiber yarns.

The twisted yarns of invention embodiments can be
employed to make a microdenier version of Velcro® that

provides either permanentor easily reversible interconnec-
tions between opposite surfaces upon the application of

pressure that brings these surfaces into intimate contact. In

one invention embodiment, the twisted nanofiber yarns
provide closed loopsin a textile base that interconnect with

hooks on a mating surface. These hooks on the mating
surface can, for example, be arrow-like barbs, around which

the nanofiber yarns loop whenthe nanofiber yarn containing
textile is pressed upon the neighboring surface. Alterna-

tively, the hooks can be cut loops of nanofiber yarn that are

infiltrated by a rigid polymer, such as by infiltration of a
polymerfrom a polymersolution or photopolymerization of

an infiltrated polymer. Benefits of such use of twisted
nanofiber yarns for this application are many. Using strong,

tough carbon nanofiber yarns that mate with strong hooks
(like lithographically-produced diamond hooks) extraordi-

narily strong and tough interconnections can be made

between the mating surfaces, which provide very high
thermal conductivity between the mating surfaces (as a

consequence of the high thermal conductivities of both the
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carbon nanotubes and materials like diamond). If both sides
of the mating surface are electrical conductors, mechanical

connection between the two mating surfaces can provide

electrical connection, which can be used, for example, for
making electrical connections for electronic textiles. Fur-

thermore, patterns of closed loops and hooks (or mechanical
equivalents) can be provided on both of the mating surfaces,

so that the mating process helps laterally align the two
surfaces. Moreover, the extremely small presently demon-

strated nanofiber yarn diameters implies that this means of

connecting surfaces (textile or solid) can be applied on the
hundred micron scale for microcircuit applications. For such

application, for example, the yarn loops can be anchored in
a solid polymeror in a metal, and the opposing barbs can be

lithographically produced in any of various possible mate-
rials, like silicon, diamond or diamond-like carbon,a plastic,

or a metal.

(b) Knot-Based Electronics and other Methods for Forming
Electronic Devices from Twisted and Untwisted Nanofiber

‘Yarns
Application of the twisted nanofiber yarns of this inven-

tion as electronic devices (especially those in electronic
textiles) is enabled by (1) the demonstrated mechanical

robustness andelectrical conductivities and the retention of

these conductivities when the yarn is infiltrated, (2) the
ability to change electrical properties for yarn segments by

chemical modification or doping, (3) the demonstrated
absence of mechanical property degradation when the

twisted nanofiber yarns are knotted, and (4) the variety of
metallic, semiconducting, and metallic nanofibers available

for the practice of invention embodiments.

Twisted nanofiber yarns made of superconductors, like
nanofibers having the approximate composition MoS,_,1,

(where x between about 4.5 and 6) can be used as super-
conducting cables and as superconducting wires for mag-

nets. Nanofibers of the Nb,Sn superconductor, the MgB,

superconductor (which has a superconducting transition
temperature of about 39 K), and the carbon doped MgB,

superconductor are especially preferred as component nano-
fibers for twisted nanofiber yarns of invention embodiments

that superconduct (see Y. Wu et al., Advanced Materials 13,
1487 (2001), where the growth of superconducting MgB,

nanowires by the reaction of single crystal B nanowires with

the vapor of Mgis described). Benefits of using the methods
of invention embodiments are the high strength and high

toughness of the twisted nanofiber yarns and the intimate
electrical interconnections between nanofibers in these

yarns.
Novel methods of invention embodiments have been

above described that provide controllably patterned varia-

tion in electrical properties along a yarn length, which can
be usefully employed for the fabrication of electronic

devices based on nanofibers yarns. The inventors here
describe other novel methods that can be employed for

device fabrication using nanofiber yarns.
The inventors refer to the first category of invention

embodiments as knot-based electronics, since knot struc-

tures are used for the fabrication of electronic devices. One
strategy is knot-based lithography, which can utilize yarn

densification at a knot (and, optionally, differences in den-
sification at different places within a knot), to provide the

capability of patterned deposition, reaction, or removal
needed for the fabrication of electrical, fluidic, thermal, or

mechanical circuits or circuit elements. These methods of

patterned deposition, reaction, or removal can be applied to
singles or folded yarns and to yarns that have been woven or

otherwise assembled into a structure. Also, these methods of



US 9,605,363 B2

63
obtaining region-selective material deposition, reaction, or
removal can include, among other useful options, exposing

the knotted yarn or yarn assembly to a gas; vapor; plasma;

liquid; solution; fluid dispersion; super critical liquid; melt;
or conditions resulting in electrochemical deposition, elec-

trochemical materials removal, or electrochemical polym-
erization.

The simplest embodimentofthese concepts can be under-
stood by noting for the twofold yarn in FIG. 6, and the

singles yarn in FIG. 12, that the region of the yarn that is

tightly knotted has a much higher density than unknotted
regions of the fiber. As a consequence of this density

difference, the knotted region ofthe fiber will be much more
difficult to infiltrate with a fluid, vapor, or plasma than is the

case for unknotted yarn regions. For example, the selectively
infiltrated agent can be a chemical that is used to transform

the electrical properties of the infiltrated yarn region, or it

can be a resist material that serves to protect the infiltrated
region when electrical property transformations are accom-

plished for un-infiltrated yarn regions, such as by chemical
or electrochemical doping or by liquid, gas, or plasma-

induced chemical transformations. After this process, the
resist material can be optionally removed.

Close inspection of FIG. 12 shows that relative yarn

dimensions at yarn locations removed from the inserted
overhand knot (1202), at the knot entrance (1203), and knot

exit (1204), and in the body of the knot (1201) provide
regional density differences that can be used for selective

region infiltration and reaction. The pictured stray nanotubes
that migrate from the knot and other regions of the knot can

optionally be removed chemically (such as by passing the

yarn through an open flame). If desired for applicationslike
electron field emission, the density of these stray nanotubes

can be selectively increased in different regions of the yarn
by mechanical treatments or chemical treatments, including

chemical treatments that result in nanofiber rupture.

Examples of such mechanical treatments are, for example,
abrasion between the twisted nanofiber yarns and a rough

surface ororifice and the ultrasonication of a twisted nano-
fiber yarn (optionally and preferably while tension is applied

to the yarn). Examples of such chemical processes are
treatment in oxidizing acids, plasma oxidation, and oxida-

tion in air during thermal annealing, and surface fluorination

(which can be later reversed by thermal annealing).
Knots can be formedbyall of the methods currently used

in the textile industry. The type of knot formed depends on
the size and nature of the particular construction required.

Overhandknots are possible for compact applications when
the knotted length is not too large and the yarn packageis

relatively small. In the case large-scale applications when

more extended knotting is required, knots can be formed
using all of the established technologies currently to form

loops such as knitting, braiding, and embroidering, which
can then be tightened to the degree required by the appli-

cation.
Differences in electrical conductivity for knotted and

unknotted fiber regions of electrically conductive yarns(like

carbon nanotube yarns) can also be used for lithography.
One approach is to apply a voltage pulse or sequence of

well-separated voltage pulses in order to cause preferential
thermaltransformations or evaporation of electronic chemi-

cals in the moreresistive fiber region. Knotted regions of the
yarn will generally have higher electrical conductivity than

unknotted regions, so the unknotted regions will selectively

increase temperature relative to knotted yarn regions when
a voltage pulse is applied. On the other hand, the higher

porosity of unknotted regions of the fiber can be used to
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reverse this effect, since the higher porosity of unknotted

yar regions means that the temperature increase during

continuouselectrical heating is reduced relative to that for

knotted yarn regions.

Knotted twisted nanotube yarns are preferred for selected

applications of these yarns, some of which are described

above. Special types of knotted twisted nanofiber yarns are

also preferred for selected applications, such as where

independently tied knots (called knot factors) are assembled

so that they partially or completely overlap on the twisted

nanofiber yarn.

The nanofiber yarns of invention embodiments can be

optionally patterned to provide semiconducting, metallic, or

superconducting regions either before or after incorporation

of these yarns into textiles. This patterning can be by any of

various means, such as (a) application of well known

lithographicorsoft lithography methods,(b) ink jet printing,

or (c) laser printing methods. These methods are optionally

and preferably multi-step and can combine the various

well-known methods of pattern formation, such as photo-

polymerization or electron-beam inducedreactions of poly-

mers; pressure-induced material transfer; and liquid, gas

phase, or plasma treatments to deposit, remove, or transform

materials.

Methods can be employed for using the conducting yarns

as interconnects for self-assembled functional devices, like

electronic chips. Such methods can utilize the extremely

small diameter electrically conducting yarns that can be

produced by the methods of invention embodiments, the

ability to create woven structures containing patterns of

precisely shaped depressions, and the ability to insulate

different lengths of yarn in a textile with respect to one

another. Using shapeeffects, patterned surface tension varia-

tions, or (most desirably) a combination ofthese effects and

possibly other self-assembly effects, functional devices

(such as transistor chips) can be self-assembled on a textile

by depositing a fluid containing the chips on the textile. FIG.

16 provides a schematic picture of a textile weave that

provides docking sites for functional devices (such as sub-

strate-released electronic chips), which could be self-as-

sembled onto the textile at these docking sites from a

liquid-based dispersion of the particle-like devices. Element
1601 is an electrically conducting, twisted nanofiber yarn

that is insulated from all pictured like elements. Element
1602 andall like-shaped holes are possible docking sites for

the functional devices.
Related methods have been employedfor self-assembling

electronic chips on planar and curvedsubstrates, like plastic

sheets containing metal lines for interconnections(see K. D.
Schatz, U.S. Pat. No. 6,780,696; T. D. Credelle et al., U.S.

Pat. No. 6,731,353; J. S. Smith et al., U.S. Pat. Nos.
6,623,579 and 6,527,964; M. A. Hadleyet al., U.S. Pat. No.

6,590,346; G. W. Gengel, U.S. Pat. No. 6,417,025). The
teachings of this prior art can be used to provide useful

variations on the present invention embodiment where the

twisted nanofiber yarns in a textile are used together with
other textile components for the fluid-based self-assembly of

electronic chips in an electronic textile. The various methods
described in this prior art show means for connecting metal

lines, to the self-assembled electronic chips, and it will be
obvious to one skilled in the prior art as to how these and

related methods can be applied to provide interconnections

between the nanofiber yarns and functional devices (like
electronic chips and microfluidic circuit elements) that are

self-assembled on textiles.
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(c) Wire Applications

The nanofiber yarns can be used as wires, and wires

capable of carrying high currents. Carbon nanotube twisted

yarns, and especially such yarns containing a conductivity

enhancementaid are especially useful for the transport of

electrical currents. Advantages obtained for these twisted

carbon nanotube yarns are high current carrying capacity,

high temperature stability, and freedom from electro-migra-

tion effects that cause failure in small diameter copper wires.

The low weight and high mechanical strength of these

twisted nanofiber yarns can be especially useful for aero-

space and space applications where weight is especially

important, and for applications where it is useful to employ

wiring to provide mechanical reinforcement. Other potential

applications are, for example, as power cables and as the

windings of magnets, transformers, solenoids, and motors,

and for these devices that are incorporated into a textile.

The electrically-conductive connections between yarns,

or between yarns and other materials, can be made by using

conductive gels (such as sliver paints), knotting, or mount-

ing.
(d) Electrochemical Device Applications—Supercapacitors,

Batteries, Fuel Cells, Artificial Muscles and Electrochromic

Articles
Because of the high achievable porosity of the twisted

nanofibers andthe high electrical conductivity demonstrated
herein for particular twisted yarns (such as twisted carbon

nanotube yarns, both before andafter infiltration with elec-
trolyte) these twisted yarns are useful as electrodes for

yarn-based electrochemical devices that use either electro-

chemical double-layer charge injection, faradaic charge
injection, or a combination thereof. These devices could

utilize either electrolytes that are liquid state, solid-state, or
a combination thereof (see above discussion ofelectrolytes).

Examples of twisted yarn electrochemical devices ofthis

invention include supercapacitors, which have giant capaci-
tances in comparison with those of ordinary dielectric based

capacitors, and electromechanical actuators that could be
used as artificial muscles for robots. Like ordinary capaci-

tors, carbon nanotube supercapacitors (A. B. Dalton et al.,
Nature 423, 703 (2003)) and electromechanical actuators (R.

H. Baughmanetal., Science 284, 1340 (1999)) comprise at

least two electrodes separated by an electronically insulating
material, which is ionically conducting in electrochemical

devices. The capacitance for an ordinary planar sheet capaci-
tor inversely depends on the inter-electrode separation. In

contrast, the capacitance for an electrochemical device
depends on the separation between the charge on the elec-

trode and the countercharge in the electrolyte. Because this

separation is about a nanometer for nanotubesin electrodes,
as compared with the micrometer or larger separations in

ordinary dielectric capacitors, very large capacitancesresult
from the high nanotube surface area accessible to the

electrolyte.
These capacitances (typically between 15 and 200 F/g,

depending on the surface area of the nanotubearray) result

in large amounts of charge injection when only a few volts
are applied. This charge injection is used for energy storage

in nanotube supercapacitors and to provide electrode expan-
sions and contractions that can do mechanical work in

electromechanical actuators. Supercapacitors with carbon
nanotube electrodes can be used for applications that require

much higher power capabilities than batteries and much

higher storage capacities than ordinary capacitors, such as
hybrid electric vehicles that can provide rapid acceleration

and store braking energy electrically.
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The construction of a twisted yarn electrochemical device

that can be used as a supercapacitor, an artificial muscle, or

a battery is provided in Example 18. These twisted yarns can

be incorporatedas threads in textiles. While incorporation of

coagulation spun nanofibers as supercapacitors in textiles

has been previously shown (see A. B. Dalton et al., Nature

423, 703 (2003)), these threads have neither the degree of

twist or the high ratio of nanofiber length to fiber circum-

ference needed for enhancing the mechanical properties by

insertion of twist. Also, these prior-art fibers have about an

order of magnitude lowerelectrical conductivity than the

highly twisted carbon nanotube yarns of invention embodi-

ments.

Various methods can be employedforeffectively employ-

ing the nanofiber yarns of invention embodiments in ther-

mochromic devices, including those that are woven or

otherwise arrayed in electronic textiles. One methodis to use

the twisted nanofiber yarns as heating elements to cause the

color change of a thermochromic material, such as a liquid

crystal, that is overcoated or otherwise incorporated into the

nanofiber yarn.
Another method is to utilize electrochemically-induced

color changes of an electrically conducting nanofiber-yarn

electrode thatis infiltrated with or coated with an electrolyte.
For this method, the counter-electrode can be another

twisted nanofiber that contacts the sameelectrolyte as for the
working electrode, but other useful possibilities exist. For

example, the counter-electrode can be an electrically con-
ducting coating on the textile that is separated from the

twisted nanofiber electrode by the ionically conducting

electrolyte that is required to both avoid inter-electrode
shorting and to provide an ion path. The electrochemically-

induced chromatic changeofthe nanofiber yarnin either the
infrared, visible, or ultraviolet regions can involve either

faradaic processes or non-faradaic charge injection, or any

combination thereof. Electrically conducting twisted nano-
fiber yarns overcoated with a conducting organic polymer

(or twisted nanofiber yarns comprising conducting polymer
nanofibers) are optionally preferred for color change appli-

cations, and especially as yarn electrodes that provide color
changes in electronic textiles. Twisted carbon nanofiber

yarns are optionally especially preferred as electrodes that

change color when electrochemically charged either farada-
ically or non-faradaically. These chromatic changes occur

for the carbon nanotube fibers in the useful region in the
infrared where the atmosphere is transparent.

Using these chromic materials, electronic textiles that
provide pixilated chromatic changes can be obtained. Meth-

ods for electronically addressing individual pixels are

widely used for liquid crystal displays are well known and
the same methods can be used here. For example, applying

a suitable potential between the ends of orthogonal yarns in
a textile will selectively heat a thermochromic material

separating these yarns and that has a much lowerelectrical
conductivity than the yarns.

Conducting twisted nanofiber yarns are especially useful

as fuel cell electrodes that are filled with electrolyte and
contain catalyst. Because of their strength, toughness, high

electrical and thermal conductivities, and porosity, the
twisted carbon nanotubeyarnsare included amongpreferred

compositions for the fuel cell application. The fuel cell
electrode can comprise a singles or folded yarn (together

with a penetrating electrolyte and a catalyst such as Pt), or

it can comprise an array of twisted yarns, especially includ-
ing those that have been woven(or otherwise configured)

into a textile.
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FIG. 104 schematically illustrates a fuel cell of invention

embodiments that can be configured in the form of a

yarn-size and yarn-shape device that can be woven into a

textile, or as a much larger diameter device. A carbon
nanotube yarn hydrogen electrode (10402), which can be an

assembly of nanotube yarns, is coated with solid electrolyte
(10403) andin intimate contact with this electrolyte and the

electrolyte is also in intimate contact with a surrounding
braided nanotube yarn oxygen electrode (10401). Both

10401 and 10402 contain sufficient nanoporous void space

that air (or oxygen) makes contact to 10401 and hydrogen
can be transported through 10402. A catalyst, typically of Pt

or a Pt alloy, is preferably in the contact region between
these gases and these respective electrodes. The hydrogen

fuel is transported through the porous regions of nanotube
yarn electrode 10402 and oxygen(orair) is delivered to the

oxygen electrode 10401. The hydrogen fuel can optionally

be replaced by an alternative fuel, like hydrazine or metha-
nol.

It is important to provide reliable access of fuel to
electrode 10402. Several approaches can be used, internal

fuel storage, external fuel storage, and intermittent internal
and external fuel storage. The external storage approachis to

have the fuel source (such as hydrogen) separate from the

yarn fuel cell. The internal storage approach is to store the
hydrogen producing fuel in the hydrogen electrode of the

fuel cell yarn. In either case, fuel storage and access of the
fuel to the electrode can be in and through hollow regions of

a yarn electrode 10402 (such as the central region of a
hollow braided yarn) or in and through the porosity of the

MWNTyarns, which readily wicks liquids.

Such yarn fuel cells are particularly promising for appli-
cation on micro air vehicles, as small as a dragon fly.

Imagine a 30 micron or smaller MWNTyarn that is braided
(like a shoe lace) to make a hollow braided tube that is the

hydrogen electrode. This electrode can be overcoated with a

H* transporting electrolyte layer on the surface of the
braided structure, and wrapped on a sacrificial mandrel to

make the first layer of the shell or wing of a micro air
vehicle. The oxygen electrode yarn (which need not have a

hollow construction) could then be woundoverthe top ofthe
hydrogen electrode, imbibed with additional electrolyte, and

chemically treated so as to removeelectrolyte only from the

yarn side that is on the surface of the vehicle (so that triple
point contact involving air is insured).

Asan alternative to this type of construction, a fuel cell
yarn structure 30 microns or smaller in diameter could be

made by imbibing an electrolyte into the outer surface of a
10 micron diameter MWNT yarn, twisting this hydrogen

electrode MWNTyarn with a second yarn while the elec-

trolyte is still sufficiently wet to provide partial infiltration
on the electrolyte contacting side with the electrolyte. Wick-

ing hydrazine into the hydrogen electrode yarn then makes
the fuel cell operational (using the wicked hydrazine as one

fuel component and air as the second fuel component). A
catalyst like Pt or a Pt alloy is naturally useful for both fuel

cell electrodes and, using methods of the prior art, such

catalyst can be easily deposited in a region selective way in
nanotube assemblies.

Twisted nanofiber yarns wrapped on a spindle are espe-
cially preferred for many of the above applications. This

spindle can be onethat is part of the final device, or it can
be one that is used for arraying the twisted nanofiber yarn

and then removed in following fabrication steps.

(e) Sensors
Twisted nanotube yarns of invention embodiments have

special utility as chemical and mechanical sensors that can
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be optionally knitted or woven into textiles. These nanotube
yarns can also be incorporated into composite structures to

sense mechanical deformation of these structures and the

occurrence of damage-causing events (before they result in
catastrophic structure failure). The mechanical sensor appli-

cation can use the change in yarn electrical conductivity that
occurs when the yarn is deformed, or the interruption in

electronic transport that occurs whenthe yarn is broken. For
example, twisted nanotube yarns in a soldier’s uniform

could provide an electrically transmissible signal indicating

that a soldier has been woundedin a particular location,
thereby enabling effective triage. Also, the toughness of the

nanotube yarns could provide some degree of protection
against injury.

Chemical sensor applications of the twisted nanofibers
yarns can utilize the sensitivity of electronic transport and

thermal powerto the absorption of chemical on the nano-

fibers, as well as the reaction of chemicals or biological
agents with derivatized or non-derivatized surfaces. This

sensitivity of carbon nanotube electrical conductivity and
thermal poweris well known(see P. G. Collins, K. Bradley,

M.Ishigami, and A. Zettl, Science 287, 1801 (2000) and J.
Kong et al., Science 287, 622 (2000)). The benefit that the

nanofiber yarns provide is retention of the high surface area

of the nanofibers in a mechanically robust structure that can
be incorporated in a variety of configurations, including as

chemical sensors in electronic textiles.
Changesin the electrochemical capacitance of nanofibers

in a nanofiber yarn that comprises an electrolyte can also be
usefully employed for providing the response of a nanofiber-

yarn-based chemical sensor (including a biochemical sen-

sor). In this invention embodiment two nanofiber yarns
separated by electrolyte can optionally be used for the

device configuration.
Examples 32 and 90 show methods for fabrication of

elastomerically deformable carbon nanotube sheets. These

elastically deformable nanotube sheets can be usedasstress
and strain sensors, wherein the sensor response is provides

by a change in resistance of the nanotube sheet in response
to an applied stress or strain. While the stress-strain sensi-

tivity of resistance of the nanofiber sheets is low, which is
highly desirable for most applications, the size or stretch-

induced resistance changes are large enough to be usefully

measurable. Moreover, the size of stress-induced resistance
changes can be enhanced by coating either the nanotube

forest (for forest-based spinning) with a material that pro-
vides a large strain dependenceofresistivity (like a suitable

selected conducting polymer), by coating or infiltrating the
nanofiber sheet with such material, or by using a device

based on two nanotube sheets, separated by a material

having a high strain dependenceofresistivity. In this latter
case, the sensor response is determined by a change in

inter-sheet resistivity (or a combination of inter-sheet and
intra-sheet resistivity).

Piezoelectric and ferroelectric based stress, strain, or
pyroelectric sensors can exploit the electronically conduct-

ing nanofiber sheets of invention embodimentsas electrodes

on one or both sides of a piezoelectric or ferroelectric sheet.
For pyroelectric sensors used for the detection ofradiation

(such as light or infrared radiation) the nanofiber sheet or
sheet stack used for one or both electrodes can be chosen to

be sufficiently thick to convert radiation to heat. Multiple
nanotube sheets can be stacked to obtain appropriate elec-

trode thickness for radiation absorption. These sheets can

either be stacked to eliminate the effect of sheet anisotropy
(for example by orthogonally aligning neighboring sheets)

or these sheets can be aligned so that the orientation direc-
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tions of the sheets are parallel. In the latter case, the
pyroelectric device becomessensitive to the polarization of

neighboring sheets. Using the methods described in Section

10(k), pixel-sensitive responses can be obtained for a pyro-
electric radiation detector.

Section 10(k) further elaborates of the use of carbon
nanotube sheets and woven as sensors, and exploits the

electrical anisotropy of these sheets for obtaining sensor
responses that can be monitored for a pixel array.

Numerous publications on the application of nanotubes

and other nanofibers as sensors have been published(see, for
example, J. Li et al. Nano Letters 3, 929 (2003) and J. Kong

et al., Science 287, 622 (2000)) and the teachings of this
prior art will facilitate application of the present invention

embodiments.
Asalternative to using the nanotube sheets of invention

embodiments as one or more electrodes for a piezoelectric

sensor, the same type of device can be operated in reverse
direction as a piezoelectric or ferroelectric loudspeaker. One

benefit is the transparency obtainable for these strong nano-
tube sheets and the ease at which they can be flexed without

loss of electrical conductivity. Using these transparent nano-
tubes sheets as electrode on both sides of a piezoelectric or

ferroelectric sheet enables the fabrication of windows and

pictures coatings that are transparent loud speakers.
The methods described in Section 10(1) can optionally be

used for imbedding the nanotube electrodes in a ferroelectric
sheet material. Poling of the ferroelectric can optionally be

accomplished after the embedding process.
The nanofiber electrodes for these sensor and loudspeaker

applications are optionally preferably densified, especially

since this densification increases nanotube sheet strength.
(f) Incandescent Light Emission Devices

While it is well knownthat carbon nanotube yarns can be
used as incandescentlight sources, the nanotube assemblies

of the prior art are untwisted (see K. Jiang et al. in Nature

419, 801 (2002) and in U.S. Patent Application Publication
No. US 2004/0051432 Al (Mar. 18, 2004); P. Li et al. in
Applied Physics Letters 82, 1763-1765 (2003); and J. Wei at
al. in Applied Physics Letters 84, 4869-4871 (2004)). The

benefit of inserting twist to form nanofiber yarns of the
present invention is that the spinning process confers

mechanical robustness that translates to increases in the

lifetime of the incandescent filament and to the degree of
repeated mechanical shock that the incandescent filament

can withstand without failure.
The absenceofsignificant strength or toughness decrease

due to knotting, as well as the low electrical resistance of
knots used to tie separate nanofiber yarns together; can be

employed for this and other device applications.

Additionally, the ability of the spun and twisted carbon
nanofiber yarns to undergo knotting and the very small yarn

diameters that can be spun by the methods of invention
embodiments (ten times smaller than those of prior art

yarns) enables localization of incandescent heating and
electron beam emission either at knots or in regions between

knots. The obtainable localization of incandescentelectrical

heating at knots can be usefully employed to provide an
incandescent light source having micron and smaller diam-

eter, corresponding to the knot dimension. Various methods
can be employed for selectively increasing the electrical

resistance at knots relative to unknotted regions of the yarn
(such as selective chemical reaction at the knot).

Also the mechanical durability and resistance to strength

degradation due to knotting can be employed in the fabri-
cation of nets and textiles that can serve as incandescent

heating structures.
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Both multiwalled and single walled carbon nanotubesare

especially useful for use as incandescent light sources.

Unless the goal is to maximize the ratio or infrared light

emission to visible light and ultraviolet light emission or to
maximize lifetime, the nanofiber incandescent lamps are

optionally preferably operated at above 1500° C.in order to
enhance electrical to photonic light emission efficiency.

Optionally and morepreferably whenvisible light emission
is the goal the nanotube-based incandescent light element

can be operated at a temperature of above 2000° C. Option-

ally and more preferably, when lifetime maximization is not
necessary the nanotube-based or other nanofiber-based

incandescent light element is optionally preferably operated
at a temperature of above 3000° C.

These nanofiber-based incandescent light sources are
preferably ones in which either an inert gas (such as argon,

krypton, or xenon) or a vacuum surround the nanofiber

incandescent element.
Secondary nanofibers can be addedto original nanofibers

for the formation of incandescent light elements. For
example, catalyst particles such as metal or metal alloy

particles can be incorporated in the volume (or on the
surface) ofan electrically conducting nanotube yarn, ribbon,

or sheet, either before, during, or after a draw process to

make a nanotube yarn, ribbon, or sheets for incandescent
light or other applications. Well known CVD methods can be

used to grow nanotubes from these catalyst particles (see
references below) that extend from the original nanotubes,

so as to provide nanofiber comprising elements for incan-
descent lights (as well as field-emitting nanofibers yarns,

sheets, or ribbons). These nanofibers for the original yarn,

sheet, or ribbon are optionally and preferably carbon nano-
tubes.

Various variations can be made on these processes for
adding secondary nanofibers to a primary nanofiber struc-

ture. These include, among others, (a) the growth of the

nanofibers on a pre-primary or primary nanofiber array
before formation of yarn, sheet, or ribbon, (b) the addition

of the secondary nanofibers by solution-basedinfiltration of
pre-formed secondary nanofibers, and (c) delivery of the

catalyst grown from the gas phase for the growth of the
secondary nanofibers.

Growth of nanofibers within or on the nanofiber yarns of

invention embodiments has wider application than solely for
the purpose of fabricating incandescent light elements or

electron field emission element. These methods can be used
for such purposes as (a) mechanical reinforcement of the

nanofiber yarn, (b) enhancing the electrical or thermal
conductivity of the yarn, and (c) providing nanofibers that

extend from the yarn to thereby electrically, thermally, or

mechanically interconnect the yarn with surrounding ele-
ments, such as other nanofiber yarns, otherfibers, or a matrix

material. These processes typically involve the steps of (1)
incorporating active catalyst particles in a nanotube yarn or

precursor nanofiber arrays, and (2) synthesizing nanofibers
in a nanofiber yarn or on the surface of a nanofiber yarn by

reaction catalyzed by catalyst particles introduced before,

during, or after a twist process is applied for the yarn.If this
nanofiber yarn is incorporated into a textile, this particle-

catalyzed growth of nanofibers within or on the nanofiber
yarn can be carried out either before or after the yarn is

incorporated into a textile or other yarn array. This synthesis
of nanofibers using catalyst particles can be by CVD,liquid

phase synthesis, or other known means. Useful catalysts and

carbon nanotube growth methods that can be employed are
described, for instance, in R. G. Ding et al., Journal of

Nanoscience and Nanotechnology 1, 7 (2001); J. Liu etal.,
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MRSBulletin 29, 244 (2004); and S. M. Bachilo at al.

Journal of the American Chemical Society 125, 11186

(2003). Catalysts and growth methods for other nanofibers

are described, for instance, in Y. Wu et al., Advanced

Materials 13, 1487 (2001); R. Tenne, Angewandte Chemie

Int. Ed. 42, 5124-5132 (2003); and X. Duan and C. M.

Lieber, Advanced Materials 12, 298-302 (2000), where

semiconductor nanofibers having high purity are made using

laser-assisted catalytic growth.

Example 29 shows a stable, planar source of polarized

ultraviolet, visible and infrared incandescent light (FIGS.

31, Aand B)for sensors, infrared beacons, infrared imaging,

and reference signals for device calibration. This nanotube

sheet incandescent light has the advantage of providing

highly polarized radiation (as shown in Example 29, the

degree of polarization of emitted radiation increases from

0.71 at 500 nm to 0.74 at 780 nm (FIG. 32), which is

substantially higher than the degree of polarization (0.33 for

500-900 nm)previously reported for a 600 um long MWNT

bundle with ~80 um emitting length.

Cost and efficiency benefits result from decreasing or
eliminating the need for a polarizer, and the MWNTsheet

provides spatially uniform emission over a broad spectral

range that is otherwise hard to achieve. The low heat
capacity of these very low mass incandescent emitters

meansthat they can turn on and off within the observed 0.1
msor less in vacuum, and provide current modulated light

output on a shorter time scale.
The polarized nature of the emitted light from nanotube

sheets (and other oriented electrically conducting oriented

nanofiber sheets) can be used for reducing glare. For this
purpose the orientation of the nanofibers in the sheet are

preferably oriented in at least an approximately vertical
direction.

The combination of electrical conductivity and transpar-

ency for nanotube sheets and ribbons is also usefully
employed for incandescent elements that should be trans-

parent, such as electrically heated furnaces and ovens (where
the benefit is to provide high visibility for the heated

contents of the furnace or oven). Also, the transparent
nanotube sheets of invention embodiments will be nearly

invisible until electrically heated for the purpose of gener-

ating incandescent radiation.
The nanotube sheet incandescent elements of the present

invention embodiments can be optionally plied to increase
filament strength. This plying can be optionally by crossing

the orientation direction of sheets, so that in-plane mechani-
cal anisotropyis largely eliminated. Such plying can be used

to convert a nanotube sheet incandescent light to one that

emits largely unpolarized light.
(g) Protective and Temperature Regulating Clothing Appli-

cations
The surprisingly high yarn toughness demonstrated for

the nanofiber yarns, as well as the extremely small demon-
strated yarn diameters, indicates the utility of the twisted

nanofiber yarnsas textiles for protective clothing. Very tight

yarn weaves, like those used for sail cloth, are especially
useful for stab and puncture resistance. The high tempera-

ture stability of the draw-twist carbon nanotube yarns are
especially useful for making hard armorthat involves incor-

porating the nanofiber yarns in a matrix, like a ceramic, that
is processedat high temperatures. While graphite fibers have

as high a thermal stability, the toughness of the twisted

carbon nanofiber yarns of invention embodiments (20 J/g
and above) is higher than that for graphite fibers (about 15

J/g).
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Electrically conducting nanofiber yarns of invention

embodiments can be incorporatedinto textiles to provide the

ability to heat the textile. Also, the electrically conducting

nanofiber sheets of invention embodiments can be laminated
between layers of ordinary textiles to provide the ability to

heat the textile by passing electrical current through the
nanofiber sheet. These nanofiber yarns and sheets absorb in

the ultraviolet range, thereby providing protection to the
effects of solar radiation exposure for those wearing other

wise ultraviolet-transmissive clothing.

Other means for moderating temperature changes for
textiles is to use the porosity of nanofiber yarns and nano-

fiber sheets to store phase change materials, whose heat of
fusion absorbs thermal energy when temperature is becom-

ing too high and releases thermal energy when thetextile
temperature is too low. For use in textiles for clothing, the

temperature range of heat absorption and release is prefer-

ably chosen to be within the comfort range of the wearer.
(h) Application as Absorptive Materials for Gases, Liquids,

and Solids
The porosity, high surface area, small yarn diameters, and

high mechanical strength of the nanofiber yarns, sheets, or
ribbons of invention embodiments make them ideal mate-

rials for concentrating, separating, storing, or releasing gas

and liquid components. They are also useful for concentrat-
ing, separating, and storing solids, such as particulate solids

and solids that can be collected in solid form from a vapor
or liquid and optionally subsequently either released or

partially released in vapor, liquid, liquid component, reac-
tion product, solid forms, and combinations thereof. Such

solids include biological agents such as bacteria and viruses,

which can optionally be at least partially pyrolized or
otherwise modified during a release process.

Carbon nanofibers are a particular type of nanofiber that
is useful for these applications. The gravimetric surface area

of nanofibers for these collection, separation, storage, or

release purposes is optionally preferably above 10 m?/g and
more optionally preferably above 100 m?/g. This surface

area can be optionally measured using the well known BET
method,

The above nanofiber assemblies are especially important
for concentration of analytes present in gases and liquids,

and their subsequent release by heating, other means, or

combinations thereof. Nanofibers assembled into yarns,
sheets, ribbons, and combinations of these assembly meth-

ods are optionally preferable for applications for materials
adsorption or absorption, materials separation, and materials

release.
The high electrical conductivity for twisted yarns made of

such materials as carbon nanofibers facilitate their use as a

material for gas component separation, concentration, and
analysis. In a typical process for the use of these conducting

materials for this purpose, a carbon nanotube yarn, sheet, or
ribbon is exposed to an analyte for a time enabling either

separation or concentration by absorption on the high sur-
face area of the nanotubes. This absorbed material can then

be released by heating the nanofiber yarn electrically, by

radiofrequency or microwave absorption, or by the absorp-
tion of radiation at ultraviolet, visible, or infrared wave-

lengths.
Materials collected on a nanofiber yarn, ribbon, or sheet

(or a component derived there from) can be optionally
subsequently analyzed while on these articles using spec-

troscopic or other means, or released as a gas from these

articles and optionally analyzed by analyzing the gas. This
gas can optionally be accomplished using such means as

mass spectroscopy and gas chromatography. Materials col-
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lected on the nanofiber yarn, ribbon, or sheet (or a compo-
nent derived there from) can optionally be released into a

liquid media, and subsequently separated or analyzed using

conventional liquid-based separation or analysis means.
The collection, separation, or release of solids, liquids, or

gases from the nanofiber comprising yarns, ribbons, or
sheets (or a componentderived there from) can optionally be

electrically enabled, such as by heating or capacitive charg-
ing in a capacitive device meansthat includes at least two

electrodes. For instance, the capacitive charging in a device

means can be by applying a potential between two elec-
tronically separated electrodes, wherein at least one of these

electrodes comprises a nanofiber sheet, ribbon, or yarn (or a
component derived from the same). Electrochemical charg-

ing can usefully be employed by incorporating an electrolyte
into the inter-electrode region.

The nanofibers of these invention embodiments can

optionally be reacted, surface derivatized, or surface coated
to optimize the materials uptake and materials release pro-

cesses of this section. The coating can optionally involve
biological agents, such as proteins, antibodies, DNA, or

aptamers.

Also, the uptake and release of materials by nanofibers in

these embodiments can be optionally measured by measur-

ing weigh uptake, such as by using a surface acoustic wave
device or a scale, by measuring electrical conductivity, or by

measuring thermopower.
The materials used for the embodimentsofthis section are

optionally preferably nanofiber sheets, ribbons, and yarns
fabricated by a solid-phase process. The nanofibers are

optionally preferably carbon nanotubes.

(i) Applications as Channels of Microfluidic Circuits
The porosity of twisted nanofiber yarns can be usefully

used as channels of microfluidic circuits. These microfluidic
circuits can be employed, for example, to make a centimeter

scale or smaller “fiber laboratory” for chemical and bio-

chemical analysis or, more exclusively, for chemical syn-
thesis.

The novel aspect is to use the wicking capability of
twisted nanofiber yarns for the transport of chemicals for

subsequent possible mixing and chemical reaction, separa-
tion (optionally along yarn lengths), and chemical analysis.

FIG. 13 showsa junction that could be used as a junction

for microfluidic applications. This junction comprises an
overhand knot (1305) tied in one twofold MWNT yarn

(having fluid entrance along 1301 andfluid exit along 1302),
so that the knot includes a second twofold MWNT yarn

(with fluid entrance along 1303 andfluid exit along 1304).
The nanofiber yarns in each of the twofold yarns can

optionally differ and can optionally be different for the two

twofold yarns. Depending upon the inserted tightness of
knot 1305, optionally different fluids entering along 1301

and 1303 will mix to produce optionally different fluid
mixtures exiting along 1302 and 1304. With increasing

tightness of the knot, the fluid components entering at 1301
will increasingly exit along 1304 and the fluid components

entering along 1303 will increasingly exit along 1302. Fluid

transport along these yarns can optionally be varied by
applying alternating or steady potentials between the

entrance and exit portions of the twofold yarns and between
component single yarns in each of the twofold yarnsif the

component singles yarns in each twofold yarnsare electri-
cally insulated with respect to each other and if these yarns

are electrically conducting.

These and many other types of microfluidic circuits based
on yarns can be optionally arrayed on a curved or linear

surface to make the final device configuration. As another

20

25

30

40

45

55

74
preferred configuration, these microfluidic yarns can be
optionally woven, sewn, embroidered, or otherwise config-

ured in a textile. To well define the microfluidic circuit, a

fraction ofthe other yarns orfibers can be made substantially
non-interacting with the microfluidic circuit, such as by

appropriately choosing (or modifying) their hydrophobicity/
hydrophilicity and/or porosity. These yarn-based microflu-

idic circuits can optionally comprise more than onetextile
layer, and microfluidic yarns in onetextile layer can option-

ally traverse between textile layers. Also, the micro-fluidic

nanofiber yarn structure (such as a yarn in a composite) can
optionally provide mechanical reinforcement of a composite

structure. Additionally, and optionally, said nanofiber yarn
can contain a material, such as those knownin the art, which

mechanically reinforces a structure at the onset of yarn
failure.

Such microfluidic circuits can optionally be used for

various purposes, as for textiles in clothing that analyze
biological products for health monitoring purposes. Also,

microfluidic mixtures(like illustrated in FIG. 13 can be used
for the mixture of fuel and oxidant for miniature fuel cells

and combustion engines, which could be used for miniature
robots or micro-air vehicles.

(j) Tissue Scaffold and other Biological Applications

The spun yarns and sheets of invention embodiments can
also be used as scaffolds for the growth of tissue in either

culture media or in organisms, including humans. Examples
of possible application include use of the nanotube yarns as

scaffolds for neuron growth after brain or spinal cord injury.
Recent work has shown (see H. Hu, Y. Ni, V. Montana, R.

C. Haddon, V. Parpura, Nano Letters 4, 507 (2004); J. L.

McKenzie et al., Biomaterials 25, 1309 (2004); and M P.
Mattsonet al., J. of Molecular Neuroscience 14, 175 (2000))

that functioning neurons readily grow from carbon nano-
tubes, and that carbon fibers having diameters of about 100

nm or less retard scar growth and facilitate desired cell

growth. For the purposes of modifying biocompatibility, the
spun nanotubes in the spun yarns and sheets can optionally

be chemically derivatized or non-chemically derivatized,
such as by wrapping with DNA, polypeptides, aptamers,

other polymers, or with specific growth factors like 4-hy-
droxynonenal. The carbon nanotube yarns and sheets of

invention embodiments can be produced free of any addi-

tives (but selected additives can be incorporated and the
nanotube yarns can be derivatized if desired), are highly

electrically conducting, and are very strong. Also advanta-
geous for medical applications, and unlike other high per-

formance fibers/yarns (like Kevlar® and Spectra® fibers
used for antiballistic vests), these tough yarns are highly

resistant to strength degradation due to either knotting or

abrasion and have a controllable degree of substantial elas-
ticity. These yarns can be woven into either two- or three-

dimensionaltextiles that could serve as frameworks for the
growth of blood vessels and nerves. The textiles could have

virtually any desired topology: the inventors have made
tubular structures from nanotube yarns and from wrapped

spun ribbons that have the diameter of moderately small

blood vessels (see Example 11). The nanofiber yarns of
invention embodiments can beusedaselectrical connections

to neurons in the brain, ear (for the detection of sound), or
eye (for the detection of light), where functioning neurons

are grown on the nanofiber yarn to make electrical connec-
tion to existing neurons. Neuron growth on the tip of

nanofiber yarns having a diameter of less than 10 micronsis

optionally and preferably used for these applications.
One major problem in using scaffolds for tissue growth is

in insuring appropriate elasticity of the scaffold both during
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tissue growth and after such growth has been largely accom-
plished. The situation is like the case of a broken bone—

immobilization is desirable during the healing process, but

it is desirable that normal mobility and elasticity returns
after the healing process has satisfactorily progressed. The

twisted nanofiber yarns providethis tunability of elasticity if
the initial scaffold material is impregnated with a host

material (such as relatively rigid bio-absorbable polymer),
whose bio-regulated absorption frees the nanofiber yarn to

havethe elasticity associated with normal body function and

mobility.
Because nanotube yarns are electrically conducting,

mechanically strong, flexible, and chemically stable, they
can be utilized for implantable biomedical devices such as

implantable sensors and the inductor coils for implantable
radio transmitters and transponders. Prior art technologies

for using carbon nanotubes as biochemical sensors are well

developed, as are demonstrated strategies for obtaining
nanotube sensorselectivity and selectivity. Since it is also

well known in the literature that functional neurons readily
grow on carbon nanotubes, carbon nanotubes yarns and

sheets could be used as a high-efficiency electronic interface
to axons. The benefit of using carbon nanotube yarns and

sheets for these applications, as opposed to other types of

nanotube sheets and yarns, is in the combination of giant
accessible surface area, high mechanical strength, high

electrical conductivity, the absence of required binding
agents, and the small obtainable yarn diameters and sheet

thicknesses.
For some types of nanofiber synthesis and processing

methods, which result in an undesired tendency for blood to

clot on the nanofibers or nanofiber assembly, it is useful to
coat the nanofibers with another material to preventclotting.

Amorphous carbon is one useful material that can be
employed to prevent or reduce the clotting of blood. Other

useful materials are proteins known in the priorart.

(k) Application of Nanofiber Sheets and Woven Textiles for
Addressing Individual Elements in Two and Three-Dimen-

sional Arrays
The surprisingly high electrical anisotropy that the inven-

tors observe for the electrical conductivity of nanotube
sheets leads to another type of invention embodiment,

wherein these sheets are used for addressing selected regions

(or pixels) in two-dimensional or three-dimensionalarrays.
Example 23 showsthatthis electrical anisotropy varies from

moderate values of typically 10-20 for densified carbon
nanotube sheets, to higher values of about 50-70 for unden-

sified sheets, to arbitrarily high values for either densified or
undensified carbon nanotube sheets that have been appro-

priately pre-stretched orthogonal to the draw direction to

increase the anisotropy of nanotubeelectrical conductivity.
In one type of such invention embodiments, two of these

highly anisotropic sheets are placed parallel, with an orien-
tation between the high conductivity directions in these

sheets of ©. This angle between the orientation direction in
the two sheets is optionally between about 30° and 90°, and

optionally and more preferably about 90°. These sheets are

separated by one or more coatings or layers providing an
effective resistance between nanotube sheets that is much

higher than for the current path along the nanotube sheets,
so that the main reason for spreading of the current path in

the sheets is due to deviation of sheet anisotropy from
infinity.

The meansto selectively provide a voltage at a desired

position (pixel) in the material separating the nanotube
sheets is provided by attaching electrical contacts along at

least one lateral side of each sheet. These contacts are
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preferably spaced as a linear array that is at least approxi-

mately orthogonal to the nanotube orientation direction in

each sheet. The spacing between electrical contacts on a

lateral sheet side is measured by distance component

orthogonal to the orientation.

This meansfor selectively addressing different pixels can

be used for selectively addressing elements for various

purposes, depending uponthenature oftheresistive material

that separates nanotube sheets.

The material at these different pixels, and separating the

two nanotube sheets can be a sensor materials for (1)

mechanicalstresses (like a piezo-resistive material, a piezo-

electric or polled ferroelectric, or a dielectric providing a

charged inter-sheet capacitance depending upon intra-pixel

stress and strain), (2) local temperature, (3) a photodetector

material for local visible, infrared irradiation ultraviolet, or

higher energy gamma or particle radiations (based, for

example, for the material between the nanotube sheets, on

photo-induced conductivity, resistance change due to heat-

ing, or (4) an artificial noise (for gas sensing) orartificial

tongue (for liquid sensing) using intersheet pixel area mate-
rials that are responsive to materials that are in liquids or

gases, especially including biological materials. Note that

the materials of (1) can be used to provide computer screens
and electronic textiles that enable data input using sensed

changes in electrical conductivity or electrical signals gen-
erated by touch.

The material separating the nanotube sheets in the pixel
region can be a material or material assembly that either

emits light or changescolor in direct or indirect response to

a voltage applied to the pixel. Light emission at a pixel at
visible, infrared, and/or infrared wavelengths can be

achieved by various means, including fluorescence, phos-
phorescence, or incandescence. For example, the material

separating the pixel region of the nanotube sheets can be the

materials and material assemblies used in the prior art for
light emitting displays. Alternatively, the material separating

a pixel region of the two nanotube sheets can bea resistive
material that emits incandescent light (or predominately

incandescent light only in the infrared region as a result of
low temperature heating). Emission of infra-red light by

fluorescent or incandescent means can be used to help

reduce the visibility of an article with respect to background
for military applications.

In other useful embodiments the high resistance material
or material assembly betweenthe pixels ofthe two nanotube

sheets can be onethat provides a color change. Examples are
those that provide a color changeasa result of heating (such

as a thermochromic organic polymer, a thermochromic

inorganic material, or a thermochromic liquid crystal), a
electrochromic material (like a liquid crystal), or an elec-

trochemically chromatic material (like an electrochemically
switchable conducting organic polymercontaining electrode

attached to the first nanotube sheet that is separated by an
electrolyte from a counter electrode attached to the second

nanotube sheet).

The responsivelayer or coating between the sheets can be
conveniently applied by various means, such as by coating

the individual nanotube sheets with one or more layers
before laminating the nanotube sheets. The material depos-

ited as resistive material can vary in composition across the
inter-sheet region, by deposition the inter-sheet material or

materials in a spatially graduated manner, using the methods

used to make elements for combinatorial chemistry. These
methods are especially useful for making smart noses or

smart tongues.
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The space between two orthogonal sheets comprising

oriented nanofibers can also be usefully separated by air,

other gas, or vacuum. A novel matrix addressable bolometer

using an air, other gas, or vacuum gap is illustrated in

Example 54.

More than two nanotube sheets (or directly contacting

nanotube sheets stacks) can be used to provide three-

dimensional pixilation when the responsive material layer

separates adjacent nanotubesheets (or neighboring nanotube

sheet stacks). Each nanotube layer (or stack or identically

oriented nanotube sheets) can then be independently

addressed similarly to the case where there are only two

nanotube sheet layers (or contacting stacks of identically

oriented nanotube sheet stacks).

The methods of these embodiments can also be applied

when the neighboring non-electronically contacting nano-

tube sheets are replaced by twotextile sheets comprising

carbon nanotube yarnsthat are electronically insulated with

respect to intra-sheet or inter-sheet contact (except in

regions where the responsive material or responsive material

assembly is located). The responsive material between the
textile layers can be provided by coating the responsive

material or responsive material layers onto the yarns before

or after assembly of the nanotube yarns into thetextile. If
nanofiber yarns in a textile layer go in more than one

direction within a given textile layer, these yarns in different
directions should be substantially electronically insulated

with respect to each other than by mutual contact through a
resistive responsive material or responsive material array.

These methods can also be applied to a single fabric sheet

to obtain the desired pixilated behavior by placing the
nanofiber yarns in two directions and insulating all yarns in

the fabric by location or covering so that there is no direct
contact. The lowest resistance contact between neighboring

yarns should be through the electrically responsive material

or material assembly. In such case the pixilated response is
provided by individually addressing the individual nanotube

yarns in the textile.
Such electrically anisotropic sheet and textile structures

can optionally be used for information storage, by utilizing
resistive response elements that undergo either permanent or

reversible change in resistivity or capacitance as a conse-

quence of ether an applied voltage (such as liquid crystal),
a voltage-driven current flow (such as a conducting polymer

electrochemical switch), or a combination thereof. For the
permanent storage of information the responsive element

can be simply and element that evaporates (opening the
circuit) or carbonizes (closing the circuit) as a result of a

pixel being addresses.

Alternatively, either permanentor reversible storage and
retrieval of information (or permanent record of localized

radiation exposure) can be obtained by writing and or
removing the information using radiation (suchas light) and

reading this information, and/or switching pixel response in
the opposite direction using the pixel addressing capabilities

of the above sheet, textile, or optionally combined sheet and

textile arrays.
These methods can optionally be applied to electronically

conducting nanofiber yarns and electronically anisotropic
nanofiber sheets that do not comprise carbon nanotubes or

comprise carbon nanotubes in combinations with other
nanofibers.

(1) Welding with Fusible Material and Surface Modification

Using Selective Nanofiber Heating at Frequencies in the
Microwave, Radio, Ultraviolet, Optical, and Infrared

Regions and by Electrical Heating
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Example 30 shows polymer welding through heating of a

transparent MWNTsheetthat is sandwiched betweenplastic

parts. The MWNTsheets strongly absorb microwaveradia-

tion, as evidenced by their use for this welding of plastic
parts in a microwaveoven.In this example, two 5-mm-thick

Plexiglas® plates were firmly welded together using the
heating of a sandwiched MWNTsheet to provide a strong,

uniform, and highly transparent interface in which nanotube
orientation and electrical conductivity are maintained. The

microwave heating was in a 1.2 kilowatt microwave oven

that operates at 2.45 GHz. FIG. 33 shows two 5-mm thick
Plexiglas (polymethyl methacrylate) plates that were welded

together using microwave heating of a sandwiched MWNT
sheet to provide a strong, uniform, and transparent interface

in which nanotube orientation and sheet electrical conduc-
tivity is little changed. The combination of high transpar-

ency and ultra-high thermalstability provide advantages not

found for the conducting polymers previously used for
microwave-based welding. Among other applications, this

microwaveheating process can be used to make polymer
composites from stacks of polymersheets that are separated

by nanotube sheets, car windowsthatare electrically heated,
and antennas in car window that have high transparency.

Welding of contacting fusible materials by selective heat-

ing of nanofiber sheets can be similarly accomplished using
selective absorption of the nanofiber sheets at radio frequen-

cies, infrared frequencies, optical frequencies, infrared fre-
quencies, ultraviolet frequencies, and combinations thereof

and combinations with microwave heating. Also, selective
heating of a nanofiber sheet for welding nanofibers with a

fusible material can be accomplished by electrical contact

heating of the nanofiber sheet. The intensity and duration of
the radiation-induced heating or the electrically induced

heating processes should be sufficient for at least partial
fusion of the contacted fusible material with the nanofibers.

The intensity of the radiation and the electrical power

delivered by electrical contact heating is preferably sufii-
ciently high that liquidification ofthe fusible material occurs

only locally in the contact region with the nanofiber sheet.
Using region selective radiation delivery or region selective

electrical contact heating, or a combination thereof, for the
nanofiber sheet, the degree of welding with fusible material

or materials can be arbitrarily provided in an area selected

manner.
The choice of fusible materials for these processesis little

constrained. However, it is preferable that the fusible mate-
rial has sufficiently low viscosity at the fusion temperature

that it is able to flow on the desired time scale needed for
rapid processing. For the case where the fusible material is

an organic polymer, the upper temperature of the fusion

temperature is usually limited by the thermal degradation
temperature of the polymer. However, the fusible materials

for welding processes are preferably those that do not have
significant absorption at the wavelengths used for heating.If

the heating process is by electrical contact to the nanofiber
sheet, the fusible material should be substantially electroni-

cally insulating.

The fusible polymers polycarbonate, polyvinylbutyral
(marketed, for example, under the trade name Salflex®),

polymethyl methacrylate, and polystyrene are especially
preferred for the above described processes of inter-layer

welding and the below described processes of surface weld-
ing. Also, inorganic and organic glasses are preferred.

For the case of welding using polyvinylbutyral, this

polymeris optionally and preferably sandwiched between
panes of glass. For processing using radiation induces heat-

ing of polyvinylbutyral, a glass/polyvinylbuttral/nanofiber/
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glass stack or a glass/nanofiber sheet/polyvinylbuttral/nano-

fiber sheet/glass stack is preferably heated by microwave of

other means.

The above-described electrical heating means and heating

means by the absorption of radiation can be used to weld

together sheets of fusible polymers and layers of fusible

textiles (or a fusible sheet with a fusible textile) at an overlap

region of these yarns andtextiles, where a nanofiber sheet of

invention embodiments is located.

Nanofiber sheets can be conveniently attached to the

surface of a plastic or other fusible material by a related

process, by sandwiching the nanofiber sheet between a low

melting polymer and a high melting polymer, selected so

that only the low melting polymer melts as a result of the

temperature increase caused by radiation absorption or elec-

trical contact heating of the nanofiber sheet.

These surface and interlayer bonding methods enable the

incorporation of nanofiber-based antennas and heating ele-

ments in either the surface region of a fusible material or

between layers of fusible materials, such as layers of a

window.

Other benefits of such surface bonding processes are

desirable mechanical properties enhancements for the sur-

face region and the electrical conductivity provided by the

nanofiber sheet. The surface energy of the nanofiber-incor-

porated surface region depends on the degree of heating

generated infiltration of the nanofiber sheet.

When the degree of infiltration of the nanofiber surface

area is incomplete, so that carbon nanofibers protrude from

the surface, the result of this surface treatment process can

be to provide a highly hydrophobic surface. Such a highly

hydrophobic surface can be useful for avoiding water drop-

let condensation, which can be employed for avoiding

fogging for optical elements.

The surface energy, and therefore the degree of hydro-

phobicity will be influenced by absorbed gases. This depen-

dency can be eliminated and the surface can be made either

hydrophobic or hydrophilic by intentionally absorbing either

hydrophilic or hydrophobic materials (or materials having

mixed hydrophobic and hydrophilic character) on the nano-

fibers or bundles of nanofibers that protrude from the

substrate.
In addition, the surface can be reversibly electrically

tuned between hydrophobic and hydrophilic by placing two
parallel, non-contacting nanofiber sheets in the surface

region, so that one of these sheets in completely imbedded
and separated from the nanofiber sheet on the surface by an

ionically conducting layer. Application of a potential

between the two nanofiber sheets results in electrochemical
charging of the nanofiber sheets and corresponding changes

in sheet surface energy, which determines wettability. A
suitable assembly for this purpose of obtaining tunable

charges is wettability can be made by placing a nanofiber
sheet upon the surface of a fusible material (or attaching it

be other means if the surface material is not usefully

fusible), layering upon this nanotube sheet a fusible solid-
state electrolyte and then a nanofiber sheet (which then

becomesthe outer surface layer). Compression ofthis stack
with a another material (that does not cause fusion or

undesirable absorption of the actinic radiation used for
radiation-based nanofiber heating or an electrical conduc-

tivity that interferes with electrical contact based welding)

enables fabrication of the targeted two electrode outer layer
separated by electrolyte when the actinic radiation or elec-

trical contact heating is applied to cause fusion.
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(m) Use of Substrate-Supported Nanofiber Sheets for the

Patterned Deposition of Oriented Nanofibers

Applicants find that localized mechanical stress can be

used to transfer 30 nm or thinner layers of oriented nano-

fibers from one substrate (the transfer substrate) to another

(the receiving substrate) as a patterned array that maintains

nanofiber orientation.

For instance, Example 34 and FIG. 37 show that sub-

strate-supported carbon nanotubes in a 30 to 50 nm thick

carbon nanotube sheet on one substrate can be mechanically

transferred to produce a printed image having about the

same thickness on another substrate. This transfer occurs

without substantial loss of nanotube orientation. Placing the

substrate-supported nanofiber sheet face down on standard

writing paper and writing on the supporting non-porous

paper using a sharp object, the nanotube sheet was trans-

ferred from the surface of a non-porous paperto the regular

paper. The picture ontheleft in FIG. 37 shows the nanotube

sheet attached to the substrate (non-porous paper) after the

transfer process and the picture on the right showsordinary

writing paper with the transferred image.
Most important, optical microscopy on the transferred

nanotube sheet regions shows that the nanotube alignment

present on the original nanotube coated sheet is maintained
in the nanotube pattern transferred to the porous paper.

Hence, the orientation of nanotubes in transferred circuit
patterns can be controlled at will by varying the relative

orientation between the image producing sheet (the transfer
substrate) and image receiving sheet (receiving substrate).

In the results of FIG. 37, the nanofiber sheet has been

densified by the liquid treatment densification method of
Example 23 before the nanotubetransfer step. Other results

in Example 34 indicate that an undensified nanotube sheet
can similarly be used for printing patterned arrays of ori-

ented nanofibers that have not been densified. This process

is less attractive than the one using densified sheets, since
the nanotubes wheretransferred to portions of porous paper

that were not underthe writing instrument. Nevertheless, the
nanotubes that were transferred were much more firmly

bound to the porous paper than those that were accidentally
transferred, so the later could be easily brushed away

without disturbing the intentionally transferred nanotubes.

This process has general applicability for nanofiber sheets
that are oriented with respect to nanofiber direction. These

results show that either densified or undensified nanofiber
sheets can be used for depositing patterned arrays of ori-

ented nanofibers.
Asan alternative to using locally applied stress to provide

patterned deposition of nanotubes from a nanotube sheet

onto another substrate (the receiving substrate), the receiv-
ing substrate can be patterned (such as by lithographic or

mechanical means) to have raised and lowered surface
regions. Application of a uniform stress to the transfer sheet

or other transfer substrate can then be used to transfer the
nanotubes to the raised surface regions of the receiving

substrate.

In another invention embodiment, selective area transfer
(1.e., patterned transfer) of nanotubes from the transfer

substrate to the receiving substrate can be achieved by
depositing a patterned array of fusible material (such as

polymer) on the receiving substrate. Contact of the transfer
substrate with the receiving substrate, followed by heating to

the fusion point and subsequent cooling, transfers the nano-

tubes from the transfer substrate to the receiving substrate.
This heating can be optionally accomplished by microwave

or radiofrequency heating of the nanotubesheet.
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Such patterned arrays of deposited oriented nanofibers

can be used for nanofiber circuit element fabrication, such as

electronic wires and inter-connects, antennas, resistors,

capacitors and supercapacitors.
Also, such transfer of nanotubes from the transfer sub-

strate to the receiving substrate can optionally be repeated
more than one time, such as to increase the thickness of

deposited nanotubesin selected areas. Also, additional trans-
fer, processes between transfer and receiving substrates can

be used for reducing part of all of the anisotropy of a region

of transferred material. For instance, this can be done by
changing the orientation between transfer and receiving

substrates during successive printing processes. In addition,
a first deposition process can be followed by a coating

processofthe entire receiving substrate (or any portionofit)
with another material (such as a solid state electrolyte for a

film supercapacitoror a dielectric for an ordinary capacitor).

This second coating process can then be followed by addi-
tional transfer of nanotubes from the transfer substrate (or a

second transfer substrate) on top of the material provided by
the second coating process. Such methodscan be repeated at

will to develop multilayer structures.
(n) Nanofiber Sheet Appliqueés

Example 31 shows that a transparent carbon nanotube

sheet can be attached to an adhesive film as an electrically
conducting layer providing microwave absorption and the

electrical conductivity needed for resistive heating. In addi-
tion, this example showsthat the adhesive on adhesivefilms

can extrude though the nanotube sheet to provide high
adhesion of the laminated adhesive film/nanotube sheet to

metal, glass, plastic, and other surfaces. When attached to a

flexible substrate (such as a polymerfilm), this example (and
FIG. 34) shows that the tape/nanotube sheet/plastic sheet

can be repeatedly bent to high angles without causing a
significant change in the in-planeresistance of the nanotube

sheet.

Example 42 describes equipment for the manufacture of
nanotube sheets attached to adhesive tape. Examples 50, 51,

and 52 show meansfor storing nanotube sheets after fabri-
cation and these means can be used for subsequent attach-

ment of the nanotube sheets to adhesive sheets.
(o) Nanofiber Sheet Filters

Simultaneously achieving high filtration rate and the

ability to filter very small particles, such as viruses, bacteria,
and nanometer scale colloidal particles, is ordinarily prob-

lematic for filtration of both gaseous and liquid media. The
problem is that small pore sizes provide lowfiltration rates,

especially if the filter is thick. While filtration rate can be
increased by decreasing filter thickness, the pressure differ-

ential between opposite sides of the filter must then be

reduced because of possible rupture of the filter when the
filter thickness is small—whichpartially eliminates the rate

advantage of using a thin filter membrane.
The solid-state drawn nanofiber sheets of invention

embodiments can help solve this problem by providing
filtration membranesthat are so strong that filter membrane

rupture is less of a problem even whenthe nanofiberfilter is

very thin.
The present invention embodiments provide afilter struc-

ture comprising a solid-state drawn nanofiber sheet or sheet
laminate having small pore size is attached on at least one

size by a thicker membrane having larger pore size. The
average pore ofthe thicker membraneis chosento beatleast

two times smaller in largest dimension than the typical

nanofiber length.
If the nanofiber sheets are highly oriented, two or more

sheets can be optionally laminated with crossed directions of

35

40

45

65

82
nanofiber orientation so that low lateral strength orthogonal

to the orientation direction in one sheet is reinforced by the

high strength in the orientation direction for a laminated

sheet.

A greatly enhanced effective load-carrying capability of

the nanofiber membrane preferably results from the span-

ning of individual nanotubes across the contacting pores in

the supporting filter structure. The benefit of this arrange-

mentis that the resistance to filter rupture is determined by

the strength of the individual nanofibers, which are generally

muchhigher than that of the sheet. Hence, thefiltration rate

benefit of using very thin sheet thicknesses can be achieved

without incurring the risk of membrane rupture when a high

pressure drop is applied across the filtration membrane.

The porous material supporting the nanofiber sheet mem-

brane should be on the low pressure side of this membrane,

and can optionally be chosen totrap larger size particles. For

purposes ofmembrane cleaning by application of a reversely

directed pressure difference across the membrane, the nano-

fiber sheet membrane can optionally be supported on both

sides by a thicker membrane having much smaller poresize.
The supporting membrane or membrane with larger pore

size can be any ofthe various conventional membranetypes,

and can optionally comprise fibers or nanofibers. Alterna-
tively, the supporting membranes can be a sheet material that

contains holes or channels, such as a metal wire grid, metal
plate containing holes, or a sheet of anodized aluminum.

The nanofiber membrane preferably comprises carbon
nanotubes and these at least one membrane in a possible

membrane stack is preferably assembled by a processing

step of this invention that involves solid-state assembly
(such as the processes of Example 21, 50, and 52). The

solid-state fabricated sheets are preferably densified, such as
by the liquid-based densification process of Example 23.

However, especially for the purpose ofgasfiltration, such as

air filtration, the nanofiber sheet can optionally comprise
undensified nanofiber sheets.

It should be understoodthat this invention embodiment is
applicable to both planar and non-planar filters. A particu-

larly preferred non-planar membrane is a cylindrical or
conical membrane. Also, nanofiber based membranes can be

conveniently used for cross flow filtration, which minimizes

filter clogging by passing the liquid to befiltered tangen-
tially to the filter membrane.

(p) Additional Applications of Nanofiber Sheets and Rib-
bons as Transparent Conductors

The applications of solid-state drawn carbon nanotube
sheets (and ribbons) as transparent conductors are diverse,

and are in somecasesfacilitated by nanofiber sheet strength,

toughness, microwave absorption capability, polarized emis-
sion and polarized absorption capability, tunable work func-

tion, extreme flexibility without degradation of electrical
and thermal conductivity, and nanotube sheet porosity.

Some of these are applications modes described in the
Examples: Example 14 on transparent substrates and elec-

trodes for optically monitorable cell growth, Example 25 for

transparent sensors having low noise and a low temperature
dependence of electrical conductivity, Example 29 on a

transparent source of polarized incandescent light, Example
30 on a transparent layer for microwave welding ofplastic

and for microwave bonded transparent coaling layers (for
EMIshielding, antennas, and heating elements), Example 31

on transparent appliqués, Example 32 on transparent elas-

tomeric electrodes, Example 33 for transparent organic light
emitting diodes, and Example 34 for transparent printed

circuit elements.
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The transparency in combination with electrical conduc-

tivity is also especially useful for making transparent and

low visibility supercapacitors, such as planar sheet super-

capacitors of those that are conformal to a surface. Such
transparentor low visibility supercapacitors preferably com-

prise two nanotube sheets that are separated by an electro-
lyte.

Sheet transparency is also useful for using carbon nano-
tube sheets and ribbons for electromagnetic interference

(EMI) shielding. For instance, the transparent nanotube

sheets can be used to provide EMI shielding for optical
displays, such as computer screens.

Also, both transparent nanotube ribbons and non-trans-
parent nanofiber ribbons (optionally helically wrapped) can

be used for the outer EMI shielding covering for coaxial
wires and cables, wherein the interior regions of the wire of

cable contains the signal or power transporting component

and the nanotube EMI covering is separated from this inner
signal or powertransporting componentby an electronically

insulating layer. EMI shielded wires of such type are espe-
cially useful for application in electronic textiles (where they

can provide the combination of low visibility and structural
reinforcement of the coaxial wire).

The combination of electrical conductivity and transpar-

ency for nanotube sheets and ribbons is also usefully
employed for heating elements that are transparent. These

heating elements can be employed in electronic textiles for
clothing applications, in automotive and aerospace vehicle

windows, and for electrically heated furnaces and ovens
(where the benefit is to provide high visibility for the heated

contents of the furnace or oven). A substrate can be usefully

and optionally employed for such transparent electrical
heater for furnace or oven and said substrate is optionally a

glass or quartz substrate.
Emitted light from the heating element of high tempera-

ture ovens can obscure the view ofthe furnace contents. This

problem can be mitigated by using the polarized nature of
light emission from oriented nanotube sheet or yarn heating

elements (see Example 29). By placing a polarizing sheet or
material with polarization dependent reflectivity between

the viewer and the incandescent nanotube emitter, the vis-
ibility of furnace contents can be improved. The direction of

preferential light absorption or reflection should optionally

and preferably be parallel to the major polarization direction
of the light emission from the nanotube sheet heating

element (which is parallel to the nanotubeorientation direc-
tion). The benefit of using a polarizing element that accom-

plishes polarization by largely non-absorptive means by
reflecting light and infrared radiation back into the oven or

furnace is to increase oven or furnace efficiency.

Transparent carbon nanotube sheet or ribbon coatings on
windows, eyeglasses, and like devices (such as binoculars)

can optionally be oriented so that the polarizing effect of the
nanotube sheet minimizes glare. This can be done byori-

enting the nanotube alignment direction of the nanotube
sheet so that it is at least approximately horizontal.

The use of transparent nanofiber sheets as one or more

electrodes for newspaper-like displays, and other related
displays, is also important. In such applications the nanotube

sheets of invention embodiments provide the advantages of
flexibility without loosing conductivity and transparency.

The substrate for these potentially single-sheet newspapers
can optionally be sheet materials like those for ordinary

newspapers (or materials having similar properties), and

updating the pages of these pages can potentially be based
on currently available information, which could be trans-

mitted wirelessly.
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The chromatic change used for these newspapers can be

those of a nanofibers sheet electrode in the newspaper, a

liquid crystal based color change, a thermally driven color

charge of a thermochromic material, an electrowetting

driven color change, an electrochemical color change of a

componentin one ofthe electrodes (including electrochro-

mic nanoparticles or an electrochromic coating contacting

the nanofiber electrode), inter-electrode particles that rotate

in response to an inter-electrode field to provide the color

change, inter-electrode particles that rise or fall to provide

the needed color change in response to an inter-electrode

field, or by other means known onthe art. An example ofthe

use of electrowetting for an electronic paper display is

provided by R. A. Hayes and B. J. Feenstra in Nature 425,

383 (2003).
The chromatic display of invention embodiments can

optionally comprise a white, a near white, or a suitably

colored first substrate upon which an electronically conduct-

ing, an optically transparent electrode that is either directly

or indirectly attached to the first substrate, a second trans-

parent electrode, and a material or material system that

either directly or indirectly provides an electrically driven

chromatic response, wherein at least one of the said trans-

parent electrodes is a nanofiber electrode. This nanofiber

electrode is optionally preferably a nanotube comprising

electrode.

A nanofiber electrode in electronic newspaper and like

chromatic displays can be optionally comprised or nanofiber

sheets, ribbons, yarns, woven and non-woven yarns. These

electrodes can optionally provide the major mechanical

support for the display, such as an electronic newspaper, or

can be a layer that is supported by another material or

material assembly.

The details of the transmission of information to the

newspaper (typically by wireless communication) are not

the subject ofthis invention, and meansare knownin the art.

However, the inventors demonstrate herein transparent

nanofiber sheet electrode properties that are usefully

employed for such electronic newspaper.

These electronically conducting, transparent nanofiber

sheets can replace the brittle metal oxide sheets of the prior

art for electrochemically provided text described, for
example, by U. Back et al. in Advanced Materials 14, 845

(2002). Thesetransparent, electrically conducting sheets can
also replace the electrodes used for the tunable-wetting

based displays described by R. A. Hayes and B. J. Feenstra
in Nature 425, 383 (2003).
Example 52 describes means wherein nanofiber sheets

can be attached to cellulose-based papers and sheets, and
these methodsare generically applicable for these invention

embodiments.
(q) Elastomerically Deformable Nanofiber Sheets

Examples 32 and 90 demonstrate a method wherein
transparent carbon nanotube sheets can be transformed into

highly elastically deformable electrodes, which can be used

as electrodes for high-strain artificial muscles and for con-
version of high strain mechanical deformationsto electrical

energy, and for the tunable dampening of large amplitude
mechanical vibrations. The illustrative actuator material is a

silicone rubber.
These elastomeric nanotube sheets can undergo over

100% change in dimension will substantially maintaining

in-plane resistance. As shown in FIG. 35, the initial sheet
resistance of the obtained unloadedsilicone rubber/MWNT

sheet composite was 755 ohms/square. However, after an
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initial increase in resistance by ~6%,the resistance changed
less than 3% during the subsequent four strain cycles to

100% strain.

Ordinary conductors cannot undergo nearly such large
strains without losing electrical contact with the actuating

material. While conducting greases are used to maintain
electrical contact to electrostrictive actuator materials that

generate 100% or higherstrains (R. Pelrine, R. Kornbluh, Q.
Pei, and J. Joseph, Science 287, 836 (2000)), these greases

are not suitable for use as electrodes for stacks of elec-

trostrictive sheets that can generate large forces and high
strains without requiring several thousand volt applied

potentials.
Further experimentation (see Example 32) has shown the

general applicability of this method of providing highly
elastomeric electrodes on an elastically stretchable textile

substrate. For example, attachment of an undensified nano-

tube sheet (prepared as in Example 22) to a 120% elongated
elastomeric Spandex® fabric (by pressing and by subse-

quently applying the liquid-based densification process of
Example 23) results in a nanotube electrode materials that

can beelastically relaxed and re-stretched repeatedly to the
initial elongation without undergoing a substantial resis-

tance change. Suitable Spandex® fibers and/or textiles are

made by DuPont(and called Lycra® fibers and Spandura®
textiles), Dorlastan Fibers LLC, INVESTA, and RadiciS-

pandex Corporation.
For applications requiring a large range of elastic deform-

ability for a nanofiber sheet or ribbon, the stretch of the
elastomeric sheet before nanofiber deposition is preferably

at least 4%, morepreferably at least 10%, and mostprefer-

ably at least 100%.
Woven textiles that are suitable as elastomerically

deformable material substrates for elastic deformable nano-
tube sheets include those that are highly elastically deform-

able in one in-plane direction (like Spandura®) and those

that are highly elastomerically deformable in two in-plane
directions (like Tru-Stretch®, which is a Lycra® and

Nylon® blend). The difference between these different elas-
tomerically deformable textiles is well known in the art and

is largely due to the waysthat these textiles are woven and/or
the chemical formulations of the componentfibers or yarns.

This method of converting poorly elastically deformable

sheets and ribbons to highly elastically deformable sheets
and ribbons can be practiced for various sheets and ribbons

comprising a host of different types of nanofibers and
nanoribbons, someofwhich are described in Section 2. It is

optionally preferable that these nanofibers and ribbons have
a length of above about 10 microns, and more optionally

preferably above 100 microns. Also, the ratio of nanofiber or

nanoribbon length to nanofiber or nanoribbon thickness in
the thickest lateral dimension is optionally preferably above

100, more optionally preferably above 1000, and most
optionally preferably above 10,000.

This described method of making nanofiber sheets and
ribbonselastically deformable by attaching the nanofibers to

an elastomerically stretched substrate can also be used for

nanofiber and nanoribbon sheets that have little or no
nanotube alignment in an in-plane direction.

Also, the initial stretch of the elastomerically deformable
(or quasi-elastomerically deformable) substrate can be a

biaxial stretch.
In addition to being applicable to porous elastomeric

textiles (see Example 32), these methods for making nano-

fiber sheets and ribbons elastomerically deformable can be
practiced for porous elastomer sheets (like porous silicone

rubber sheets).
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The nanofibers can optionally be directly formed as a

sheet on a pre-stretched porous elastomeric sheet byfiltra-

tion of nanofibers dispersed in a solution or supercritical

fluid. In such process a prestretched porous elastomeric
sheet can optionally serveasa filter for nanofiber deposition.

In such case, well known methods of forming aligned or
unaligned nanofibers as sheets can be optionally employed.

The nanofiber sheets or ribbonssuitable for the practice of
these invention embodiments include the various methods of

the priorart (see references in the Section on Description of

the Background Art) for making sheet-shaped nanofiber
arrays. These methods include various physical methods,

such as solution filtration or magnetically assisted filtration
methods, deposition from a volatizable liquid (such as by

spin coating), coagulation of nanofibers dispersed in solu-
tion, deposition of nanofibers at a liquid-gas interface (such

as by a Langmuir-Blodgett deposition process), deposition

of nanofibers from a liquid crystal assembly in a liquid,
deposition by centrifugation of a nanofibers dispersed in a

liquid, shear deposition of nanofibers dispersed in a liquid,
deposition of a nanofiber aerogel sheet (including such

aerogel sheets formed directly or indirectly by CVD), and by
deposition from a nanofiber dispersion in an acid or super

acid.

The nanofibers or nanoribbons can be formed on apre-
stretched elastomeric substrate by any chemical methods

knownto produce nanofibers or nanoribbons, including, for
example, CVD or plasma assisted CVD.

The nanotubes grown on or laminated with an elastomeric
substrate can be a nanofiber forest. In such case the nano-

fiber forests can be grown on or laminated with an elasto-

meric substrate while the elastomeric substrate is either
stretched or unstretched. Such application or nanotube for-

ests on elastomeric substrates enables the controllable defor-
mation of the elastomeric substrate so that an unspinable

forest becomes spinable.

Example 90 shows that an elastomerically deformable
nanotube sheet can be made by the process of Example 32

and then overcoated with a second elastomeric silicone
rubber sheet, while retaining the ability of the nanotube

sheet to be elastomerically deformed without producing a
significant dependence of nanotubesheet resistance on elon-

gation of the nanotube sheet. The importance of this dem-

onstration is that it enables the fabrication of high strain
actuator stacks comprising more that one layer of actuator

material (such as an electrostrictive rubber like silicone
rubber) and more than two electrodes.

This process can be conveniently extended to produce
elastomerically deformable stacks comprising one or more

nanotube electrode sheets that are laminated between sheets

of elastomer, wherein the numberof alternating nanotube
sheet electrodes and elastomer sheet electrodes is arbitrarily

large.
The methodofthis example and Example 90 can be used

to produceinflatable balloons containing one or more layers
of conducting nanotube sheets. To start the process of

conducting balloon formation,the initial inner balloon layer

can optionally be inflated using a gas or liquid or formed on
a mandrel will in non-inflated state, and subsequently un-

expandedbefore application of the first nanotube sheet.
(r) Elaboration on Artificial Muscle Applications

Electronically conducting nanofibers in yarns of invention
embodiments can be used as either (a) a material whose

dimensional changes provides actuation, (b) a material that

delivers the electrical energy and other electrical effects that
causes actuation-producing dimensional changes of another

material, and (c) any combination of (a) and (b).
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According to these differing natures of the origin of

actuation, the nature of the nanofiber yarn used for actuation

preferably changes. More specifically, highly twisted or

highly coiled nanofiber yarns are preferred for applications
in which the material providing the dimensional changes is

not the nanofiber yarn.
A first example is a nanotube yarn in which the function

of the nanotubes in a twisted yarn is to provide electric
heating that causes another material to produce actuation. In

this case, the twisted nanofiber yarn should optionally and

preferably be highly twisted so that it provides a reduced
contribution to yarn stiffness in the yarn direction and the

possibility of long reversible dimensional changes in the
yarn direction. In this case the helix angle oftwist (measured

with respect to the yarn direction) is preferably above 50°
and more preferably above 70°.

As an alternative to using a yarn that is highly twisted in

order reduce the effects of yarn mechanical stiffness on
displacements caused by an actuating material, the nanofiber

yarn can be suitably plied so that the orientation of the
nanofibers in the plied yarn is at a large angle with respect

to the direction of the yarn. FIG. 3A shows this achieved
effect of yarn plying on providing such large angle orienta-

tion.

Materials suitable for undergoing large dimensional
changes when heated are well known in the art. These

include, for instance, the Verifix™ polymer of Cornerstone
Research Group Inc. (see E. Havenset al., Polymer Preprints

46, 556 (2005)), thermoplastic polyurethanes, such as the
aromatic polyester based thermoplastic polyurethane called

Morthane that is available from Huntsman Polyurethanes

(see H. Koerneret al., Polymer 46, 4405 (2005), H. Koerner
et al., Nature Materials 3, 115 (2004), H. M. Jeonget al., 37,

2245 (2001), and H. Tobushi et al. 5, 483 (1996)), liquid
crystal elastomers (see J. Naciri et al., Macromolecules 36,

8499 (2003), D. K. Shenoyet al., Sensors and Actuators A

98, 184 (2002), and D. L. Thomsen,et al., Macromolecules
34, 5868 (2001)), biodegradable shape memory polymers

(see A. Lendlein and R. Langer, Science 296, 1673 (2002)),
shape memory polymer networks based on oligo(€-capro-

lactone) (see A. Lendlein et al., Proceeding of the National
Academy of Sciences, 98, 842 (2001)), shape memory

polymers based on cross-linked polycyclooctene (see C. Li

et al., Macromolecules 35, 9868 (2002)), and hydrogels that
display shape memory behavior (see, for example, the

poly(vinyl methyl ether) hydrogels in R. Kishiet al., Journal
of Intelligent Material Systems and Structures 4, 533

(1993)).
The highly twisted electrically conducting nanofiber

yarns of invention embodiments provide a means for elec-

trically heating such shape memory polymers to obtain
actuation of the shape memory material while at the same

time insuring by using a high yarn twist that the yarn does
not excessively interfere with yarn direction actuation. The

shape memory polymers are preferably infiltrated in the
nanofiber yarns or overcoated on them, or both infiltrated

and overcoated.

The shape memory polymercontacting the nanofiber yarn
can optionally include other conducting aids, such as con-

ducting nanofibers or particles (like carbon black), or com-
binations or conducting particles and nanofibers. These

optionally used conducting nanofibers, nanoparticles, or
combination of conducting nanofibers and nanoparticles is

preferably electrically percolated and electrically contacting

the twisted nanofiber yarn.
The elastomerically deformable nanotube sheets of Sec-

tion 10(q) can also be usedto provide electrical heating that
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causes actuation of shape memory polymers. The elasto-
merically-deformable nanotube sheets are optionally and

preferentially attached on opposite sides of a shape memory

polymer sheet. Electrically heating these two nanofiber
sheets to provide at least approximately the same level of

powerdissipation (per unit area) for both sheets is usefully
employed for obtaining uniform changes in the length (or

length and width) of a shape memory sheet. On the other
hand,electrically heating the two nanofiber sheets on oppo-

site sides of the shape memory polymersheet to different

extents (or electrically heating only one of these sheets can
be used to provide cantilever type bending of the shape

memory sheet.
Asan alternative to using a highly twisted nanofiber yarn

as an electrode for such actuators in which yarn direction as
the actuation direction, the nanofiber yarns of the present

invention embodiments can be helically wrapped around the

actuating material. Optionally, the actuating material can be
infiltrated into such helically wrapped nanofiber yarn. The

benefit of helical wrapping, and especially high twist helical
wrapping, is to limit the mechanical effect of the nanofiber

yarn on the actuation direction stroke of the actuating
material.

The electrically conducting highly twisted nanofiber

yarns of invention embodiments and the elastomerically
deformable nanotube sheets of Section 10(q) can also serve

as electrode materials for artificial muscles in which gel
actuator materials or conducting organic polymers predomi-

nantly provide actuation. This gel actuator response can, for
example, be caused by electrochemically generated pH

changes of a liquid electrolyte that causes the expansion or

contraction of the gel in part because of changing degree of
gel hydration. Polyacrylonitrile is an optionally preferred

material for the gel actuators. Methods for using this poly-
merare described by H. B. Schreyer in Biomacromolecules

1, 642 (2000). Suitable conducting polymersas the predomi-

nately actuating material are described by R. H. Baughman
in Synthetic Metals 78, 339 (1996) and in numerous other

literature reports.
(s) Applications as a Heat Pipe

The nanofiber yarns can be braided or more simply
configured as high performance heat pipes that combine

high strength and high toughness with high effective thermal

conductivity.
These heat pipes will function like conventional heat

pipes, in that heat transport is largely a result of evaporation
of the working fluid at the hot end of the heat pipe to absorb

thermal energy and the condensation of the working liquid
at the cold endofthe heat pipe to release thermal energy. The

nanofiber yarn functions to wick the working fluid between

the hot and cold ends of the heat pipe.
FIG. 105 schematically illustrates a heat pipe that uses a

hollow braided carbon nanotube yarn wick (10501), which
is sealed with respect to loss of the working fluid using an

overcoat (polymer or ceramic) that serves as an outer
diffusion barrier (10502) or by incorporation of the yarn heat

pipe into a matrix.

The nanofiber wick material can be optionally chemically
or physically treated so that wetting occurs for the working

liquid of the heat pipe, or so as to enable wetting of only the
outer region of the nanofiber wick, and thereby enabling the

inner region to function as a gas transport region. Using this
strategy, plied nanofiber yarns can be conveniently used as

the wick. The result is that one componentof the nanofiber

wick provides wicking and a second componentof the wick
(and space external to unwetted yarn components) provides

the vapor path. The fluid and vapor transporting yarn com-
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ponents in a nanofiber heat pipe can optionally be funda-
mentally different yarns, like MWNT yarns and Kevlar® or

Spectra® fibers.

Various well known working fluids like water and metha-
nol can be used, which have a useful working range of -5

to 230° C. and -45 to 120° C., respectively. For very high
temperature application materials like potasstum or sodium

as the working liquid, which have working ranges of 400 to
800° C. and 500 to 900° C., respectively.

Less than 20 um diameter heat pipes can be made using

these approaches, although much larger diameter heat piper
are more conveniently used for most applications. The

smaller diameter yarn heat pipes could be woven into
structural textiles, and could be incorporated into a structural

textile or as individual yarnfibers into a resin to make a yarn
heat pipe/polymer matrix composite.

(t) Nanofiber Sheets and Yarns as Highly Anisotropic Ther-

mal and Electrical Conductors and Sensor Arrays
The nanofiber yarns, sheets, and ribbons of invention

embodiments can provide high electrical conductivity, high
thermal conductivity, and high thermal diffusivity, as well as

high anisotropy for these transport properties. These prop-
erties provide important applications embodiments.

For example, carbon nanotube sheets of invention

embodiments can provide the following unique properties
and unique property combinations useful for conductors of

heat, temperature and electrical current: (1) high strength
and toughness; (2) high electrical and thermal conductivi-

ties; (3) high absorption of electromagnetic energy that
occurs reversibly; (4) low temperature coefficient of resis-

tance; (5) very low 1/f noise, where fis the frequency ofAC

current, which makes such conductors very good transmis-
sion lines; (6) high resistance to creep; (7) retention of

strength even whenheated in air at 450° C. for one hour; and
(8) very high radiation resistance even whenirradiated inair.

Example 11 provides measurement results showing the

high electrical conductivity of the carbon nanofiber yarns.
The high electrical conductivity and high anisotropy of

carbon nanotube sheets of invention embodiments is shown
by the results in Example 23, where it is also shown that

sheet resistance changes little as a result of liquid-based
densification of a nanofiber sheet by a factor of over 300,

though the electrical conductivity changes by about this

factor of over 300 as a result of the decreased cross-section
that results from densification.

An extremely high thermal diffusivity (D of above 0.1
m/s) and a high thermal conductivity of solid-state drawn

MWNTnanofiber sheets (K=50 W/mK) of the present
invention (see preparation in Example 21) allows for rapid

highly anisotropic transfer of temperature fluctuations to

column and/or row electrodes of a matrix addressable sensor
with minimal energy dissipation (see Example 54).

The low thickness and density of free-standing carbon
MWNTsheets of invention embodiments make the very

attractive for bolometric materials, as shown in Examples 54
and FIG. 54. The main advantages of a MWNTsheet as a

bolometric material are: (1) an extremely low heat capacity

(low inertia); (2) a high absorbance coefficient over a wide
wavelength range, i.e., 0.2-20 um; (3) an emissivity coeffi-

cient close to unity (as for graphite); (4) a high degree of
flexibility; (5) resistance to radiation damage; and (6) suit-

ability for use in high magnetic fields. At the same time, the
low thermal coefficient of resistivity (TCR), a=-7.5x10-4

K-1 is a limiting factor for thermal sensitivity in such

materials. It is, however, an advantage for other sensor
applications and for resistors with low temperature depen-

dence.
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For a position sensitive bolometer, an array of highly

aligned nanofiber sheets can be fabricated by various means

(for details see Example 54). For example, this can be done

by (a) drawing highly-aligned nanotube sheets from the side
of a carbon nanotube forest and (b) attaching the nanotube

sheets to two sides of a substrate, wherein such a substrate
is a solid or flexible substrate comprising an array ofmetallic

electrodes having a rectangular opening in a central region
so as to form orthogonally-oriented suspended sheets on

opposite sides. Each of these side electrodes can be covered

with a temperature-sensitive thin film. In one embodiment,
a semiconductorfilm, e.g., VO, or other material with high

temperature coefficient ofresistivity is deposited on metallic
electrode pads so as to form serial resistance with a carbon

nanotube interconnected network. The serial resistance of
the carbon nanotube network and semiconductor films

between column and row electrodes is measured in order to

create a thermal image of a radiating object. In other
embodiments, the metallic pads are covered with compli-

mentary pairs of thermoelectric materials, e.g., iron on one
side and constantan alloy on the other.

The application of high nanofiber sheet thermal conduc-
tivity and diffusivity for electronic part cooling is described

in Example 59.

Section 10(k) has shown how the high electrical anisot-
ropy of nanofiber sheets of invention embodiments can be

used for various applications, including pixilated sensors.
(u) Nanofiber Yarns and Textiles for Application as Cold

Electron Cathodes for Field Emission of Electrons
Nanofibers, and in particular carbon nanofibers, are well

knownto be useful as electron field emission sources for flat

panel displays, lamps, gas discharge tubes providing surge
protection, and x-ray and microwave generators (see W. A.

de Heer, A. Chatelain, D. Ugarte, Science 270, 1179 (1995);
A. G. Rinzler et al., Science 269, 1550 (1995); N.S. Lee et

al., Diamondand Related Materials 10, 265 (2001); Y. Saito,

S. Uemura, Carbon 38, 169 (2000); R. Rosen et al., Appl.
Phys. Lett. 76, 1668 (2000); and H.Sugie et al., Appl. Phys.

Lett. 78, 2578 (2001)). A potential applied between a carbon
nanotube-containing electrode and an anode produces high

local fields as a result of the small radius of the nanofiber tip
and the length of the nanofiber. These local fields cause

electrons to tunnel from the nanotube tip into the vacuum.

Electric fields direct the field-emitted electrons toward the
anode, where a selected phosphor produces light for a flat

panel display application and (for higher applied voltages)
collision with a metal target produces x-rays for the x-ray

tube application.
Cold electron cathodesthat rely on electric field emission

from carbon nanofibers of either SWNTs or MWNTsare

well knownand havealready found commercial applications
(Carbon Nanotubes: Synthesis, Structure, Properties, and

Applications. Topics in Applied Physics, 80, Springer-Ver-
lag, Heidelberg, 2000, pp. 391-425). The threshold emission

voltage for CNT cold cathodes is quite low: 1-3 V/um (J.-M.
Bonard, et al., Appl. Phys. A 69, 245 (1999)), particularly

when compared to Si- or Mo-micro-tip cathodes (50-100

Vium (C. A. Spindt J. Appl. Phys. 39, 3504 (1968))).
Additionally, current densities of such CNT cold cathodes

can be as high as 10° A/em? for SWNTcold cathodes, and
comparably high for MWNTs cold cathodes (Y. Cheng, O.

Zhou, C. R. Physique 4, (2003)). The prospects for appli-
cations of CNT field emitters in displays are very bright (R.

H. Baughman, A. A. Zakhidov, and W. A. de Heer, Science

297, 787-792 (2002)), and several prototype devices com-
prising this unique material have already been fabricated.

Namely, CNT-based electron source have been used in
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fluorescent lamps(A.K.Silzars, R. W. Springer, PCT/US96/
13091, J.-M. Bonard, et al., Appl. Phys. Lett. 78, 2775

(2001), N. Obraztsov et al., Appl. Surf. Sci 215, 214 (2003)),

X-ray tubes based on CNT-cathodes (G. Z. Yue, et al., Appl.
Phys. Lett. 81(2), 355 (2002)), and flat panel displays (N.S.

Lee,et. al., Diamond and Related Mater. 10, 265, (2001), W.
B. Choi et. al., Technol. Dig. SID. (2000)). Motorola

recently developed a CNT-TV and Nano Proprietary Inc.
announced a CNT cathode-based TV of 25 inches. Also,

CNTs may find application in high-resolution electron

microscopy as very bright point electron sources with low
energy spread (de Jonge et al., Nature, 420, 393 (2002)).

For applications requiring low threshold voltages and
high current densities from large area cathodes materials, the

lifetime of existing cold cathodesis relatively short and the
homogeneity is insufficient for high resolution display appli-

cations.

A critical problem hindering applications of these carbon
nanotubes (CNT) cold cathodes is the need for methods of

assembling these nanotubes into the framework of a mac-
roscopic mounting system that is sufficiently strong and

suitably shaped such that the properties of the CNTs forfield
emission can be effectively utilized.

Addressing many of the above-described limitations of

the prior art, in some embodiments, the present invention is
directed to nanofiber yarn cold cathodes, methods ofmaking

said yarn cathodes, and to applications of said yarn cathodes.
Additional embodiments provide for making patterned

structures of yarns, such as alpha numeric code and special
symbols (shownin FIG. 71) and weaving yarns into “cath-

ode textiles” (shown in FIG. 77). The yarns for use as cold

cathodes can be made of not only multiwall carbon nano-
tubes, but also of single-wall carbon nanotubes and other

diverse nanofiber material (such as conducting nanofibers
and nanoribbons described in Section 2).

Mostimportantly, the yarn cathodes are easy to assemble

in various architectures such as a single approximately
vertical yarn tip (or an array of yarn tips) emitting from the

end tip (FIGS. 66B and 73). In such geometry the yarn
(7301) is raised approximately vertically by the strong

electric field lines (7303) which are concentrated onthetips
of free ends of nanofibers (7302) at the cross section of the

yarn. Whenvery high voltages are applied, currents emitted

by such numeroustips is so high, that light is emitted by an
overheated yarn end, as shown in FIG. 68.

Another geometry for cold field emission from yarn is to
place the yarn horizontally on a planar surface, so that

emission occurs from the side of the yarn (FIGS. 66A, 70
and 72). In FIG. 72, the nanofibers on the side of the yarn

(7201) which is closest to an anode (7204) protrude their

free ends (7202) raised by the force from the lines ofelectric
field (7203) coming from the anode and concentrated by the

tips at the ends (7202).
Moreover, the sides of yarn can be engineered to have an

extended “hairy” structure, in which individual nanofibers
and larger assemblies of nanofiber (nanofiber bundles and

assemblies of bundles) extend from yarn sides (such as the

sides of a twisted yarn).
The Inventors find that such hairy structure can be pro-

duced by mechanical treatments, chemically based or physi-
cally based chemical treatments, plasma treatments, thermal

treatments, and electrical field treatments.
Electric field treatments are especially useful for provid-

ing hairy nanofiber yarns which can be specially engineered

with numerous nanofibers and small diameter assemblies of
nanofibers whose free ends extend out of the yarn. Data

showsthe effects of such electric field treatment on improv-
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ing electron emission characteristics (see current curves in
FIGS. 69 and 76 and the SEM micrographs and schematic

illustrations in FIG. 74).

The desired hairy yarn structure develops during opera-
tion of the cathodes in a high electrical field, due to forces

created by strong electric field which eventually pull the
ends out of the yarn body and eventually partially unwrap

the yarn (shown schematically in FIG. 74C and the SEM
micrographs of FIGS. 74A and 74B).

Other sub-architectures can be envisioned, such as mak-

ing multi-yarn plies, and singles yarns and plied yarns with
various knots along the yarn having the ability to modulate

electron emissive properties in the knot region (as shown at
FIGS. 64 and 75). It has been demonstrated that, at least in

some cases, the knotted regions of yarn cold cathodes emit
fewer electrons (see FIG. 75 and examples herein).

Some invention embodiments described herein provide

novel fabrication methods, compositions of matter, and
applications ofnanofiber yarns as cold cathodes having quite

useful properties. For example, carbon nanotube yarns ofthe
present invention provide the following unique properties

and unique property combinations for cold field emission
cold cathodes: (1) high current density that can be controlled

by the number of twists in the yarn and by the number of

singles yarns in a plied yarn cathode; (2) very low threshold
electric field, in the range below 0.5. V/micron, which may

self-improve with operation time (FIGS. 69 and 76); (3) low
operational voltage, which is below 300 V atthe distance of

400 micron between cathode and anode; (4) self-improve-
ment of cathodes in terms of current and voltage perfor-

mance increase with cycling (FIGS. 69 and 75); (5) high

thermalstability; (6) high mechanical strength and vibration
stability; (7) the possibility to pattern cathodes by knotting

them (FIG. 75) and by other methods, including patterning
of the original nanofiber forest, from which the yarns are

twist spun; and (8) very high radiation resistance, including

electron beam and UV radiation stability).
In order to increase the numberof nanotube fibers on the

yarn surface that are available for field-enhanced electron
emission, the nanofibers in the convergence zone for spin-

ning can optionally be perturbed by the application of
electric or magnetic fields, air flows, sonic or ultra sonic

waves, and combinations thereof. As a result of this pertur-

bation, some ofthe nanofibers are incompletely incorporated
in the yarn during twist, so that they extend laterally from the

yarn surface (FIGS. 65 and 74). The hairy part 7403 in FIG.
74 has additional free ends of nanotubes, which are pro-

truded from the body of a twisted yarn (7402), wrapped
around a wire 7401. Theresult is a “hairy yarn” in which the

nanotube hairs that extend from the yarn provide enhanced

field emission of electrons (7404) dueto field emission form
ends (as shown in FIGS. 69 and 76).

Hairy yarns for field emission of electrons can also be
produced by application of false twist (i.e., a twist that is

counterbalanced by an equal and opposite twist), which
disturbs the nanofibers in the spun yarn. Additionally, the

nanotube yarn surface can be intentionally abraded after

spinning has been completed by mechanical or chemical
processes or a combination thereof. The nanofiber yarns of

the invention embodiments can also be usefully employed as
electron thermal emission sources (knownas hot cathodes),

which differ from the cold cathode electrode emission
sources in that resistive heating is used to enhance electron

emission.

One further way to produce a “hairy yarn” cold cathodes
for enhanced field emission is to feed nanofibers from a

subsidiary forest into the convergence point (where twist is
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produced during yarn spinning) so that the nanofibers from

the subsidiary forest tend to be incorporated normal to the

yarn surface. With more ends available for field emission,

such treatment would increase the intensity of electron

emission.

The herein demonstrated mechanical robustness of the

twisted carbon nanotube yarns, the small yarn diameter, and

the yarn geometry, which permits a useable fraction of the

nanotube fibers to extend from the fiber surface, so as to

provide field enhancement effects, provides advantages of

the twisted nanotube yarnsfor this application. For example,

the yarn geometry can be usefully employedas the electron

emitting element for an x-ray endoscope for medical explo-

ration or as a central electron emission element for a

cylindrically shaped high-intensity light source, where the

emission phosphor is on a cylinder that is external to and

optionally approximately coaxial with the central nanofiber

singles yarn or plied yarn (as shown at FIG. 78 of a

prototype phosphorescent lamp with yarn cathode). Carbon

nanotubes are optionally and especially preferred for nano-

fiber yarns applied for this field emission application.

(v) Optically Transparent Cold Electron Cathodes Compris-

ing Nanofiber Sheets for Use in Displays and Lamps

Carbon nanotube cathodes are essentially cold cathodes,

which may be extensively used in applications where low

power consumption and narrow energy spread of emitted

electrons are required. The carbon nanotube emitters rank

among the best electron field emitters currently available.

Additionally, carbon nanotubes are very robust, chemically

inert, and may be successfully used in such devices under

the requisite vacuum or inert gas conditions. Relevant for

applications needing low threshold voltages and high current

densities from large area cathodes, impressive current den-

sities have been obtained.

All such prior art cold cathodes are not optically trans-

parent, since they are made either of micro-tips of metals

like Mo (see C. A. Spindt J. Appl. Phys. 39, 3504 (1968)),

semiconductors or conventional carbon fibers/nanostruc-

tures, all of which are used as thick materials that are

optically opaque.

However, most applications of cold electrons involve the

production of light which needs to be able to escape the
device, be it a display or a cathodoluminescentlight source.

For example, in conventional field emission flat panel dis-
plays (N. S. Lee, et. al., Diamond and Related Mater. 10,

265, (2001), W. B. Choiet. al., Technol. Dig. SID (2000)),
light emanates from a phosphor screen that is coated by Al

to collect the charge. Thus, some of the electrons are

absorbed by the Al layer, which significantly erodes the
efficiency of the display (which is shown in FIG. 81). Also,

high voltage must generally be applied to allow electrons to
penetrate the Al layer, which is also problematic. A possible

solution is to use a screen glass with ITO and a low voltage
phosphor coating. This way, a lower bias voltage may be

applied. In this case, however, almost half of the light is

emitted back to the cathode andlost (as shown in FIG.82).
Hence,the efficiency ofthis type of display is also not high.

With the transparent carbon nanotube (CNT)sheets of the
present invention, another display configuration becomes

possible. It utilizes a carbon nanotube transparent sheet as
the cathode, glass coated with metal having a high optical

reflectance (e.g., Al), and a phosphor material, shown in

FIG. 83. Thus, almost all light emitted by the phosphor layer
upon electron impact from the nanotube cold cathode will be

guided back (e.g., by an Al mirror) towards the transparent
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cathode andtheefficiency will be considerably improved.In
the meantime, a low voltage regime will be utilized, due to

nanoscale field emission.

The above-described transparent carbon nanotube sheets
may be used in either flat panel field emission displays

(FEDs), such as those extensively developed by Motorola
and Samsung, or in a new typeof high efficient, low power

consumption, flat backlight light sources for liquid crystal
displays (LCDs). In the latter case, shown schematically in

FIG. 84, it is particularly important that the light, which

passes through the transparent carbon nanotube sheets, is
partially polarized in a direction perpendicular to the carbon

nanotubeorientation (as described in M. Zhang, S. Fang, A.
Zakhidov, S B. Lee, A. Aliev, K. Atkinson, R. H. Baughman,

Science, 309, 1215 (2005)). This may be an additional
technological advantage because, once developed, no addi-

tional polarizer will be needed in front of the thin film

transistor (TFT) matrix.
It has also has been suggested recently in the art thatfield

emission displays with transparent cold cathodes (if such
devices could be created) would provide additional advan-

tages such as increased brightness, increased efficiency, and
lowerfield voltages (U.S. Pat. Nos. 5,646,479; 6,611,093;

6,777,869; 6,933,674; 6,943,493; 6,914,381; and 6,803,
708). Images formed by such displays can be viewed from
both sides of the field emission display panel and multiple

displays can be stacked together. However, in the above-
referenced patents, the hypothetical emitting material is

opaque and the light is able to transfer through the cathode
only by meansof a specially-designed optical system and a

special electrode with a plurality of holes. In contrast,

embodiments of the present invention allow for the creation
of nanofiber-based highly optically transparent cold cath-

odes which do not have the above-described disadvantages.
Asdescribed previously, methods are known for growing

both single-wall and multi-walled nanotubes as forests of

parallel aligned fibers on a solid substrate and for utilizing
MWNTforests as electron cold cathodes. However, the

resulting forest assemblies have various instabilities at large
current loads, one such instability being the flash evapora-

tion of the catalyst and carbon (discovered recently by
present inventors: A. A. Zakhidov et al., J. Appl. Phys.

(submitted)), followed by spark emission of light and trans-

fer of CNTs from the cathode to the anode, which thereby
destroys the cathode.

Advances have been made in creating robust forests of
oriented CNTs on glass substrates (Motorola, Samsung).

Other methods of making cold cathodes from CNTs include
formation of a composite with polymeric binder in which

CNTs are not oriented, but random. Nevertheless, impres-

sive emissive properties have been obtained for polymer-
binder SWNTs. A problem with polymerbinder, however, is

that the nanotubesare not present in sufficient quantities in
the polymerto effectively contribute to electron field emis-

sion and also to such properties as thermal andelectrical
conductivities. Additionally, the unique electrical properties

of the individual nanotubes are diluted, since the major

component of the cathode is by far the polymer binder.
In some embodiments, the present inventionis directed to

optically transparent nanofiber sheet cold cathodes, methods
of making said nanotube sheet cathodes, and to applications

of said nanotube sheet cathodes. Importantly, the yarn
spinning and the sheet and ribbon fabrication technology

described herein is applicable for producing yarns, ribbons,

and sheets of various nanofibers and nanoribbonsof diverse
materials (e.g., WS, WO,, etc.) for use in a variety of

electron field emission applications.
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As described above, processes for making carbon nano-

tube sheets for cold cathodes comprising nanofibers gener-

ally comprise the steps of: (a) arranging nanofibers in an

array selected from the group consisting of (i) an aligned
array; and(ii) an array that is converging towards alignment,

so as to provide a primary assembly (knownasa forest); (b)
drawing the free-standing self supporting sheet ofnanofibers

from a forest or other manifold (see above description of
non-forest spinning); and (c) depositing the said nanofiber

sheet on the transparent support. In some embodiments, the

nanotube sheets comprise carbon nanotubes.
Such carbon nanotube sheets and ribbons of the present

invention provide unique properties and property combina-
tions favorable for field emission by large area transparent

cathodes, such as tunability by doping or chemical modifi-
cation to provide a tunable work function; flexibility,

strength, and toughness; resistance to failure; high electrical

and thermal conductivities; high absorption of energy that
occurs reversibly; very high resistance to creep, retention of

strength even when heated in vacuum at above 1000° C.for
long periods, and very high radiation and UV resistance

(particularly in vacuum where cold cathodes mostly oper-
ate). In some embodiments, the nanofibers are nanoscrolls.

In some embodiments, the nanofibers are chemically and/or

physically modified before or after a fabrication of the
nanofiber ribbonsor sheets.

Densification of a CNT sheet of the present invention,
which can enhance the adhesion of cold nanofiber sheet

cathodes to substrates, can be done by dipping a substrate
comprising a CNT sheet (or other nanofiber sheet) into

inorganic or organic liquids, such as ethanol, methanol, or

acetone, and then permitting drying. Such densification is
useful for preventing the CNTs from flying off the substrate

in a strong electric field. In some embodiments, after den-
sification, all of the CNT sheet’s borders were covered with

a carbon-conducting tape (e.g., such as that used for SEM

samples) to provide electrical contact to the nanofiber sheet,
avoid side effects, provide mechanical attachment, and for

other purposes, as shown in FIG. 79. The carbon nanotube
transparent sheet (7901) is placed on glass substrate (7902),

pristine or coated with a layer of ITO. The edges of the sheet
are covered with SEM tape (7903) with the aim to avoid

edgeeffects. The typical emitting area is 50 mm?.

These unfavorable side effects can include strong electron
emission from the nanofibers mechanically raised at sides,

protrusion at the ends, elevation by high electrical field, and
such side effects strongly influence the emission uniformity

because of a large field enhancementfactor on the protruded
edges.

In some embodiments, in order to increase the number of

nanotubefibers on the transparent cathode sheet surface that
are available for field-enhanced electron emission, the nano-

fibers in the convergence zone (of the drawing process) can
be optionally perturbed by the application of electric or

magnetic fields, air flows, or sonic or ultrasonic waves. As
a result of this perturbation, some of the nanofibers are

incompletely incorporated into the sheet during the drawing

process such that they extend laterally from the sheet
surface. Theresult is a “hairy surface” ofthe sheet, as shown

schematically in FIG. 80 (top and bottom portions), in which
the nanotube hairs that extend from the sheet provide

increased electric field and hence enhanced field emission,
as described in the caption to FIG. 80. In FIG. 80 (top

portion) the electric field lines (8001) go from the anode

(8002) to the ends of tips (8003) and sides (8004) of single
nanofibers within the sheet. FIG. 80 (bottom portion) shows

the schematics offield electron emission from tips (free ends
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extended from the sheet) and from sides of nanofibers
(within the sheet). Electrons are shown as dots (8005)

emitted from tips (8006) and sides (8007) of single nanofi-

bers within carbon nanotube sheet.
Hairy sheets for the field emission of electrons exist to

some extent in the originally-drawn nanofiber sheets, while
a number of free ends of nanofibers or nanofiber bundles,

making up a hairy surface, can be additionally enhanced by
application of a plasma which disturbs the nanofibers in the

drawn sheets. Additionally, the nanotube sheet surface can

be intentionally abraded after drawing has been completed,
wherein such abrasion is carried out by mechanical and/or

chemical processes. The field emission from sides of nano-
fibers, also contribute a lot in the total current of sheet cold

cathode (as depicted in FIG. 80). Although the threshold
field is larger for side emission,the total current density from

the sides can be significantly larger than from the ends of

hairy sheets. The nanofiber sheets of the invention embodi-
ments can also be usefully employed as hot cathodes, 1.e.,

thermionic electron emission sources, which differ from the
cold electrode emission sources in that resistive heating is

used to enhance electron emission, even in small electric
fields.

The transparent nanofiber sheet cathodes are particularly

suitable for use in various phosphorescent displays, since
they permit various types of architectures for such displays,

as shown at FIGS. 81-84. FIG. 81 shows, schematically, a
non-transparent cold cathode in a conventional geometry

having the cathode (8102) on the glass or other substrate
(8101) placed on the back side ofthe display, i.e., behind the

phosphorescent screen (8105). Since the charge collector is

an Al mirror film (8104) on the back side of the phospho-
rescent screen, wherein some emitted electrons are lost

while penetrating through the Al thin coating, before creat-
ing light in the screen (8105) In this architecture all light is

radiated forward (8106) (since it is reflected from Al).

On the other hand FIG. 82 shows, schematically, a cold
nanofiber cathode in another conventional geometry having

a cold cathode (8202) on the back ofthe display,1.e., behind
the phosphorescent screen (8205). Charge collector is a

transparent ITO film (8204) and in this geometry some light
is radiated backwards (8207) from the phosphorescent layer

and it is captured inside the device and cannot escape from

the display, therefore creating various problems, such as
decreasing the contrast and resolution, causing photoelec-

trons and similar problems.
Another favorable and promising architecture is shown in

FIG. 83 which schematically illustrates a new transparent
nanofiber cold cathode device design of present invention.

In this novel architecture the transparent cathode (8303) is in

the front of the display and electrons are emitted backwards
from the viewer and towards the phosphorescent screen

(8305) on the back of the display. The light emitted by
screen 8305 andreflected by back anode plate (8306)is all

transferred toward (8302) to the viewer after passing
through the transparent cathode (8303). And because nano-

tubes in the cathode are all aligned, the light that passes

through the aligned nanotubes is polarized normal to the
orientation direction of the nanotubes of the transparent

cathode.
The newtype of a polarized back-light source is possible,

as shown in FIG. 84, which schematically illustrates how the
transparent nanotube cathode can be used for generating

polarized light for a conventional liquid crystal display

(LCD). The flat light source of the design of FIG. 83, is
placed on the back of the LCD display in such a way, that

light passes through the transparent nanotube cathode into
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the LCD.In FIG. 84, the nanotube cathode 8407 on glass
support 8411 emits electrons through vacuum toward the

white phosphorescent screen (8409) placed on another glass

substrate (8411) coated with anode (8410). The generated
light is polarized (which is desirable for LCD operation),

since the transparent cold cathode actsas a polarization filter
due to highly oriented nanotubes. This light passes through

components of LCD:the alignmentlayers (8404), thin film
transistors (8405), the liquid crystal layer (8412), color

filters (8402) and second polarizer (8401). Such design

eliminates a polarizer in the LCD part, since it is incorpo-
rated in the back-light source.

The herein demonstrated electrical and structural robust-
ness of the transparent carbon nanotube ribbons and sheets

permits one to deposit sheets on flexible and elastomeric
substrates, such as plastics, rubber, very thin glass, metallic

foils and similar, in such a waythatthis creates flexible cold

cathodes which can be further processed in desired device
geometries by changing their shape in accordance with the

needed geometry. The flexibility of sheet cold cathodesstill
permits a useable fraction of the nanotube fibers within the

sheets to extend from the sheet surface so as to providefield
enhancementeffects and provides advantages of the nano-

tube sheets for this application as flexible, elastomeric, and

other shape tunable cold cathodes.
For example,the flexible sheet cold cathode geometry can

be usefully employed as the electron emitting element for a
flexible x-ray endoscope for medical exploration or as a

flexible transparent electron emission elementfor a flexible
screen high-intensity light source, where the emission phos-

phoris optionally on anotherflexible surface that is external

to and optionally conformal with the flexible nanofiber sheet
cathode, so that vacuum spacing exists between these two

flexible surfaces. Carbon nanotubesare particularly suitable
as nanofibers for nanofiber sheets on flexible substrates for

this field emission application.

(w) Flexible Organic and Polymeric Light Emitting Devices
(OLED and PLED) Using Optically Transparent Nanofiber

Sheets as Charge Injectors
Organic optoelectronic devices, such as organic light

emitting devices (OLEDs) similarly to organic photovoltaic
cells (OPV), such as plastic solar cells based on P3HT

(poly-(3-hexylthiophene)) with fullerene derivative PCBM

([6,6]-phenyl-C61 butyric acid methyl ester), need a trans-
parent hole-collecting or hole injecting electrode to replace

the presently used ITO (indium-tin-oxide) and other trans-
parent conductive oxide (TCO). Such TCOsare widely used

in various applications where the optical transparency is
needed along with high electrical conductivity. However,

these TCOsare brittle and easily damaged when bent, even

whenin the form of very thin coatings.
The prospects for applications ofCNTsas charge injectors

for OLEDs has been previously discussed, but no reports
exist on the use of nanotubes as transparent hole injectors.

Recently, however, Rinzler and co-workers have reported on
the application of transparent single-wall nanotube elec-

trodes as electrodes in inorganic, p-type GaP light emitting

devices (A. G. Rinzler, S. Pearton, Semiconductor Device
and Method Using Nanotube Contacts, PCT Patent Publi-

cation No. WO2005083751). Nanofibers and nanotubes
have been used as a component of a composite layer in

OLEDsbyothers with the aim of increasing the conductivity
of the layers, but not as a transparent electrode. Prior art

electron injectors are not optically transparent, since they are

madeeither of micro-tips of metals (e.g., Mo), semiconduc-
tors (e.g., Si), or non-optically-transmissive carbon nano-

structures. Since most applications involving charge injec-
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tion are for the production of light, such light must be able
to escape the device, be it a display or a lamp.

A critical problem hindering applications of these CNT

transparent charge injectors and collectors is the need for
methods for assembling these nanotubes into macroscopic

and mechanically strong structures and shapedarticles that
effectively utilize the properties of the nanotube charge

injection or collection.
Methods are known for making both single-wall and

multi-walled nanotubes as mats and films and also for

making carbon nanotube sheets by solution infiltration
methods, and for utilizing such non-transparent MWNTas

electrodes for charge collectors in optoelectronics. However,
the resulting nanotube films and sheets are nontransparent

and the efficiency of devices based on suchfilms is poor (as
in photovoltaic cells, described by H. Agoet al., Adv. Mat.

11, 1281 (1999)).
Accordingly, in some embodiments, the present invention

is directed to transparent nanofiber sheet charge injectors for

light emitting devices, methods of making said nanofiber
sheet charge injectors, both anodes and cathodes, and to

applications of said nanofiber sheet charge injectors in light
emission devices. Additional embodiments provide for the

drawing of nanofiber sheets and ribbons having very high

internal interfaces and a three-dimensional network ofnano-
fibers, and their incorporation with a light emissive material

component of an OLED.
Importantly, this technology of sheet and ribbon drawing

is applicable for making sheets and ribbons of diverse
nanofibers and nanoribbonsof diverse materials for use in a

variety ofLED applications. Relevant for applications need-

ing low threshold voltages and high current densities from a
large area, suitable devices have been generated fora variety

of architectures for OLEDs and PLEDs.
In some embodiments, the nanofiber sheets comprise

carbon nanotubes. Optionally preferred sheet compositions

comprise either carbon single walled nanotubes, carbon
multiwalled nanotubes, doped versions of these nanotubes,

or combinations of these nanotube materials.
FIG. 85 describes an optionally preferred architecture for

a polymeric LED that uses a transparent carbon nanotube
(CNT) electrode made by the solid-state draw process of

Example 21. The CNT sheet (8505) was placed on a

substrate (8506) of high-quality display glass (Corning 1737
used for active-matrix liquid crystal displays) and densified

using a polar solvent (either ethanol or methanol) and the
method of Example 23. Polymeric films were deposited

from solution using spin-casting. Multiple layers (8505) of
the hole-injection layer PEDOT:PSS were deposited from an

aqueoussolution and baked at 120° C. for 30 minutes after

each layer deposition. Thefirst layer was deposited at a high
spin rate (6100 rpm) with high acceleration (21000 rpm/s).

This is believed to “flatten” the nanotubes. Subsequent
layers were also deposited at 6100 rpm, but with a slow

acceleration—so that thicker layers were obtained. Layer
8503 of emissive polymer (MEH-PPV) was spun from a

chloroform solution (~0.2 wt % polymer in chloroform) at

a speed of ~3000 rpm. Cathodes (thin metallic layers,
patterned as desired pixels) were deposited using thermal

evaporation of calcium (8502) and aluminum (8501) under
a vacuum <2x10-° Torr.
The inventors found that light emission was suppressed

when the PEDOT:PSS was eliminated in the above, sug-

gesting that excitons can be quenched on the nanotubes.

FIG. 86A shows another type of organic LED that uses a
transparent nanofiber sheet electrode (8606) made by the

process of Example 21 and employs vacuum deposition of
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low-molecular weight organic molecules. The PEDOT:PSS

hole transport layer (8605) was again deposited from an

aqueous solution on top of nanotube layer (8606) that was

densified on a glass substrate (8607) using the method of

Example 23. The remaining organic layers (hole-transport

layer, a-NPD (8604) and emissive/electron transport layer

Algq; (8603) were deposited under vacuum using thermal

evaporation. Both materials were deposited a rate of 1 A/s

and at a pressure below 2x10~° Torr. Thelayer thickness was

700 A for the a-NPD and 500 A for Alg;. A bilayer cathode

(10 A lithium fluoride (8602) under 1200 A aluminum film

(8601)) was deposited on top of the organic layers using

thermal evaporation.

FIG. 87 showsa novel type of OLED/PLEDarchitecture

that uses the transparent nanofiber electrode of Example 21.

This device employs a bottom-up construction, which is

possible due to availability of free-standing transparent

nanofiber sheets of the present invention. Since this nano-

fiber sheet is transparent, the OLED/PLED light emission

can be through this sheet. Hence, the last element in this

bottom-up deposition process can be the carbon nanotube
sheet electrode.

The device fabrication process involvesfirst depositing a

non-transparent cathode layer (a double metal cathode:
8705/8704) on a substrate and subsequent deposition of the

polymeric layers (such as a MEH-PPV type emissive layer
(8703) and a PEDOT:PSShole transport layer (8702)). The

final deposited layer, the transparent carbon nanotube sheet
anode (8701), was placed on the device either by means of

pressure-induced process (stamping, which transfers the

nanofiber sheet from an original substrate to the device)
from anothersubstrate or by laying a free-standing nanotube

sheet.
Such bottom-up construction is necessary for certain

applications, specifically those which incorporate drive elec-

tronics on a silicon wafer (e.g., active matrix and thin-film
transistor displays). In such cases, the cathode layer cannot

be deposited on an existing PLED or OLED.The deposition
of a transparenthole injector, such as indium-tin-oxideas the

last deposited layer requires high temperatures, which can
damage the predeposited polymeric or molecular device

layers. Therefore, a low-temperature or room-temperature

process is desired to prevent damage or morphological
changes in the organic layer. The described mechanical

transfer of transparent nanotube sheet meets this need and
can provide an ideal solution for such display applications.

In another invention embodiment using the transparent
nanotube sheets of Example 21, the OLED is made com-

pletely transparent so that light can pass through the entire

device. FIG. 89 shows such a transparent PLED which uses
a carbon nanotube sheet as both the anode (8904) and the

cathode (8901). As a result, both electrodes and the device
itself are transparent.

The above device can be built on a flexible/elastomeric
substrate (8905), thereby realizing the ultimate goal of a

flexible/elastomeric display in which several OLEDscan be

stacked on top of each other. The device structure comprises
a liquid-densified nanotube sheet (8904) on substrate (8905)

and subsequent polymeric layers (8903 and 8902) deposited
by spin-casting. The patterned nanotube cathode (8901)is

then placed on the structure, either by stamping or other
transferring methods of invention embodiments. This last

nanotube sheet cathode should be coated with a low work

function material (for example calcium or a bilayer of
calcium/aluminum). A low work function metal is needed at

the interface for creating efficient electron injection.
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An alternative, and possibly moreefficient, process for

placing the cathode sheet on the device involves drop-

casting the MEH-PPV film, rather than spin-casting it. The

corresponding solution with dissolved polymeris placed on
the substrate, which is then turned upright so that excess

solution runs off. The free-standing nanotube sheet (8901) is
immediately placed on the wetfilm (8902). The film is then

allowed to dry in an inert atmosphere. This procedure
produces an improved interface between the MEH-PPV and

the transparent nanotubesheet.

Transparent carbon nanotubesheets of the present inven-
tion provide unique properties and property combinations

for charge injection electrodes, such as high work function
combined with extreme toughness, resistance to failure of

bendedparts, high electrical and thermal conductivities, and
very high radiation and UV resistance, even whenirradiated

in air. Furthermore these nanotube sheets can be drawn as

very wide, free-standing self-supporting sheets and films
that can be laminated by various methods on the top of

OLEDarchitectures, changing the existing bottom-up fab-
rication methods to inverse top-to-bottom type methods.

The nanofiber sheets of the present invention can there-
fore be used in a variety of diverse optoelectronic applica-

tions. In some embodiments, the drawing of transparent

electrodes as free standing films is extended for producing
sheet and ribbon electrodes ofnanofibers and nanoribbons of

diverse materials, such as WO, or MoO, or MoS, nanofi-
bers. This expands the range of LED applications.

Applications of the nanofiber sheet and ribbon electrodes
of the present invention include an entire family of opto-

electronic devices, OLEDs, PLEDs, OFETs, field effect

transistors (FETs) with transparent gates, electrochemical
devices such as nanofiber-based batteries, fuel cells, artifi-

cial, and electrochromic displays.
In some embodiments, the present invention provides

novel fabrication methods, compositions of matter, and

applications of nanofiber sheets and ribbons having quite
useful properties for application as light emitting devices,

e.g., OLEDs and PLEDs. For example, carbon nanotube
yarns of the invention embodiments provide the following

unique properties and unique property combinations useful
for OLEDs: (1) high work function, preferable for hole

injection into hole transport layer of OLED,(2) high internal

surface and porosity for interfacing with other functional
materials of the device, (3) high mechanical strength, tough-

ness, and resistance to damage by bending, permitting use in
flexible devices and electronic textiles, and (6) very high

radiation and UV resistance, even when irradiated in air.
(x) Transparent Nanofiber Sheets and Yarns as Charge

Collectors and Separation Layers for Photovoltaic Cells and

Photodetectors
Transparentelectrically conducting electrodes are needed

that are mechanically strong, highly flexible, and self-
supporting. Also,it is useful for these electrode materials to

have extended internal surface, so that they can mosteffec-
tively interface on the nanoscale with other functional

materials, such as organic electronic materials and nanopar-

ticles (such as quantum dots and rods).
It is also beneficial for the transparent electrically con-

ducting electrode materials to have tunable work functions.
Also, the availability of electrode fabrication means for

obtaining either isotropic or highly anisotropic electrode
properties is useful, especially when the highly anisotropic

properties are electrical conductivity, thermal conductivity,

and optical transparency.
Some embodiments of the present invention feature an

electrode that comprises nanofiber sheets of invention
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embodiments, such as the solid-state fabricated transparent
carbon nanotube sheets of Example 21. The transparent

nanofiber sheet electrode (TNSE) can be designedfor use in

an optoelectronic device, such as photovoltaic cell.
In other embodiments, the present invention provides a

solid film photovoltaic cell that includes the TNSEelectrode
as part of its functional architecture, thereby contributing to

photogeneration of charge carriers.
In some embodiments, the present invention provides a

photovoltaic cell which includes the TNSE electrode, a

second electrode and an organic semiconductor or conju-
gated polymer or a composite between the electrodes.

In additional embodiments, the present invention provides
a multijunction or tandem photovoltaic cell, which includes

several TNSEelectrodes separating the single junction parts
as transparent separation layers (also known as charge

recombination layers, or interconnect layers) placed

between each separate single junction photocell part.
Thepresent invention is also directed to the application of

transparent carbon nanotubes and nanofibers, in combina-
tion with nanofiber yarns woven into textiles, as either

effective three-dimensional or two-dimensional charge col-
lection and charge recombination layers in organic (i.e.,

plastic, excitonic, or hybrid) solar cells and tandem (1.e.,

multi-junction) solar cells. The TNSE electrodes can be
anodes and/or cathodes as top electrodes and as charge

recombination layers in tandem.
Charge collecting electrodes of the present invention are

in some instances anodes(i.e., hole or plus charge collec-
tors), which have many advantages over prior art TCOs:

they are flexible, mechanically strong, have anisotropy of

optical and electrical properties, and have a structure of a
three-dimensional network, being especially favorable for

collecting charge in bulk heterojunction solar cells. More-
over, pristine CNT transparent electrodes have large work

functions (5.1-5.3 eV), which is higher than the work

function (w.f.) of ITO (4.7 eV), but which is favorable for
collection of plus charges or holes.

Applicants also put forth methods to use the transparent
carbon nanotubes sheets and ribbons as electron collectors

or cathodes (by using special coatings and chemical modi-
fication methods). Also described herein are methods of

making said transparent carbon nanotubesheets, ribbons and

twist spun yarns as parts of a photoactive solar cell archi-
tecture, contributing to photogeneration of charge carriers.

Additional embodiments provide for the spinning of free-
standing nanofiber ribbons having arbitrarily large widths.

Importantly, the technology of these flexible transparent
electrodes for solar cells can be extended to produce various

sheets and ribbons from nanofibers and nanoribbons of

diverse materials for use in a variety of solar cell types and
applications.

Applications for nanofiber sheet and ribbon electrodes of
the present invention include various solar energy harvesting

textiles, solar cells for hydrogen production, and combined
solar energy harvesting with fuel cell batteries (as described

in examples herein).

Invention embodiments described herein provide novel
architectures, processing and fabrication methods, compo-

sitions of matter, and applications of transparent nanofiber
sheets and ribbons having properties and functionalities

useful for solar cell design. For example, nanofiber sheets,
and particularly carbon nanotube sheets of invention

embodiments provide the following unique properties and

unique property combinations, particularly useful for solar
cells: (1) high optical transparency, (2) low electrical sheet

resistance, (3) three-dimensional topology of the mesh-like
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CNT network, which allows charge collection from a large

volume, and not only from a planar interface, like for usual

ITO electrodes, (4) an extended interface of the three-

dimensional network, which enhances charge separation and

collection, (5) high thermal conductivities and thermal dif-

fusivities, which provide heat dissipation in solar cells, (6)

high work function required for collection of plus charges,

holes in solar cells, (7) high flexibility as opposed to the

brittle character of ITO and other inorganic TCOs, (8) very

high resistance to creep, (7) interpenetrating continuous

morphology of the nanofiber network, as opposed to cermet

type non-percolated morphology of nanoparticle electrodes,

whichis favorable for collection of charge carriers from the

bulk heterojunction types of architectures, (8) retention of

strength even whenheatedin air at 450° C. for one hour, and

(9) very high radiation and UV resistance—even when

irradiated in air.

In some embodiments, nanofiber electrodes are coated

first from a free-standing sheet on a flexible or other sub-

strate (as the anode or plus collecting electrode) and then

covered or impregnated by photoactive layers, which are
bulk heterojunctions of organic semiconductors with donor-

acceptor interfaces favorable for charge separation. Then,

the cathode is deposited on the top to finalize a device.
In another architecture, first the non-transparent cathode

electrode is deposited on a substrate. Then, the photoactive
layer or layers or bulk heterojunction interpenetrating net-

workis coated from a liquid phase by dipping, spin coating,
ink jet printing, screen printing, or by vacuum deposition.

Finally, the transparent nanofiber electrode is placed on the

photoactive layer from a free-standing, self-supporting sheet
state into a deposited sheet state by placing the sheet onto the

surface and then pressing by stamping methods described
below in more detail. Alternatively, the nanofiber sheet of

ribbon can be placed on the device by transfer from another

surface, such as a carrier tape.
The TNSEscan be highly transparent or semi-transparent

depending on the numberofsheets and their thickness. The
light absorption properties of TNSEs can be adjusted by the

length of individual nanofibers within the self-assembled
nanostructure, based on the antenna-effect of quarter wave-

length and properties of a directional radiation. Additionally,

the strength of light absorption in the photoactive part that
is impregnated into the three-dimensional nanofiber elec-

trode can be increased by an effect of an enhancement of
local electric field of a photon in the vicinity of nanofibers

by coating them with appropriate metal or semiconductor
nanoparticles or by creating core-shell structures in which

plasmonic effects are additionally enhanced

In some embodiments, the TNSE can further include at
least one organic functional polymer, such as poly-alkylth-

iophene (PAT) or PEDOT-PSS, in combination with other
material, such as fullerene derivative PCBM. The TNSE can

be a composite of several nanofibers, such as a composite of
multiwall and single wall nanotubes, added together in order

to increase functionality, such as through increasedelectrical

conductivity, increased light absorption, and enhanced pho-
toseparation of charge carriers.

Processes for making transparentelectrodesforsolar cells
comprise the steps of: (a) arranging nanofibers to provide a

substantially parallel nanofiber array having a degree of
inter-fiber connectivity within the nanofiber array; and (b)

drawing said nanofibers from the nanofiberarray as a ribbon

or sheet without substantially twisting the ribbon or sheet,
wherein the ribbon or sheet is at least about one millimeter

in width.
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In some embodiments, the present invention is directed to

applications of transparent nanofiber sheets and ribbons for

charge collection and charge recombination layers in organic

(also referred to as plastic, excitonic, or hybrid) solar cells
and photodetectors and tandem (i.e., multijunction) solar

cells, and also in inorganic thin film solar cells such as solar
cells based on CulnSe,, CdTe, GaAs, or GaP.

Charge collecting electrodes of the present invention are
optionally preferably anodes (i.e., hole collectors). These

nanofiber sheet electrodes have many advantages, compared

to prior-art transparent conducting oxide electrodes: the
nanofiber sheets are flexible, mechanically strong, and

tough; they can have anisotropy of optical and electrical
properties (or this anisotropy can be tuned or eliminated by

sheet plying), and they have a porous network structure that
is especially favorable for collecting charge in bulk hetero-

junction solar cells. Moreover, CNT transparent electrodes

have large work functions (5.1-5.3 eV), which is larger than
the work function of ITO (4.7 eV) and is favorable for

collection of plus charges or holes.
In some embodiments, the present invention provides

methods of making said transparent carbon nanotube sheets
and ribbonsinto flexible textiles as parts of largersolar cell

structure. This can be done, for instance, by including the

step offilling the pores of a nanofiber electrode sheet with
conductive polymer or other semiconducting polymer.

Importantly, invention embodiments for transparent nanofi-
ber sheet and ribbon electrodes are applicable for diverse

types of electronically conducting nanofibers and nanorib-
bons, such as those described in Section 2.

In many embodiments, the nanotube sheets comprise

carbon nanotubes. Such carbon nanotube sheets of the
present invention provide unique properties and property

combinations such as high optical transparency in a very
broad spectral range, from UV to infrared (300 nm-10 pum),

a high degree of alignment, toughness, high electrical and

thermal conductivities, high absorption of microwave
energy in certain frequency domains, substantial retention of

strength even whenheatedin air at 450° C. for one hour, and
very high radiation and UV resistance, even whenirradiated

in air. Furthermore, these nanotube sheets can be drawn with
varying thickness and widths so as to increase their linear

density (i.e., the weight per yarn length)

In some embodiments, the fibers or ribbons are chemi-
cally and/or physically modified before or after the draw

process or spinning process. In some embodiments, the
nanofiber yarns are used to form composites with other

materials useful for solar cells operation, such as hole
transporting and electron transporting molecules and poly-

mers.
(y) Doping of CNT Electrodes: Electrical Conductivity
Tuning

Tt is well known that doping of SWNTs, with either
donors or acceptors, shifts the Fermi energy (E,) in the

electronic band structure and can change the electronic
conduction mechanism of SWNTs. Vapor exposure with

alkaline metals and electrochemical doping using liquid

electrolyte also provides important increases of electrical
conductivity for the thereby doped CNTs.

Herein, Applicants describe improvementofthe transpar-
ent electrode conductivity and match the work function of

charge-collecting CNTs with those of impregnated polymer
or monomerstructures by creating a double layer structure

on highly developed CNT surfaces.

Applicants have demonstrated that an extremely high
surface area of CNT sheets and ribbonsallows one to obtain

superior capacitance and density of charge injection. The
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electrochemical capacitance can exceed 100 F/g, and nano-
fiber, sheets, and yarns having such large capacitance are

optionally preferred. This large electrochemical capacitance

enables tuning the electrical conductivity of CNT in a very
broad range. CNT sheets charged in liquid electrolytes

retains double layer ions on the nanotube surface—even
when removedfrom electrolyte, washed in deionized water,

and dried in vacuum as described in detail in PCT/US2005/
007084, filed Mar. 4, 2005.

Because aqueouselectrochemistry is limited by a narrow

potential window, Applicants use non-aqueouselectrochem-
istry for heavy electrochemical doping. One good candidate

is the electrolyte solution of LiClO, in acetonitrile. Another
very promising candidate is 1-methyl-3-butylimidazolium

tetrafluoroborate, which has an extremely broad window
(-2.4 V to 1.7 V vs. Fe/Fc*) of electrochemical stability (L.

Kavan, L. Dunsch, Chem. Phys. Chem. 4, 9, 944-950

(2003)).
Applicants describe herein a procedure comprising form-

ing a transparent CNTsheet, doping of said sheet by charge
injection in liquid electrolyte, removal of the CNT sheet

from the liquid electrolyte, and integration of said doped
sheet with polymer composite for use in a solar cell. In the

first step, a thin transparent CNT film with a thickness of

optionally preferably less than 200 nm is deposited on any
substrate as a free-standing sheet. Either SWNTs, MWNTs,

or combinations thereof can be used for this process. In the
next step, the CNT sheet is electrochemically charged from

liquid electrolyte to enhance conductivity of the CNT sheet
and tune its work function. Then the CNT sheet can option-

ally be removed from the electrolyte, dried, an incorporated

in a device that is dependent upon the level of charge
injection, such as a solar cell.

The Applicants have reduced the work function of the
CNTelectrode by doping, for example, with alkaline cat-

ions. The commonly-assigned co-pending patent application

PCT/US2005/007084 on double layer charge injection
describes in detail the charge injection process into a SWNT

material by electrochemical methods. To increase the charge
density, an increased applied potential (measured with

respect to the potential of zero charge injection) is needed.
To achieve a high density of injected, the Applicants option-

ally prefer use of an electrolyte that has high redox stability

with respect to either oxidation or reduction (depending
upon the sign of the desired injected charge). The optionally

preferred type of injected charge are holes (positive charge),
since this type of charge injection generally confers the

highest stability for the injected charge.
Applicants optionally prefer that the electrolyte used for

charge injection has high stability of electrochemical hole

injection. One such preferred electrolyte is tetra-n-butylam-
moniumhexafluorophosphate (TBAPF,) in acetonitrile.

The following is a typical process of the Applicants
invention embodiments. After electrochemical charge injec-

tion in the nanotubesheetor ribbon, the charged electrode is
removed from electrolyte and carefully washed using sol-

vent that is stable with respect to charge injected into the

nanotube sheet or ribbon (which in some cases can be
deionized water). The nanotube electrode materialis dried in

an inert atmosphere, wherein such drying can optionally be
at an elevated temperature (optionally preferably above 50°

C.), and then covered by a conjugated polymer thin layer
using dip-coating method in two steps (see PCT/US2005/

007084). First of all, a very thin (20-30 nm) electron-

blocking layer (such as PEDOT-PSS)is dip-coated from a
very dilute aqueous solution. Heat treatment at about 100°

C. is desired to remove water. In the next step, a suspension/
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mixture of regio-regular P3HT polymer with very short

SWNTs(preferably semiconducting) and C,, powder in the

ratio 3:1 is prepared by dip-coating on the charge injected

transparent CNT electrode. The concentration of shortened

SWNTin polymer should be below the percolation thresh-

old. In the last stage, the heat treated “sandwich”is covered

with an Al electrode and encapsulated. In an alternative

procedure, the deposited CNTthin film can be covered with

PEDOT-PSSfrom a liquid phase. Subsequent steps can vary

dependingonelectrolyte, sign ofthe injected charge, and the

polymer types.

As an alternative to electrochemical charge injection,

charge injection to modify the conductivity and work func-

tion of nanotube sheet electrodes (and other useful nanofiber

electrodes) can be by chemical processes by using either

electron donating or electron accepting agents. Such meth-

ods are well known in the art, and are widely used for

graphite, carbon nanotubes, and conjugated polymers.

(z) Electrochemical doping of CNT Electrodes: Work Func-

tion Tuning

Both chemical and electrochemical doping of carbon

nanotubes is a very attractive method for tuning the Fermi

level by changing the population of electronic states. For

example, it has been shown that semiconducting CNTs can

be doped amphoterically; p- and n-type. Optical and elec-

trical measurements have confirmed that upon p-type dop-

ing, the Fermi level can be moved down by depleting the

filled valence-bands or moved up byfilling empty conduc-

tion bands. The concentration of charge carriers increases

drastically when the Fermi level reaches valence and con-

duction band van Hovesingularities. The Applicants show

the modulation of field emission I-V curves of SWNTfilms

upon doping, which demonstrates the tuning of the work

function. A downshift of the Fermi level (E,) by about 0.4

eV has been demonstrated earlier for electrochemical doping

MWNITs.Larger negative work function shifts of ca. -1.0

eV have also been observed (see PCT/US2005/007084).

(aa) Nitrogen and Boron Doped Carbon Nanotubes for

Transparent Nanofiber Electrodes

Recently, B- and N-doping within the graphene layers of

both SWNTs and MWNTshasattracted great interest, since

the electronic properties of C—N, and C—B,, tubes have
been found to be quite sensitive to small amounts of intra-

layer dopants: nitrogen as the n-dopant and boron as the
p-dopant in C-planes. Summarizing the basic results, B and

N are well known to influence not only properties but, via
the synthesis, also the structure of the doped nanotubes. So,

N involved in chemical vapor deposition (CVD) synthesis

creates bamboo-type tubes, B in CVD synthesis makes
longer tubes (being concentrated at the tips of tubes, B

inhibits the closing of tubes). The capped walls have also
been observed, thus making interesting topologies possible

where walls have smooth capped endings. It has already
been shown by computations, and partly by experiment, that

during the synthesis of MWNTs, the B atoms not only

inhibit closing of tube caps and thus strongly enhance the
length, but also make favorable the growth of zig-zag type

tubes of specific chirality, all of them being metallic.
Combined doping, electrochemical or chemical non-co-

valent doping combined with intralayer doping, can be
usefully applied. Applicants have demonstrated that charge

injection into tubes by chemical or electrochemical doping

is an important process that can change the properties of
tubes: i.e., conductivity, electron emission properties (via

work function modulation), optical and IR reflectivity, ther-
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mal properties, etc. Most importantly, the electrochemically
injected charge is stable even in the absence ofan electro-

lyte.

The utility of combined doping is illustrated by the
example of nanotubes doped intra-sheet with nitrogen to

produce C—N,, nanotubes. C—N,, nanotubes haveelectronic
defect levels inside the gap, so charge injected chemically or

electrochemically into such preformed C—N,, tubes by non-
covalent processes will have increased stability.

Even less than 1% molar intrasheet doping of SWNTsor

MWNTswith N, B, or combinations thereof can be usefully
applied for modifying work function, electron emission,

electrical conductivity, and thermoelectric power for the
nanotube sheets, ribbons, and yarns of invention embodi-

ments. The level of intrasheet doping with N, B, or combi-
nations is optionally preferably above 0.5% for the nanotube

sheets, ribbons, and yarns of invention embodiments. This

intra-level doping is preferably achieved before fabrication
of the nanotube sheets, ribbons, and yarns. However, it is

also useful to fabricate nanotube sheets, ribbons, and yarns
from preformed nanotubes, and then add other optionally N

or B doped nanotubes to these articles by a secondary
synthesis or infiltration process.

(bb) Three-Dimensional Electronic Textiles of Nanofibers

and Nanofiber Yarns Incorporated into Nanofiber Sheets and
Ribbons

FIGS. 95 and 96 illustrate nanofiber sheet or ribbon
electrodes in which nanofibers and otherelectronically func-

tional materials are incorporated in the pore volume of the
nanofiber sheets or ribbons in order to enhance photocharge

generation capability.

FIG. 95 illustrates schematically a solar cell, based on
nanoscale integration of a conducting polymer (CP) and C,,

in a carbon nanotube sheet to provide a photoactive donor-
acceptor heterojunction within a porous transparent CNT

anode (hole collector). The CP/CNT wires are within the

pores of the CNT sheet, and the intra-pore nanofibers serve
as photo electron collectors.

FIG. 96 indicates more reliably the relative dimensions
for the pore volume in the nanotube sheet and intra-pore

elements. The insets show the hole transfer from CP chains
into the transparent CNT sheet anode, and electrontransfer,

upon exciton dissociation in the intra-pore CP/CNT system.

Holes photogenerated within the approximately 100 nm
diameter pores will be collected on the MWNTsofthe sheet,

since the charge collection length of the polymer is about
100 nm.

Semiconducting nanofibers, such as chiral single wall
carbon nanotubesor nanofibers ofWS,, MoSe,,and the like,

can be similarly used for formation of intrasheet heteroyunc-

tions that enhance charge collection efficiency.
(cc) Photoelectrochemical Cell with Transparent Nanofiber

Sheet and Yarn Electrodes as Charge Collectors and Recom-
bination/Separation Layers in Tandem Cells

In some embodiments, the present invention relates to
specific types of electrodes for photoelectrochemical cells,

and more precisely for dye- or quantum dot-sensitized solar

cells. Some such invention embodiments also relate to
specific types of conductive electrodes for dye-sensitized

and quantum dot-sensitized solar cells: hole collecting coun-
ter-electrodes and transparent separation layers, in multi-

junction solar cells, also known as tandem cells. Methods,
processes and architectures are described for application of

transparent carbon nanotube and other nanofiber sheets,

ribbons and yarns both as charge collector transparent elec-
trodes in dye-sensitized and quantum dot-sensitized electro-

chemical solar cells, and as transparent separation layers
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(also called charge recombination layers) in multijunction
(also called as tandem) dye solar cells. Additional function-

ality of carbon nanotube charge collectors for enhancement

of light absorption and charge generation due to a nano-
antenna effect in solar cells, and other advantages are also

described herein.
In some embodiments, the present invention relates to a

regenerative photoelectrochemical cell (PEC) and, more
particularly, to a cell of this type that uses transparent,

mechanically strong, flexible nanofiber yarns, ribbons, or

sheets. A PEC is a electrochemical device which, upon
absorption of light, generates charge carriers and, as a result

of such photogeneration, creates an electrical voltage (po-
tential difference) between its two electrodes: cathode and

anode.
Onerepresentative type of PEC is a dye-sensitized solar

cell (DSC), first developed by Michael Graetzel and col-

leagues in Switzerland at EPFL in 1991 (see U.S. Pat. Nos.
5,350,644; 5,441,827; and 5,728,487, and Nature 353, 737
(1991), and Nature 395 583 (1998)). DSCs are analogs of
photosynthetic natural systems and therefore are intrinsi-

cally environmentally-friendly and are very attractive since
their production cost is relatively low comparedto silicon-

based and other inorganic semiconductor p/n junction solar

cells.
DSC hasachieved a high certified conversion efficiency

of 10.4%. Although providing a high efficiency, this cell
nonetheless has several disadvantages. Present DSCs cannot

be made lightweight and flexible. There are, however,
numerous applications for which it would be preferable or

even essential that the cell is solid-state, mechanically-

strong and at the same time, light-weight and flexible. The
major problem in the development of lightweight flexible

DSCsis replacementofglass substrates. Glass substrates are
fragile, heavy, not very impact-resistant, and have form and

shape limitations.

Counter electrode (reduction electrodes) in DSCs are
usually constructed of expensive transparent conducting

glass substrates coated with Pt catalyst films (about 60% of
the total cost ofDSCs). Therefore, in order to reduce the cost

of DSCs and broaden their applications, it is necessary to
develop transparent, flexible, and mechanically-strong elec-

trodes on substrates other than glass. Efficiency can be

increased in tandem DSCsby using multiple junction archi-
tectures. The first tandem DSC comprising two compart-

ment cells connected in parallel has been demonstrated
recently (see M. Diirr et al., Appl. Phys. Lett. 84, 3397

(2004) and W. Kuboet al., J. Photochem. Photobiology A
164, 33-39 (2004)).

In some embodiments, the present invention is directed to

application of transparent carbon nanotube sheets and rib-
bonsas charge collection and charge recombinationlayers in

photoelectrochemical (also called Graetzel or dye-sensi-
tized) solar cells and tandem (i.e., multi-junction) versions

of such solar cells. Charge collecting electrodes of some
invention embodiments are preferably anodes, i.e., hole or

positive charge collectors, which have many advantages

over the prior art: they are flexible, mechanically strong,
have anisotropyofoptical and electrical properties, and have

a structure of three-dimensional networks, especially favor-
able for collecting charge in bulk heterojunction solar cells.

Moreover, CNT transparent electrodes have large work
functions (5.1-5.3 eV), which is larger than the work func-

tion of ITO (4.7 eV), which is favorable for collection of

positive charge or holes.
FIG. 100 is a schematic diagram showing the basic

structure of the prior-art dye-sensitized solar cell. The DSC
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comprises: (1) a first transparent substrate having respective
transparent electrode 10001, (2) a second non-transparent

conducting electrode 10002, preferably reflective (for sim-

plicity, electrodes 10001 and 10002 are designated first
electrode and secondelectrode), (3) the first electrode 10001

has a photoelectrochemically active semiconductor oxide
made in the form of a porous nanostructure formed of

sintered colloidal particles 10003, and (4) the photo-elec-
trochemically active semiconductor oxide is coated with a

monolayer of dye molecules or quantum dots 10004. Both of

said electrodes are arranged in such mannerthat electrode
10003 and 10002 face each other, the sides are sealed with

rubber, resin, or the like, and the space between 10003 and
10002 is filled with an electrolyte 10005 which comprises a

redox couple in a conventional manner, and which impreg-
nates the porous structure of semiconductor oxide 10003 in

such manner that the interface between electrolyte 10005

and dye- or quantum-dot-coated oxide has a very large
effective interface. In some embodiments of the present

invention, the transparent substrate of electrode 10001 is
covered with a transparent nanofiber sheet or ribbon.

Invention embodiments described herein provide novel
architectures, processing and fabrication methods, compo-

sitions of matter, and applications of transparent nanofiber

sheets having properties and functionalities useful for pho-
toelectrochemical solar cells design. For example, carbon

nanotube sheets of invention embodiments provide the fol-
lowing unique properties and unique property combinations,

particularly useful for photoelectrochemical solar cells: (1)
high optical transparency (80-90%); (2) low electrical sheet

resistance, (3) high thermal conductivities and thermal dif-

fusivities, (4) high work function required for collection of
plus charges, holes in solar cells, (5) high flexibility opposed

to brittle ITO and other inorganic TCOs, (6) very high
resistance to creep, (7) three dimensional morphology,

whichis favorable for collection of charge carriers from the

bulk heterojunction types of architectures, (8) high electro-
chemical activity in terms ofefficient and fast charge trans-

fer between electrolyte and nanofibers due to high surface
area and matched energetics, and (9) very high radiation and

UV resistance—even whenirradiated an electrolyte.
Such a new photoelectrochemicalcell as described above,

for example, is shown in FIG. 101. FIG. 101 is a schematic

view of an embodimentofa photoelectrochemicalcell ofthe
present invention. The photoelectrochemical cell includes a

wide bandgap semiconductor electrode having a transparent
porous nanofiber electrode 10102, wherein said nanofiber

electrode is impregnated within its inter-fiber pores with an
active material 10103 selected from the group consisting of

titanium oxide, zinc oxide, tungsten oxide, and mixtures

thereof, a reduction electrode having a transparent porous
nanofiber electrode 10105 on glass or plastic substrate, and

an oxidation-reduction electrolyte 10104.
As a transparent substrate 10101, for example, a glass

substrate or plastic substrate such as polyethylene naphtha-
late (PEN)or polyethylene teraphthalate (PET) can be used.

Asa transparent electrode 10102, formed on the surface of

the transparent substrate 10101, a transparent porous nano-
fiber sheet electrode is formed instead of a conventional

transparent conducting oxide such as indium-doped tin
oxide or fluorine-doped tin oxide or fluorine-doped indium

oxide. The thickness of the transparent electrode is prefer-
ably in the range of 50 to 200 nm. Thesolar light transmit-

tance of the transparent electrode 10102 is preferably not

less than 50%.
A semiconductor photoelectrode 10103 containing the

metal oxide nanoparticles (for example, 10-20 nm TiO,
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nanoparticles) can be coated on the surface of the transpar-
ent porous nanofiber electrode 10102 by a printing method

or sol-gel method to form a film of approximately 10-20 um

thickness. Rapid sintering and anatase phase formation can
be performed by a multi-mode microwave heating at a

frequency chosen from the range varying from 2 to 30 GHz
and powerof about 1 kW for 5 minutes. After sintering, the

layer exhibits a porosity of 0.5-0.65. A specific surface area
of the highly porous semiconductor electrode is in the

preferable range from 20 to 300 m?/g. The average pore

diameter ofthe semiconductorfilm is preferably in the range
of preferably 5 to 250 nm.If the average pore diameter is

less than about 10 nm or higher than about 250 nm, the
adsorbed amount of optionally used quantum dot sensitizer

is lower than that required for high photoelectric conversion
efficiency.

In one embodiment, a monolayer of red dye molecules is

attached to the surface of the highly porous nanofiber-metal
oxide electrode by impregnation, for example, with an

absolute ethanol solution of the ruthenium dye-II cis-dith-
iocyanato-N,N'-bis(2,2'-bipyridyl-4,4'-dicarboxylic  acid)-

(H,)(TBA),RuL,(NCS).,(H,0), sensitizer at a concentra-
tion of 20 mg of dye per 100 ml of solution. The

impregnation process can be optionally done at room tem-

perature overnight. The electrode was rinsed with ethanol
and then dried. The coating solution can be applied by a

numberofmethods, such as dipping, spin-coating, spraying,
ink jet printing and screen printing. The coating step may be

repeated, as necessary.
In another embodiment a similar dipping step can be

applied so as to adsorb quantum dotsensitizers such as PbS

and PbSe.
In contrast to conventional photoelectrochemical cell

design, the dispersion of a binder component with metal
oxide particles is not necessary. The mechanically strong

3-dimensional nature of the transparent nanofiber sheet

electrode of the present invention provides a supporting grid
for porous metal oxide structure, taking into account a high

adhesion of metal oxides to nanofibers (K.-H. Jung, J. S.
Hong, R. Vittal, K.-J. Kim, Chemistry Letters 864-865

(2002)).
In one embodiment of this invention, the transparent

porous nanofiber reduction electrode 10105 in FIG. 101 is

fabricated in accordance with methods described herein. No
platinization of counter-electrode is needed because such

nanofibers can operate both as a charge collecting electrode
and as a catalyst for enhancing the electrochemical charge

transfer processes. Catalytic activity of the reduction elec-
trode 10105 can be improved by coating the surface of

electrode 10105 with a thin layer of single-wall carbon

nanotubes, as shown by SEM image in FIG. 102. Both of
said electrodes being arranged in such manner, shown in

FIG. 101, such that electrodes 10103 and 10102 face each
other, the sides are sealed with rubber, resin, or the like.

The space between the transparent photoactive front elec-
trode and the reduction back electrode is filled with an

electrolyte which comprises a redox couple in a conven-

tional manner, and which impregnates the porous structure
of semiconductor electrode in such mannerthatthe interface

between electrolyte and dye- or QD-coated oxide has a very
large effective interface. The spacer particles may beinter-

posed between the front and the back electrodes in order to
prevent electrical shorting.

The MWNT nanofiber sheets possess another unique

physical property. The MWNT sheets strongly absorb
microwave radiation, as evidenced by their use for this

welding of plastic parts in a microwave oven: two 5-mm-
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thick plexiglass plates were welded together using the

heating of a sandwiched MWNTsheet to provide a strong,

uniform, and highly transparent interface in which nanotube

orientation and electrical conductivity are maintained. The

microwave heating was in a 1.2. kilowatt microwave oven

that operates at 2.45 GHz. Thus, microwaveprocessing offer

an attractive and very promising methodofselective heating

of composite films. This technique wasearlier applied to the

preparation of nanosize T10, powder with a high degree of

crystallinity and monodispersedparticle sizes (C. Feldman

and H. O. Jungk, Angew. Chem.Int. Ed. 359 (2001) and T.

Yamamoto et al., Chem. Lett. 964 (2002))

In one embodiment of the present invention, involving

preparation of nanofiber electrochemical electrodes, Appli-

cants have used a microwave sintering method, wherein a

carbon nanotube-metal oxide composite photoelectrode can
be prepared by new low-temperature sintering methods of

highly porous and conducting metal oxide film by using
microwaveirradiation. The metal oxide (such as Ti0,, WO,

and ZnO) exhibits moderate coupling to microwaves
because of low electrical conductivity and low magnetic

induction losses. However, carbon nanotubes absorb micro-

wavesvery efficiently and can be heated very rapidly. Such
highly efficient CNT-microwave coupling correlates with

high conductivity and the nanosize of the carbon nanotubes
leads to high induction losses. The temperature can reach

1000° C.after microwaveirradiation within minutesor less.
Keeping in mind that the generalized energy loss equation

is written as follows:

P=2nf€,€, tan 0E*V,0,

wherefand €, are the frequency anddielectric constant; tan

o is the dielectric and magnetic loss factor, E, V,, © are the

electric field values inside the sample, volume factor, and
shape factor, respectively) the absorption of microwaves

occurs very effectively. Therefore the microwave heating of
a MWNTsheet within a metal oxide matrix provides a

strong, uniform, and transparent interface in which nanotube
orientation and sheet electrical conductivity is changed

relatively little.

A counter (reduction) electrode is usually constructed of
expensive transparent conducting glass substrates coated

with Pt catalyst films (about 60% ofthe total cost of DSC)
which are fragile, heavy and not impact resistant and have

form and shape limitations. Therefore, in order to simplify
the manufacturing process and reduce the cost of DSCs and

broaden their applications without significant deterioration

of their performance, the transparent photoelectrode can be
manufactured using transparent or non-transparent nanofiber

sheets, ribbons, or yarns.
The following examples are presented to more particu-

larly illustrate the invention, and should not be construed as
limiting the scope of the invention.

EXAMPLE1

This example describes a typical method for growing
nanotube forests used for selected invention embodiments.

Aligned MWNTarrays (nanotube forests) were synthesized
by atmospheric pressure CVD (Chemical Vapor Deposition)

ina 45 mm diameter quartz tube using 5 molar percent C,H,
in Heat 680° C., at a total flow rate of 580 sccm for 10

minutes. The catalyst was a 5 nm thick iron film that was

deposited on a Si wafer substrate or glass substrate by
electron beam evaporation. Based on SEM and thermal

gravimetric measurements, the purity of the spun yarns was
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very high (~96-98% C in the form of MWNTs), with 2-4%

Fe and amorphouscarbon and no observed carbonparticles.

EXAMPLE 2

This example describes a method of invention embodi-
ments for the introduction of twist during the spinning of

carbon nanotubes from a nanotubeforest. Previous attempts

to draw yarns from nanotube forests resulted in extremely
weak assemblies (see K. Jiang, Q. Li, and S. Fan in Nature

419, 801 (2002) and in U.S. Patent Application Publication
No. 20040053780 (Mar. 18, 2004)). The present inventors

find that simultaneously applied draw and twist processes
increase the mechanical strength by a factor of over a

thousand. The present inventors also show that the present

spin-twist process is able to produce yarns even smaller than
one micron in diameter. The fibers of this example were

hand drawn during twisting by attaching nanotubes from the
side of the nanotube forest of Example 1 to a probe tip that

is coaxially attached to the axis of a variable speed motor
that was typically operated at about 2000 rpm. In this

example, illustrated by the photograph in FIG.1, attachment

was achieved by wrapping a yarn drawn from the nanotube
forest about a miniature wooden spindle, which was

attached to the center of a motor shaft. The fibers were
simultaneously twisted and drawn by pulling this rotating

spindle and attached nanotube yarn away from the nanotube
forest. The motor was mounted on a platform (FIG. 1) and

the platform was moved by hand alonga tabletop to accom-

plish the drawing while the motor operated at approximately
2000 rpm to provide twisting. FIG. 2 is a scanning electron

microscope (SEM)picture showing nanotube assembly into
yarn during the spinning process ofthe present inventors, in

which the nanotubes are simultaneously drawn from the

nanotube forest and twisted. The direction of drawing was
orthogonalto the original nanotube direction and parallel to

the plane of the substrate, although the spinning processis
sufficiently robust that the angle between the nanotube

direction in the forest, perpendicular to the substrate, and the
draw direction can be decreased from 90° to almost 0°. The

obtained combination ofyarn diameters that are hundreds of

times smaller than the nanotube length (~300 um) and
nanotube twist resulted in yarns having the attractive prop-

erties that will be described in other examples.

EXAMPLE3

This example showsthat extremely small diameter yarns
can be spun using the method of Example 2. The yarn

diameter was determined by controlling the width of the

MWNTforest array that was pulled to generate the initial
wedge-shaped untwisted ribbon that converged from a thick-

ness of about the height of the forest to the width of the yarn
at the wedge apex (FIG. 2). The array width ranged from

below 150 um to about 3 mm to produce singles yarn
diameters of between about one and ten microns. A 200 um

wide forest array segment produced about a 2 um diameter

twisted yarn and a forest area of 1 cm? could generate an
estimated 50 m ofthis yarn. The inserted twist was typically

about 80,000 turn/m, versus about 1000 turns/m for a
conventional weaving textile yarn having 80 times larger

diameter. The twist resulted in densities for the MWNT
yarns of about 0.8 g/cm?, based on direct measurements of

yarn mass, length, and yarn diameter, the latter being mea-

sured by SEM. The linear density of the singles yarn was
typically about 10 wg/m, compared with values of 10 mg/m

and 20-100 mg/m for cotton and wool yarns, respectively.
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About a hundred thousand individual nanofibers pass

through the cross-section of a 5 um diameter nanotube yarn,

as compared with the 40-100 fibers in the cross-section of

typical commercial wool (worsted) and cotton yarns.

EXAMPLE 4

This example showsthat the twisted fibers of Example 2

have the mechanical robustness needed for plying, and that

such plying can improve the mechanical strength of the

yarns. FIGS. 3A, B, and C show SEM imagesofsingles,

twofold and fourfold MWNTyarns, respectively. The two-

fold yarns were obtained by over-twisting a singles yarn and

subsequently allowing it to twist relax around itself until it

reached a torque balanced state. The alignment of the

individual MWNTs along the axis of the twofold yarn

visually confirms that the twofold structure was torque

balanced. This procedure was repeated for the twofold yarn

(using an opposite twist direction) to produce fourfold yarns.

FIG. 58 is a SEM micrograph showing about twenty MWNT

singles yarns that have been plied together to make a yarn

having a diameter about equal to a humanhair.

EXAMPLE5

This example (using twisted yarns and plied yarns pre-

pared as in Examples 2 and 4) describes twist retention in

knitted singles and multiple ply yarns of carbon nanotube

fibers. Unlike singles yarns of conventionaltextiles, highly
twisted MWNTsingles yarns largely retain twist when the

yarn endsare released (FIG.4, top). This enhanced locking
of twist likely reflects the stronger interactions between

nanotubes than between the microscopic fibers in such

textiles as cotton and wool. Particularly surprising, twist is
retained up to the location of the break point for singles and

twofold yarns that have been broken by tensile extension
(FIG.4).

EXAMPLE6

This example (using twisted yarns and plied yarns pre-

pared as in Examples 2 and 4) shows that a draw-twist

method of invention embodiments causes a thousand-fold
increase in mechanical strength compared with prior-art

results for nanotube yarns spun from nanotube forests.
While the untwisted yarns were so weak that they broke

when pulled away from surfaces that they accidentally
contacted, the singles yarns had measuredtensile strengths

between 150 and 300 MPa. Possibly reflecting the above

mentioned increase in nanofiber orientation with respect to
the yarn axis as a result of folding (1e., plying), higher

strengths of between 250 and 460 MPa were observed for
twofold MWNTyarns. Typical stress-strain curves for these

singles and twofold yarns are shown in FIG. 5, wherein the
curves correspond to (a) carbon MWNTsingles yarn, (b)

twofold yarn, and (c) PVA-infiltrated singles yarn. The

stresses on the y-axis in this figure are engineeringstresses,
based on cross-sectional area measured by SEM for the

unstressed yarn. As a result of a giant Poisson’s ratio effect
(described below in Example 14), the true stress at close to

break (normalized to the true cross-sectional area at close to
break) is about 30% larger. For space and aerospace appli-

cations, density-normalized strength is important. Using the

maximum observed density of 0.8 g/cm*, the density-nor-
malized failure stress of the twofold yarns is between 310

and 575 MPa/gem"*.
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EXAMPLE7

This example shows that the singles and plied nanotube

yarns of Examples 2, 3 and 4 have toughness comparable to

that of high performance polymers used for antiballistic

vests. The pure nanotube yarns had a muchlarger strain-to-

failure (up to 13%) than for graphite fibers (~1%). This high
failure strain, combined with high failure strength, meant

that the work needed to break the yarns (called toughness)
wasalso high: about 14 J/g for the singles yarn, 20 J/g for

the twofold yarn and 11 J/g for the PVA infiltrated singles

yarns, which combinedtheir higher strength with a lower
strain-to-failure (about 3-4%). While the toughness for the

twofold yarn (20 J/g) is above that of graphite fibers (12 J/g)
and approaches that of commercial fibers used for antibal-

listic vests (~33 J/g for Kevlar® fibers), far greater tough-
ness has been demonstrated for solution spun SWNT/PVA

composite fibers (600 J/g). However, this latter energy

absorption is largely due to irreversible plastic deformation
overlarge strains, so large deformations are needed and such

large energy absorption can occur only once.

EXAMPLE8

This example showsthat the carbon nanotube yarns can
be easily knitted (see FIG. 3E) andtiedinto tight knots (FIG.

6). While abrasion and knotting, especially with an overhand

knot, seriously degrades the strength of most polymerfibers
and yarns (including the Kevlar® and Spectra® fibers and

yarns used for antiballistic vests, conventional textile yarns,
and even single polymer chains—causing rupture at the

entrance to the knot) this is not the case for the investigated

singles and twofold nanotube yarns, where tensile failure
has only been observed far from an inserted overhand knot.

High abrasion resistance is suggested by the absence of
ultimate tensile failure in a long yarn loop that was pulled

through a very tight overhand knot.

EXAMPLE9

This example, for comparison with Example 2, 37, and

52, showsthat twisting nanotube sheetstrip (cut parallel to
the orientation direction) does not provide desired mechani-

cal properties enhancements unless the processes and nano-
tube characteristics described in the invention embodiments

are utilized. The oriented films from which the sheet strips
were cut were magnetically oriented assemblies of micron

length nanotubes(see J. E. Fischeretal., J. Applied Phys. 93,

2157 (2003)). Also, the inventors were not able to pull
continuous nanotube yarns from the sides or tops of these

magnetically oriented nanotube sheets or sheet strips by
using draw directions that result is drawable and twistable

yarns for the much longer nanotubes of invention embodi-
ments.

EXAMPLE10

This example shows that the mechanical properties of
twisted yarns can be increased by infiltration of a polymer,

polyvinyl alcohol (PVA). The yarns utilized were made by
the process of Example 2. MWNT/PVA composite yarns

were made either by soaking a singles yarn for 15 hours in
5 wt % aqueous PVA solution or by passing a singles yarn

through a drop of this solution during spinning, and then

drying. The molecular weight of the PVA was in the range
77000-79000 andit was 99.0-99.8% hydrolyzed.Infiltration

with PVA increased the observed strengths of singles yarns

40

45

55

114
to 850 MPa. A typical stress-strain curve for the PVA-

infiltrated nanotube yarn of this example is shown in FIG.

5c. FIG. 57 provides SEM micrographs showing that the

PVA infiltration has not disrupted the twist-based structure

of the MWNTyarn.

EXAMPLE 11

This example shows that the twisted nanotube-based

yarns have high electrical conductivity both before and after

the twisted nanotube yarn is converted into a nanotube/poly

(vinyl alcohol) composite yarn (using the method of

Example 10). The investigated yarns (diameters from 2 um

to 10 um) had a four-probe electrical conductivity at room

temperature of about 300 S/cm and a negative temperature

dependence on resistance (about —0.1% per ° K between 77

and 300 K). PVA infiltration decreased the electrical con-

ductivity of the yarns by only about 30%, leading to nano-

tube/PVA composite yarns that have over 150 times higher

electrical conductivity than observed for nanotube compos-

ite fibers containing insulating polymers.

EXAMPLE12

This example showsthat (a) the twisted carbon nanotube

yarns have a dramatically increased elastic strain region

compared with that of the prior-art, high strength carbon

nanotube yarns, (b) this long elastic region provides a high

elastically recoverable component to yarn toughness, and (c)

the reversible deformation of the yarn is hysteretic. The

nanotube yarns show hysteretic stress-strain curves when

subjected to load-unload cycles (FIG. 7). While complete

unloading from the initial load does not return the yarn to its

original length, the initial hysteresis loop is essentially

unshifted on subsequent cycling. Depending uponthe initial

strain, the observed energy loss per stress-strain cycle of a

twofold MWNTyarnis in the 9%-22% range for 0.5% cycle

strain, the 24%-28% range for 1.5% cycle strain (FIG. 8),

and the 39%-48% range for the maximum reversible cycle

strain (2%-3% fortotal strains up to 8%). Within a hysteresis

loop, the effective modulus on initial unloading andinitial

reloading is much larger than for the final parts of the

unloading and reloading steps (FIG. 9). Also relevant for

applications, the failure strength of nanotube yarn (singles

and doubles) was unaffected by 50 loading-unloading cycles

over a stress range of 50% of the failure stress. Unlike

nanotube sheets madebyfiltration of nanotubesolutions, the

nanotube yarns are resistant to creep and associated stress

relaxation—the stress relaxed no more than 15% when a
twofold nanotube yarn was held for 20 hours at 6% strain

(170 MPainitial stress), and this small stress relaxation
occurred within the first 20 minutes and was largely vis-

coelastic (i.e., reversible).

EXAMPLE13

This example demonstrates the extremestability of the

mechanical properties of twisted nanotube yarns in air at
high temperatures, as well as retention of properties at

cryogenic temperatures. These yarns were made by the
method of Example 2. The failure strength of a twofold yarn

(300 MPa) wasessentially unchangedafter heating in air at

450° C. for an hour. Although evidenceof air-oxidation was
evident in SEM micrographs, a nanotube yarn held at 450°

C. for 10 hours was sufficiently strong and flexible to be
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tightly knotted. Tight knot tying was also possible while the

nanotube yarn was immersed in liquid nitrogen.

EXAMPLE14

This example demonstrates that the inventors have

achieved giant Poisson’s ratios for the carbon nanotube

yarns spun by the process of Example 2. They observe giant

Poisson’s ratios for the nanotube yarns, which increases
with increasing strain from 2.0 to 27 for MWNTsingles yarn

and from 3.3 to 4.2 for twofold yarn (FIG. 10). These
Poisson’s ratios, measured while stretching the yarn in a

SEM,are up to 12 times larger than observed in orthogonal

directions for ordinary solids. A Poisson’s ratio of 4.2 means
that elongating the yarn by astrain E provides a 4.2 times

largerstrain in each ofthe lateral dimensions and afractional
volume decrease of 7.46, versus the fractional volume

increase of about 0.4€ for ordinary solids. Hence, the
nanotube yarns are stretch-densified, which is quite a rare

property for solids. Out of 500 crystal phases investigated in

a global search of the literature, only 13 were found to be
stretch densified (see R. H. Baughman,S.Stafstrém, C. Cui,

S. O. Dantas, Science 279, 1522 (1998)). A stretch-densified
material must have a negative linear compressibility, mean-

ing in the present case that the yarn length increases when
the yarn is hydrostatically compressed with a non-penetrat-

ing hydrostatic media. These giant Poisson’s ratios and the

associated stretch-induced volumedecrease of up to 7.4E
might be used for tuning the absorption and permeability of

nanotube yarns andtextiles by applying small applied strains
in the yarn direction (or directions). The inventors above

describe the application of this stretch densification for the

fabrication of electronic devices (using their novel knottron-
ics approach for obtaining the patterning capabilities that are

ordinarily obtained for electronic devices using photo lithog-
raphy).

EXAMPLE 15

This example demonstrates the application of a nanotube

yarn spun by the twist-draw process (Example 2) and plied

(Example 4) for the filament of an incandescentlight. FIG.
18 is a picture of a twofold twisted multiwalled nanotube

yarn that has been electrically heated to incandescence in an
inert atmosphere chamber. The yarn is wound between two

metal leads that are spaced apart by about 20 mm andsilver
paste is applied to the yarn at the junctions with the metal

leads to lowerresistance. The filament so formed emits light

when a voltage is applied. While it has been well known
from the time of Thomas Edison,this is the first example of

the application of a twisted, high toughness yarn for this
application (see Example 7 for the measurementresults for

the toughness of the twisted yarns). The existence of this
toughness can enable the fabrication of incandescent light

bulbs that are moreresistant to filament failure by mechani-

cal damage than are conventional incandescent light bulbs.

EXAMPLE16

This example demonstrates the drawing of carbon nano-
tubes from a multi-wall carbon nanotube forest to form a

transparent nanotuberibbon, as well as the wrapping ofthis
nanotube ribbon about a mandrel (a hollow capillary tube),

to produce the transparent article of FIG. 11. Using the

nanotube forest of Example 1, the inventors surprisingly
found that nanotube ribbons having arbitrarily wide widths

could be drawn from the forest and that these ribbons are
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optically transparent. The width of the obtained ribbon

essentially equaled the width of the nanotube forest sidewall

that was pulled (without twisting) from the forest. These

ribbons were sufficiently mechanically robust that they

could be easily manipulated without breaking. FIG. 11

shows an approximately millimeter-width nanotube ribbon

that was helically wrapped on a millimeter diameter glass
capillary tube. The transparencyofthe ribbonis indicated by

the visibility of the printed line on the sheet of paperthatis
beneath the nanotube-ribbon-wrapped glass capillary tube.

EXAMPLE17

The method ofExample 16 can be used for the fabrication
of hollow tubes that can be employed for cell growth, such

as neurons. This capability is important, since while the
suitability of nanotubesfor cell growth is well established in

the prior art, methods have not be described for the fabri-
cation of suitably shaped nanotube assemblies for this

purpose. A hollow tube comprising nanotube ribbon can be

prepared as in Example 16. The choice of mandrel is made
to facilitate subsequent removal of the wrapped ribbon from

the cylindrical mandrel. Sufficient layers ofnanotube ribbon
to provide needed mechanical strength can be wrapped

either as a helix or as two oppositely wrapped helices. The
mechanical strength of the helically wrapped ribbons can be

optionally enhanced using the liquid-based densification

process of Example 23. The mandrel wrapped nanotube
ribbon can then be removed from the mandrel to provide a

hollow tube that is suitable as a substrate for cell growth.
This removal from the mandrel can be accomplished is

various ways. One method is by using a mandrel that is a

polymer that depolymerizes and evaporates at low tempera-
tures. Another method is by coating a glass capillary tube

with an easily solubilized coating, whose dissolution enables
the hollow tube comprising nanotube ribbon to be slipped

from the mandrel.

EXAMPLE18

This example demonstrates fabrication and deposition of

a very wide MWNTribbon on a glass substrate to provide
a transparent electrically conducting layer. This very wide

ribbon was drawn from the nanotube forest of Example 1 by
pulling a forest sidewall section that approximately equals

the ribbon width. Details on the various ways that the
inventors were able to conduct this draw are provided in

Examples 21 and 46. FIG. 17 pictures the nanotube sheet,

after it was mechanically pressed onto the glass substrate.
Because the nanotubes are well aligned in the sheet, the

electrical and optical properties are anisotropic. The printing
is on a sheet of white paper that is beneath the electrically

conducting layer. The visibility of the printing indicates the
transparency ofthis electrically conducting sheet.

EXAMPLE19

This example describes a methodfor fabricating a twisted
yarn that is an electrochemical device, such as a superca-

pacitor or a battery. A carbon nanotube singles yarn (Ex-
ample 2) is over twisted to the amount sufficient to form a

twofold yarn (as in Example 4). While held at the tension
used for the twist process, the twisted yarn is exposed to an

aqueous solution comprising polyvinyl alcohol and phos-

phoric acid, or other well-known media suitable as an
electrolyte. This exposure results in imbibing this electrolyte

precursor into the yarn and overcoating it. Residual liquid is
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then optionally removed by evaporation to form a solid

electrolyte or a gel electrolyte. The opposite ends of the

electrolyte coated fiber are then brought together to permit

twist-relaxation to form a twofold yarn in which the elec-

trolyte coating prevents direct lateral electrical contact

between the two componentsingles yarns that comprise the

twofold yarn.If the electrolyte is too mechanically resistant
for this plying to automatically occur, the two yarn segments

can be mechanically wound together in another twist pro-
cess. This twofold yarn is then optionally overcoated with

additional electrolyte. The loop end of the twofold yarn is
thencut sothat the twofibers are then electronically isolated

with respect to one another, being in contact only through

the electrolyte gel. The two electronically separated elec-
trolyte-filled singles yarns within the twofold yarn can

potentially serve as opposite electrodes for a fiber superca-
pacitor. As an alternative to the above fabrication method,

two twisted singles yarns could be coated and imbibed with
electrolyte, optionally partially dried, and then twisted

together or otherwise combinedin side-by-side contact prior

to an optional step of over coating the fiber pair with
electrolyte. The practice of this latter method for untwisted

nanotubefibers is described by A. B. Dalton et al. in Nature
423, 703 (2003). Analogous methods can be used to make a

fiber battery. However, in order to achieve high energy
storage density for such fiber supercapacitor, the electrolyte

used for the above processes is optimally selected to have a

high redox stability range and the salt component in the
electrolyte is preferably selected to be a lithium salt of a type

conventionally selected for lithium batteries.

EXAMPLE20

This example showsthat nanotube yarns can be optionally

densified prior to twisting using the surface tension effects of
an imbibed liquid. After the nanotube yarn is pulled from the

forest, it is then passed through a liquid bath or exposed to
a liquid vapor. Suitable liquids for such densification of

yarns pulled from the forest of Example 1 include methanol,
isopropyl alcohol, and acetone. The evaporation of the liquid

absorbedin the yarn causes shrinkagein the lateral direction,

leading to densification. The inventors show in Example 38
that densification of drawn ribbons prior to twist made it

possible to obtain uniformly twisted yarn even when the
applied twist is very low (corresponding to a helix angle of

5°). Application of such low twist in the absence of pre-
applied liquid-based yarn densification resulted in non-

uniform twist and yarn diameter.

EXAMPLE 21

This example showsthat a continuous, transparent nano-

tube sheet having high strength can be drawn from a
sidewall of multiwalled nanotube (MWNT) forest of

Example 1. The MWNTs were ~10 nm in diameter and the
range of investigated forest heights was 50 to 300 um. Draw

was initiated using an adhesive strip to contact MWNTs

teased from the forest sidewall. Meter-long sheets, up to 5
cm wide, were then madeat a meter/minute by hand drawing

(FIG. 21). Sheet transparencyis illustrated by the visibility
of the NanoTech Institute logo that is behind the MWNT

sheet. Despite a measuredareal density of only ~2.7 ug/cm?,
these 500 cm? sheetsare self-supporting during draw. A one

centimeter length of 245 um high forest converted to about

a three-meter-long free-standing MWNT sheet. The sheet
production rate was increased to 5 m/min by using an

automated linear translation stage to accomplish draw at up
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to 10 m/min by windingthe sheet on a rotating cm-diameter

plastic cylinder. The sheet fabrication process is quite robust

and no fundamental limitations on sheet width and length

are apparent: the obtained 5 cm sheet width equaled the

forest width when the draw rate was about 5 m/min or lower.

The nanotubes are highly aligned in the draw direction, as

indicated by the striations in the SEM micrograph of FIG.
22. This draw process does not work for most types of

MWNT forests and the maximum allowable draw rate
dependson the structure of the forest. Intermittent bundling

within the forest is useful, wherein individual nanotubes
migrate from one bundle of a few nanotubes to another.

Bundled nanotubesare simultaneously pulled from different

elevations in the forest sidewall, so that they join with
bundled nanotubes that have reached the top and bottom of

the forest, thereby minimizing breaks in the resulting fibrils
(FIGS. 22 and 23). Disordered regions exist at the top and

bottom ofthe forests, where a fraction of the nanotubes form
loops, which might help maintain continuity. For forests

having similar topology and nanotube lengths in the 50 to

300 micron range for different forests, the longer nanotubes
(corresponding to the higher forests) were easiest to draw

into sheets—likely because increasing nanotube length
increases inter-fibril mechanical coupling within the sheets.

EXAMPLE22

This example showsthat the solid state drawn nanotube

sheet of Example 21 comprises a novel, useful state of

matter that was previously unknown: an aerogel comprising
highly oriented carbon nanotubes. From the measuredareal

density of about 2.7 ug/cm? and the sheet thickness of about
18 um, the volumetric density is approximately 0.0015

g/cm*. Hence, the as-produced sheets are an electronically

conducting, highly anisotropic aerogel that is transparent
and strong. The high degree of nanotube orientation in the

nanotube sheet is demonstrated by the Raman spectra of
FIG. 41 of an as-drawn four-sheet stack in which all sheets

have the same orientation. A VV configuration (parallel
polarization for incident light and Raman signal) was used,

with polarization parallel to (|]) or perpendicular to (L) the

draw direction of the nanotube sheets. The ratio of Raman
intensity (632.8 nm excitation) of the G band for polariza-

tion parallel and perpendicular to the draw direction is
between 5.5 and 7.0 for the VV configuration (parallel

polarization for incident light and Raman signal), which
correspondto polarization degrees of 0.69 and 0.75, respec-

tively, for the investigated four-sheet stacks (FIG. 41). The

anisotropy of light absorption (FIG. 25) also indicated the
high anisotropy ofthe nanotube sheets. Ignoring the effect of

light scattering, the ratio ofabsorption coeflicientfor parallel
and perpendicular polarizations for the as-drawnsingle sheet

was 4.1 at 633 nm, and monotonically increased to 6.1 at 2.2
um. Thestriations parallel to the draw direction in the SEM

micrograph of FIG. 22 provides more evidence for the high

degree of nanotube orientation for the as-drawn nanotube
sheets.

EXAMPLE23

This example showsthat the inventors can easily densify

these highly anisotropic aerogel sheets into highly oriented,
transparent, electrically conducting sheets having a thick-

ness of 30-50 nm and a density of ~0.5 g/em>. The inventors

obtain this 360-fold density increase by simply adhering by
contact the as-produced sheet to a planar substrate (e.g.,

glass, manyplastics, silicon, gold, copper, aluminum, and



US 9,605,363 B2

119
steel), immersing the substrate with attached MWNTsheet
into a liquid (e.g. ethanol), retracting the substrate from the
liquid, and then retracting the substrate from the liquid, and
then permitting evaporation. Densification of the entire
sheet, or selected areas within the sheet, can also be similarly
obtained by dropping or otherwise injecting such a liquid
onto the sheet area where densification is desired, and
allowing evaporation. Surface tension effects during ethanol
evaporation shrink the aerogel sheet thickness to ~50 nm for
the MWNTsheet prepared as described in Example 1. SEM
micrographs taken normalto the sheet plane suggest a small
decrease in nanotube orientation as a result of densification.
However, this observation is deceptive, as the collapse of
~20 um sheets to ~50 nm sheets without changes in lateral
sheet dimensions means that out-of-plane deviations in
nanotube orientation become in-plane deviations that are
noticeable in the SEM micrographs. The aerogel sheets can
be effectively glued to a substrate by contacting selected
regions with ethanol, and allowing evaporation to densify
the aerogel sheet. Adhesion increases becausethe collapse of
aerogel thickness increases contact area between the nano-
tubes and the substrate. The performanceofliquids that do
not perform well for liquid-based sheet, ribbon, or yarn
densification for a particular type of nanotube can be
enhanced by adding a suitable surfactant. For example,
water does not perform satisfactorily for densifying the
nanotube sheets prepared using the method of Example 21
from the nanotube forests of Example 1. However, a sur-
factant/water mixture (either 0.7 weight percent Triton
X-100 in water or 1.2 weight percent lithium dodecyl
sulfonated in water) was a satisfactory densification agent.
Other considerations for the choice of liquid for densifica-
tion are liquid viscosity (which affects the rate of the liquid
infiltration process) and the ease at which this liquid can be
volatilized during subsequent processing. Quite surprisingly,
the sheet resistance (FIG. 24) in the draw direction changes
by <10% uponsheetdensification by a factor of ~360, which
increases sheet transparency (FIG. 25). While the anisotropy
ratio for sheet resistance decreases from 50-70 for the
undensified sheets to 10-20 for the densified sheets, this
anisotropy ratio for the densified sheets is nearly tempera-
ture invariant.

EXAMPLE24

For comparison purposes with the nanotube sheets made
by the present technologies, this example showsthe appli-
cation of conventional filtration-based processes for the
fabrication of SWNT and MWNTsheets. In other examples,
the inventors will compare the properties of these conven-
tionally prepared sheets with those of the present technolo-
gies. The forest-grown MWN'sofExample 1 were used for
the filtration-based sheet fabrication process. The latter
sheets made bythefiltration route utilized an ultrasonically
dispersed mixture of 0.07 wt % MWNTsin an aqueous
solution containing 0.7 wt % Triton® X-100 as surfactant.
The SWNT sheets were analogously made using carbon
monoxide synthesize nanotubes (HiPco) obtained from Car-

bon Nanotechnologies, Inc. Prior to measurements, residual
surfactant was removed from these MWNT and SWNT

sheets by thermal annealing at temperatures up to 1000° C.
in argon. Thermal gravimetric analysis of forest-derived

MWNTs in oxygen shows that they contain at most 4%
non-combustible weight, which is likely due to catalyst

particles. The wt % catalyst in the HiPco nanotubes is ~30%.

EXAMPLE25

This example showsthat both the as-drawn and densified

MWNTsheets have a very small temperature dependence of
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resistivity and low noise powerdensity, which indicates that

these MWNTsheets are highly suitable for use for sensor

applications. In fact, the temperature dependence of sheet

resistivity is nearly the same for the forest-drawn densified

nanotube sheets and sheets madebythefiltration route using

the same forest-grown MWNTs, and much smaller than for

single-walled nanotube sheets fabricated byfiltration (FIG.
24). In addition, the low frequency (f) noise power density

in the draw direction for a densified forest-drawnsheet is 10*
and 10 times lower than for ordinary filtration-produced

sheets of SWNTs and MWNTs,respectively (FIG. 26).

EXAMPLE26

This example showsthe forest-drawn MWNTsheets can

be conveniently assembled into biaxially reinforced sheet
arrays. These sheets were prepared using the method of

Example 21. A four ply biaxially reinforced sheet array is
shown in FIG. 27. Chiral structures, which will likely be

optically active for long infrared and for microwave wave-

lengths, can be made by stacking parallel sheets so that the
orientation direction varies helically along the stack thick-

ness and then densifying the stacked array so that the
individual sheet thickness is about 50 nm.

EXAMPLE27

This example showsthat the mechanical properties of the

aerogel-like and densified MWNTsheets are unexpectedly

high, even though these sheets are free of binder material.
The density-normalized mechanical strength is much more

accurately determined than mechanical strength, because the
sheet thickness is less reliably measured than the ratio of

maximum force to mass-per-length in the stretch direction.

Stacks of undensified sheets have an observed tensile
strength of between 120 and 144 MPa/(g/cm*). Mechanical

property measurements for as-drawn MWNTsheetstrips cut
from one original sheet and stacked together so that they

have a common nanotubeorientation direction are shown in
FIG. 29, parts A and B. Part A shows engineering stress

versus strain, and indicates the surprisingly small variation

in maximumstress for samples containing different numbers
of sheet strips that are stacked together. The true failure

stress for these samples, obtained by multiplying the engi-
neering failure stress by the ratio of length-at-failure to

initial length, varied between 120 and 144 MPa/(g/cm’).
Part B of FIG. 29 shows the maximum force and the

corresponding strain as a function of number of stacked

sheet strips for the experiment of part A. A densified stack
containing 18 identically oriented sheets had a strength of

465 MPa/(g/cm*), which decreased to 175 MPa/(g/cm*)
when neighboring sheets in the stack were orthogonally

oriented to makea densified biaxial structure. These density-
normalized strengths are already comparable to or higher

than the ~160 MPa/(g/cm*) strength of the Mylar® and

Kapton® films used for ultra-light air vehicles and proposed
for solar sails for space applications (see D. E. Edwardset

al., High Performance Polymers 16, 277 (2004)) and those
for ultra-high strength steel sheet (~125 MPa/(g/em*)) and

aluminum alloys (~250 MPa/(g/cm*)).

EXAMPLE28

This example is also illustrates the high mechanical

properties of the carbon nanotube sheets. FIG. 30 shows an
as-drawn nanotube sheet supporting droplets of water (~2.5

mm diameter), orange juice, and grape juice, where the mass
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of the droplet is up to 50,000 times that of the contacting

nanotube sheets. The aerogel sheet regions under the aque-

ous droplets are densified during water evaporation.

EXAMPLE29

This example showsa stable, planar source of polarized

ultraviolet, visible and infrared incandescent light (FIGS.

31, Aand B)for sensors, infrared beacons, infrared imaging,
and reference signals for device calibration. The degree of

polarization of emitted radiation for 2.5% stretched as-
drawn sheets increases from 0.71 at 500 nm to 0.74 at 780

nm (FIG. 32), which is substantially higher than the degree
of polarization (0.33 for 500-900 nm) previously reported

for a 600 um long MWNTbundle with ~80 um emitting

length. The wavelength dependence of light intensity for
both polarizationsfit the functional form expected for black

body radiation and the degree of polarization does not
significantly depend upon sheet temperature for the

observed temperature range between 1000 K and 1600 K.
Cost andefficiency benefits result from decreasing or elimi-

nating the need for a polarizer, and the MWNT sheet

provides spatially uniform emission over a broad spectral
range that is otherwise hard to achieve. The low heat

capacity of these very low mass incandescent emitters
meansthat they can turn on and off within the observed 0.1

msor less in vacuum, and provide current modulated light
output on a shorter time scale.

EXAMPLE30

This example shows polymer welding through heating of
a transparent MWNTsheet that is sandwiched between

plastic parts. The MWNTsheets strongly absorb microwave
radiation, as evidenced by their use for this welding of

plastic parts in a microwave oven. Two 5-mm-thick Plexi-

glas plates (FIG. 33) were welded together using the heating
of a sandwiched MWNTsheetto provide a strong, uniform,

and highly transparent interface in which nanotube orienta-
tion andelectrical conductivity are maintained. The micro-

wave heating was in a 1.2 kilowatt microwave oven that
operates at 2.45 GHz. Input power was controlled using a

water reference by linearly ramping the water temperature to

100° C. in 3 minutes, maintaining this water temperature for
one minute, and cooling the sample outside the furnace to

ambient. FIG. 33 shows two 5-mm thick Plexiglas (polym-
ethyl methacrylate) plates that were welded together using

microwave heating of a sandwiched MWNTsheetto pro-
vide a strong, uniform, and transparent interface in which

nanotube orientation and sheet electrical conductivity is

little changed. The combination of high transparency and
ultra-high thermal stability provide advantages not found for

the conducting polymers previously used for microwave-
based welding. This microwave heating process could be

used to make polymer composites from stacks of polymer
sheets that are separated by nanotube sheets, car windows

thatare electrically heated, and antennas in car windowsthat

have high transparency. Nanotube sheets can be conve-
niently attached to the surface of a plastic by a related

process, and in plastic by sandwiching the nanotube sheet
between a low melting polymer and a high melting polymer,

selected so that only the low melting polymer is melted as
a result of the temperature increase caused by microwave

absorption in the nanotube sheet. In these processes the

plastics are chosen so that they do not provide significant
microwave absorption in the utilized microwave frequency

range.
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EXAMPLE31

This example shows that by simply contacting the as-

drawn MWNTsheets to ordinary adhesive tape, optically
transparent adhesive appliques can be made that could be

used for electrical heating and for providing microwave
absorption. This example further showsthat these conduct-

ing polymer appliques can be severely bent without produc-

ing a significant change in electrical conductivity. Conduct-
ing appliqués were madebypressing an undensified MWNT

sheet (prepared as in Example 21) onto an adhesive-backed
tape. Alternatively, the undensified MWNTsheet was simul-

taneously attached to the adhesive backed tape and a sub-
strate using applied pressure. Theratio of peel strength after

MWNTlaminationto the peel strength without intermediate

MWNTsheet was 0.7 for Al foil duct tape (Nashua® 322)
on a poly(ethylene terephthalate) sheet used for overhead

transparencies and 0.9 for transparent packaging tape (3M
cat. 3501L) attached to a millimeter thick Al sheet. Due to

MWNTsheet porosity, the peel strength is largely main-
tained when an undensified MWNT sheet is laminated

between an adhesive tape and a contacted plastic or metal

surface. FIG. 34 is a photograph of an undensified MWNT
sheets used as electronically conducting and microwave

absorbing applique. The MWNTsheet was pressed against
an adhesive tape (transparent Scotch Packaging Tape from

3M Corporation), which caused the adhesive on the tape to
extrude through the pores in the MWNTsheet to provide

bonding capability to another surface (in this case a 110-

um-thick sheet of poly(ethylene terephthalate)). UTD is
printed on a paper sheet underneath the applique in order to

demonstrate transparency. A movie taken of a MWNT
appliqué (an undensified MWNTsheet sandwiched between

a transparent packaging tape (3M cat. 3501L) and a 110-um

sheet of poly(ethylene terephthalate)) showsthat this appli-
qué can be repeatedly folded upon itself without causing a

significant increase in electrical resistance. This ability to
bend without degradation of electronic conductivity is

importantforflexible electronic circuits and is not found for
conventional transparent conductors like indium tin oxide.

The metal strips in FIG. 34 are electrodes used for making

contact with the nanotube sheet. Going from the unfolded
configuration (top picture) to the highly folded configuration

(bottom picture, in which the pictured paperclip is used for
retention of the highly folded configuration) caused little

change in the inter-electrode resistance.

EXAMPLE32

This example demonstrates a method wherein transparent

carbon nanotube sheets can be transformed into highly
elastomerically deformable electrodes, which can be used as

electrodes for high-strain artificial muscles and for conver-
sion of high strain mechanical deformations to electrical

energy, and for the tunable dampening of large amplitude
mechanical vibrations. The illustrative actuator material is a

silicone rubber. A 1 mm thick sheetof silicone rubber (made

using ECOFLEX 0040 from Smooth-On,Inc.) was stretched
to 105% strain, and then a single, as-drawn MWNTsheet

(prepared as in Example 21) was overlaid to provide self-
generated adhesive contact prior to strain relaxation. The

nanotube sheet can optionally be densified by a claimed
liquid-based densification process without undesirably

effecting targeted elastomeric properties. As shown in FIG.

35, the initial sheet resistance of the obtained unloaded
silicone rubber/‘MWNT sheet composite was 755 ohms/

square. However, after an initial increase in resistance by
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~6%, the resistance changed less than 3% during the sub-

sequent four strain cycles to 100% strain. Ordinary conduc-

tors cannot undergo nearly such large strains without losing

electrical contact with the actuating material. While con-
ducting greases are used to maintain electrical contact to

electrostrictive actuator materials that generate 100% or
higher strains (R. Pelrine, R. Kornbluh, Q. Pei, and J.

Joseph, Science 287, 836 (2000)), these greases are not

suitable for use as electrodes for stacks of electrostrictive
sheets that can generate large forces and high strains without

requiring several thousand volt applied potentials. Further
experimentation has shown the general applicability of this

method of providing highly elastomeric electrodes on an
elastically stretchable substrate. For example, attachment of

an undensified nanotube sheet (prepared as in Example 21)

to a 120% elongated elastomeric Spandex® fabric (by
pressing and by subsequently applying the liquid-based

densification process of Example 23) results in a nanotube
electrode materials that can be elastically relaxed and re-

stretched repeatedly to the initial elongation without under-
going a substantial resistance change. More than one carbon

nanotube sheet layers can be applied on top of the Spandex

layer without undesirably affecting the performance of the
nanotube sheet layers. Suitable Spandex fibers and/or tex-

tiles are made by DuPont (and called Lycra®), Dorlastan
Fibers LLC, INVESTA, and RadiciSpandex Corporation.

EXAMPLE33

This example demonstrates the use of the solid-state

fabricated MWNTsheets as hole injecting electrodes for

polymerlight emitting diodes (PLEDs), which are a special
type of organic light emitting diode (OLED). The free-

standing, transparent MWNTsheets were fabricated using
the solid-state process and placed on transparent glass or

polymersubstrates to make either flexible or rigid PLEDs.

Twoactive polymers were used in the devices: PEDOT/PSS
and MEH-PPV. PEDOT/PSSis poly(3,4-ethylenedioxythio-

phene) (PEDOT), which is doped with poly(styrenesul-
fonate) (PSS). The PEDOT/PSS was obtained as a water

dispersion containing 1-3% solids from H. C. Stark and is
sold underthe trade name of Baytron® P. MEH-PPV, which

was synthesized by known methods (C. J. Neef, J. P.

Ferraris, Macromolecules 33, 2311 (2000)) is poly(2-
methoxy-5-(2'ethyl-hexyloxy)-p-phenylene vinylene). The

PEDOT/PSS was used for planarization of the as-drawn
MWNTsheets during sheet densification and as a hole

transport and buffer layer, which decreases the barrier for
hole injection from the MWNTs. The MEH-PPVserved as

the photo-emissive layer. The PEDOT/PSS wasfirst spin

cast onto the MWNTsheet (at 250 rpm for a minute, and
then at 760 rpm for an additional minute to remove excess

solution). After drying at 110° C. for one hour, the emissive
layer of MEH-PPV was deposited in a second spin-casting

process (at 3000 rpm for 30 seconds). After drying the
MWNTsheet assembly overnightin an inert atmosphere,the

device cathode was added, which consisted of a bilayer of

calcium (30 nm) and aluminum (120 nm), each deposited in
sequence by thermal evaporation. Luminance characteriza-

tion of the above device showed a low turn-on voltage of 2.4
volts and a maximum brightness of 500 cd/m?. A similar

device constructed using PEDOT/PSS and MEH-PPV, but
without the MWNTsheet, was highly resistive and showed

no light emission. A device fabricated without using a

PEDOT/PSSlayer (which interpenetrates the MWNTsheet
and provides hole transport and planarization) showed high

luminance, but required higher turn-on voltage and had a
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short device lifetime. FIG. 36 shows a polymer-based OLED

that uses a solid-state-fabricated MWNTsheet as the hole-

injecting electrode. The transparent MWNTsheet, PEDOT/

PSS, and MEH-PPV assembly covers the entire picture area,

while the Ca/Al cathode is only on the emitting dot. The

typical luminance was 350 cd/m? (at 15 mA), which was

further increased to 500 cd/m?. Enhanced hole injection

occurs due to high local electric fields on the tips and sides

of nanotubes and the three-dimensional interpenetration of

the nanotube sheet and the device polymers. Hole injection

was limited to a single plane for previous inorganic light

emitting diodes using nanotube sheets (see K. Lee, Z. Wu,

Z. Chen, F. Ren, S. J. Pearton, A. G. Rinzler, Nano Letters

4, 911 (2004)).

EXAMPLE34

This example shows that by transferring the as-drawn

MWNTsheets onto non-porous paper and densifying the

as-drawn sheet, electrically conductive printing tape com-

prising MWNTsheet can be made and used for printing

electrical circuits on flexible substrates. A free-standing

MWNTsheet (made by the method of Example 21) was

placed onto non-porous paper (VWR 2005 catalog number

12578-121) used in the laboratory for weighing samples)

and densified using the inventors’ liquid infiltration/liquid
evaporation route of Example 23. After densification, the

aerogel nanotube sheet shrank to a thickness of ~50 nm,

forming a mechanically robust electrically conductive layer.
Placing the densified sheet face down on standard writing

paper and writing on the supporting non-porous paper using
a sharp object, the nanotube sheet was transferred from the

surface of the non-porous paper to the regular paper (FIG.

37). Most important, optical microscopy on the transferred
nanotube sheet regions shows that the nanotube alignment

present in the printing tape is maintained in the nanotube
pattern transferred to the porous paper. Hence, the orienta-

tion of nanotubes in transferred circuit patterns can be
controlled at will be varying the relative orientation between

the image producing and image transfer sheets. In the

present example, the image producing sheet is the non-
porous paper with the overcoated nanotube sheet and the

image transfer sheet is the porous paper upon which the
nanotube sheet portions are transferred. Undensified nano-

tube sheet can similarly be used for printing electronic
circuit elements (simply by eliminating the densification

step). This process is less attractive than the one using

densified sheets, since the nanotubes were transferred to
portions of porous paper that were not under the writing

instrument. Nevertheless, the nanotubes that were trans-
ferred were much more firmly bound to the porous paper

than those that were accidentally transferred, so the later
could be easily brushed away without disturbing the inten-

tionally transferred nanotubes.

EXAMPLE35

This example showsthat the nanotube sheets made by the

process of Example 21 are a type of self-assembledtextile,
in which nanofiber bundles branch and then recombine with

other branches to form a network having a degree oflateral
connectivity orthogonal to the draw direction. The SEM

micrograph of FIG. 28 shows this branching and branch

recombination. Fibril deviations from draw-direction orien-
tation are scale dependent, so they appear larger at this high

magnification than they do at much lower magnifications.
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Fibril branching continues throughout the sheet, thereby

makinga laterally-extended, inherently interconnectedfibril

network.

EXAMPLE36

This example demonstrates that free-standing solid-state

fabricated MWNTsheet ribbons can be conveniently drawn

and twisted to form large diameter yarns having uniform
diameter. A 10.5 cm long, 3-cm-wide as-drawn nanotube

sheet (made as in Example 21) was folded upon itself along
the sheet draw direction to make a quasi-circular assembly

having about the same length. One end wasattached to the

tip of a spindle and the other end wasattached to a fixed
copper wire. By introducing twist, uniform spun yarn was

formed at a twist level of ~2000 turns/meter. The diameter
of the resulting spun yarn was about 50 The change in

resistance from untwisted to 5000 turns/meter twist is about
12%, indicating that the interconnected fibril network pro-

vides most ofthe electrical paths in the spun yarn (FIG. 47),

and new contacts formed by the twisting process are less
important determinants of electrical conductivity.

EXAMPLE37

This example describes a method of draw-twist spinning

of carbon nanotube yarns from a densified nanotube sheet
attached to a substrate. The benefit of such process is that it

enablesthe fabrication and storage ofnanotube sheets. Three

layers of as-drawn, free-standing MWNTsheet (made as in
Example 21) were placed onto a substrate (e.g., glass,

plastic, or metal foil) and densified using a liquid (using a
process of Example 23). A plastic substrate, like Mylar film,

was most conveniently used. A desired width ofthe densified

sheet was easily peeled from the substrate using an adhesive
tape to start the draw-twist spinning process. By attaching

one endof the peeled-off sheet strip to a motor to introduce
twist at the same time that the yarn was drawn, a uniform

diameter spun yarn was obtained. This process was also
extended to produce thicker yarns, by simply increasing the

number of as-drawn nanotube sheets that were initially

laminated together. This number of laminated sheets was
increased from 3 to 5 and then to 8 sheets.

EXAMPLE38

This example shows the dependence of the tensile

strength upon the helix angle obtained by twist as well as the
major benefits of densifying yarns by liquid treatment. If no

twist is applied and the yarns are used as drawn from the

forest, the yarn mechanical strength was too low to be
measured using Applicants’ apparatus. Also, densification of

drawn ribbons prior to twist made it possible to obtain
uniformly twisted yarn having uniform thickness from these

ribbons even when the applied twist was very low. Appli-
cation of such low twist (corresponding to a helix angle of)

5° in the absence of pre-applied liquid-based yarn densifi-

cation resulted in non-uniform twist and yarn diameter. The
obtained experimental results are shownin FIG.48. The data

points in FIG. 48 illustrated using circles correspond to
yarns with diameters in the 18-20 um range that were spun

using the method of Example 2. In order to obtain a
mechanical strength high enough for measurement, the data

for zero twist (indicate by the square) was obtained for a

yarn that was densified using liquid treatment. The untwisted
yarn was obtained from a ~5-mm wide ribbon that was

drawn from the forest of Example 1, and then densified
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using ethanol (like done for nanotube sheets in Example 23).

While this rather wide ribbon was employed in the present

example, the described strengthening effect also results for

much narrower yarns. The effect of this liquid treatment

(involving liquid imbibing, and filamentdensification during

liquid evaporation) was to dramatically increase strength, as

well as to increase tenacity. The resulting yarn exhibits a
non-circular cross section. Since the yarn with 5° twist could

not reach uniform twist along its length, this sample wasalso
densified using the ethanol treatmentafter twist was applied.

As shown in FIG. 48, a peak tensile strength of ~340 MPa
is achievable with a helix angle ofaround 20°.In the absence

of liquid pre-treatment (like described in Example 23 for

nanotube sheets), the data point in FIG. 48 for zero twist
would be near zero on the tensile stress scale. Also, in the

absence of solvent densification, the data point for 5° twist
would correspond to a greatly reduced strength. Too much

twist also decreases strength, as shown in FIG. 48. Adding
70 degrees of twist to an untwisted yarn reduces its tensile

strength by one-half. Although highly twisted yarns have

decreased failure stresses, they have higher failure strain
than for more moderately twisted yarns, as is indicated in

FIG. 49 (which the tensile strain measurements for the same
sample trials as in FIG. 48). Very importantly, the data in

FIG. 48 (square data points) showsthat useful strengths can
be obtained by liquid treatment even when twist has never

been applied.

EXAMPLE39

This example showsthat yarn’s tensile strength decreases

as the yarn diameter increases. The yarn spinning method is
like that of Example 2. The yarn diameter is controlled by

the width of the ribbon from which it is spun and the data

points in FIG. 50 correspond to ribbon widths in the 3-27
mm range. Since the yarn’s tensile strength is dependent of

twist angle, twist angle was maintained constant while
varying the yarn diameters. As shown in FIG. 50, higher

twist (~50°) yarns(triangle data points) are less susceptible
to this decrease in strength with increasing yarn diameter

than are those with lower twist (~15°) yarns (circle data

points). The failure strain exhibits a much weakeror negli-
gible dependence on the yarn’s diameter. The yarns consis-

tently break at around 10% strain (FIG. 51) independent of
the yarn diameter.

EXAMPLE40

This example showsthat twist dramatically increases yarn

tensile strength, even whenthis twist is subsequently elimi-

nated by an equal twist in an opposite direction. Both yarns
shown in FIG. 52 were prepared from the same nanotube

forest (using the method of Example 2) and the same width
of ribbon. Hence, the numberoffibrils passing through a

yam cross-section was maintained. The twist for Yarn A is
26000 turns/m clockwise, resulting in a twist angle of 28°.

For Yarn B, a 26000 turns/m clockwise twist was introduced

first forming a lock-stabilized yarn and then the same twist
wasintroduced anticlockwise to release all the twist. Note

that the increase in yarn diameter (compare A and B SEM
micrographs of FIG. 52) as a result of twist de-insertion is

relatively small. The tensile forces at break are 24 mN for
YarnA and 14 mN for Yarn B. Theresulting tensile strengths

are 339 MPa for Yarn A and 113 MPafor Yarn B. Since the

tensile strength of a never-twisted yarn is too low to even be
measured in Applicants’ apparatus, these measurement

results indicate that the net effect of twisting and untwisting
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is to dramatically increase tensile strength, and that retention

of twist can further increase tensile strength. Since strong

untwisted yarns are highly desirable for use in forming

nanotube/polymer composite yarns have both high strength

and high toughness, this surprising discovery that false twist

(twist insertion followed by twist de-insertion) can dramati-

cally increase yarn strength is quite important. This discov-
ery provides the motivation for the false-twist spinning

apparatus described in FIGS. 44-46.

EXAMPLE41

This example illustrates that carbon nanotube (CNT)
sheets can be drawn from a forest, attached to a substrate

film (such as a plastic, metal foil, or Teflon film), densified,

and wound onto a mandrel. Demonstration ofthe feasibility
of this process for adhesive-free, adhesive-coated, and elas-

tomeric substrates is provided in Examples 23, 31, and 32,
respectively. FIG. 53 and FIG. 54 show schematic illustra-

tions of such processes. Element 5302 in FIG. 53 is a
nanotube forest prepared as described in Example 1. Ele-

ment 5301 is a growth substrate, element 5303 is a nanotube

sheet drawn from the forest, element 5304 is the substrate
film, and element 5305 is nanotube sheet attached to the

substrate film. The attached nanotube sheet is densified
using a liquid (element 5306), dried by a heater (element

5307), and then wound onto a mandrel. Rollers (two) are
represented here by open circles and mandrels (three) are

represented by filled circles. By repeating the process,

multilayer of nanotube sheets can be applied to the substrate
film. A variation of the process is illustrated in FIG. 54.

Instead of using liquid, liquid vapor (element 5406) is used
to densify the collected sheet and the densified sheet (ele-

ment 5407) is wound onto a mandrel. The elements are

nanotube forest substrate (5401), nanotube forest (5402),
CNTsheet (5403), substrate film (5404), CNT sheet attached

to substrate film (5405), a heating system for delivery of
vapor (5406), densified CNT sheet on substrate film (5407),

substrate film delivery mandrel (5408), roller for consolida-
tion of nanotube sheet and substrate film (5409), and col-

lection mandrel (5410). Each of the rollers in FIGS. 53 and

54 can optionally be replacedbypairs ofrollers, one on each
side of laminated nanotube sheet and substrate film. Impor-

tantly, the densified nanotube sheet produced by the appa-
ratus of FIGS. 53 and 54 can be later unwound from the

mandrel and separated from the substrate film for the
twist-based spinning of yarn (see Example 37), for forming

free-standing densified sheets or for mechanical transfer of

selected portions of nanotube sheets to other substrates (see
Example 34). Also, the substrate can be an elastomeric film

(or textile) that is stretched prior to attachment of the
nanotube sheet (see example 32) or an adhesive coated

substrate sheet (see Example 31). The stretching can be
accomplished by controlling the relative rotation rates of

substrate delivery and substrate film/nanotube sheet take-up

mandrels and rollers (or roller pairs) between these man-
drels.

EXAMPLE42

This example illustrates a process by which a nanotube

sheet can be drawn from a forest, attached to an adhesive-
coated substrate film, sealed with a second film (such as a

plastic, metal foil, or Teflon film), and wound onto a

mandrel. FIG. 55 shows a schematic illustration of the
process. Element 5502 in FIG. 55 is a nanotube forest

prepared as described in Example 1. Element 5501 is a
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growth substrate, element 5503 is a nanotube sheet drawn

from the forest, element 5504 is the adhesive coated film 1,

and element 5305 is nanotube sheet attached on the adhesive

film 1. The attached nanotube sheet is sealed with a film 2

(element 5506), and the sandwiched nanotube sheet (ele-

ment 5507) is wound onto a mandrel. Film 2 can be later

separated from the nanotube sheet/film assembly. Because
of the porous nature of nanotube sheet, tape adhesiveness

remains and the adhesive sheet with attached nanotube sheet
can be conveniently applied to any desired surfaces. In FIG.

55, rollers are represented by open circles and mandrels are

represented byfilled circles.

EXAMPLE43

This example illustrates a method for spinning a single
carbon nanotube yarn from the sides of the two nanotube

forests. Two nanotube forests were placed in close proxim-
ity, so that the tops of these forests provided either inter-

forest contact or the closest approach between the nanotube

forests. Narrow nanotube ribbons were simultaneously
drawn from these two stacked forests, attached to the tip of

a spindle, and simultaneously twisted and drawn to provide
a single unplied nanotube yarn.

EXAMPLE44

This example shows a method of initiating draw of a

nanotubesheet. First, a straight line is scratched on the back

side of silicon wafer substrate that is optionally used for
nanotube growth, the wafer is broken into two forest sec-

tions, and then these two forest sections are separated
preferably in a direction orthogonal to the original scratch

direction. Since nanotube bundles are interconnected in the

forest, nanotube sheet forms between the two sidewalls of
the forests. In this configuration, the allowable sheet pro-

duction rate can be doubled because nanotubes are fed from
both sides. The scratch line can be made before or after

forest growth.

EXAMPLE45

This example demonstrates a method wherein stacks of

carbon nanotube sheets can be deposited on a contoured
surface and densified on this surface, so that the shape of the

contoured surface is retained in the shape of the nanotube
sheet array. This application demonstration enables, for

example, the deposition of carbon nanotubesheets as a layer
in a contoured composite (such as an aircraft panel), as a

contoured heating element for deicing on an air vehicle, or

a contoured supercapacitor that provides both an energy
storage and structural component for a contoured car panel.

The contoured surface used for this demonstration was an
oval shapedplastic bottle. The long and short axis ofthe oval

cross-sectional area went from 4.1 cm by 2.7 cm at the base
to 3.6 cm by 1.8 cm at a height of 4.3 cm from the bottle

base. This section of this lower part of the bottle was used

for the contouring process. An absorbent material (a single
ply of a two-ply cellulose facial tissue) was wrapped around

the bottle. After wetting the tissue with isopropyl alcohol, an
undensified 4 cm wide nanotube sheet (prepared as in

Example 21) was wrapped aroundthe sides ofthe bottle base
(so that the nanofiber orientation direction is circumferen-

tial) and the isopropyl alcohol was allowed to dry, thereby

densifying the nanotubesheet in the shape ofthe bottle. This
process was repeated twenty to thirty times to produce a

densified stack of nanotube sheet layers having the shape of
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the lower region of the bottle. Upon removalofthe nanotube

sheet and attached tissue paper sheet from the bottle man-

drel, it was observed that the nanotube sheet stack main-

tained the shape of the bottle. Moreover, this contoured

shape recovered after forcing the sheet stack to be planar by

applying a load, and then removing this load.

EXAMPLE46

This example describes methodsfor initiating the drawing

of a nanotubesheet, ribbon, ribbon array, yarn, or yarn array

from a nanotube forest using an adhesive, an array of pins,

or a combination of an adhesive and an array of pins.

Interestingly, the inventors find that contact of an adhesive

tape to either the top or sidewall (edge) of the nanotube

forest is useful for providing the mechanical contact that

enables the start of sheet draw. Using nanotube forests

prepared as in Example 1, various adhesive types worked

well for initiating sheet draw, including the adhesive

attached to a 3M Post-it Note, Scotch Transparent Tape (600

from 3M), Scotch Packaging Tape (3M 3850 Series), and Al

foil duct tape (Nashua 322). Contact of a straight adhesive

strip (so that the adhesive strip is orthogonal to the draw

direction) worked especially efficiently to start the draw of

a high structural perfection sheet. The reason that this top

contact method is especially advantageous is that nanotube

forests typically have non-straight sidewalls, and the use of

a straight adhesive strip (or a straight array of suitably

spaced pins) providesstraight contact for the forest draw. An

array of closely spaced pins was also usefully employed to

start sheet draw. In one experiment, the pin array consisted

of a single line of pins. The mechanical contact needed for

spinning wasin this case initiated by partial insertion of the

linear pin array into the nanotube forest. The pin diameter

was 100 micron, the pin tip was less than one micron, and

the spacing between the edges of adjacent pins wasless than

a millimeter. Satisfactory sheet draw was achieved using pin

penetration of between 4 and *4 of the height of the forest

(in the range between 200 and 300 microns). Draw processes

of multiple ribbonsor yarns can be similarly initiated using

a linear array of adhesive patches or a linear array of pins

that are separated into segments. The separation distance

between adhesive patches along the length ofthe linear array

determines the ribbon width or the width of the sheet strip

used to make the yarn (by, for instance, twist-based spin-

ning, false-twist spinning, liquid-densification-based spin-

ning, or any combinations thereof). Mechanical separation

ofthe sheet strip patches or the pin patches in the linear array

during the start of draw is usefully employed in order to

avoid interference during processing of adjacent ribbons or

yarns, such as during the introduction of twist. Use of

adhesive patches (or pin patches) that have different lengths

along the strip direction can be usefully employed—suchas

to draw-twist adjacent strips to produce different diameter

yarns (which can be optionally combinedto provide a plied

yarn in which different singles yarns in the plied yarn have

different diameters). Different degrees of twist or directions

oftwist can be conveniently and usefully appliedto different

singles yarns that are drawn using the segmented adhesive or

pin strip, and these different singles yarns can then be

optionally plied together in a yarn containing a freely-

selected number of plies. Importantly, using the above

methodsfor introducing different diameter singles yarns into

a plied yarn can be employedto producea plied yarn having
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enhanced density, since smaller diameter single yarns can

help fill-in void spaces between larger diameter singles

yarns.

EXAMPLE47

This example shows that the spun nanotube yarns of

invention embodiments can be easily inserted into conven-

tional textiles, to thereby provide electrical interconnects,
sensors, and other electronic elements in these textiles. The

optical micrograph ofFIG. 42 shows a two-ply MWNTyarn
(comprised of 12 um diameter singles yarns) that has been

inserted in a conventional fabric comprising 40 um diameter

melt-spun filaments. The insertion method was accom-
plished by tying the nanotube yarn (made by the process of

Example 4) onto the end ofa filament in the original fabric,
and pulling this filament out of the fabric as the nanotube

yarn is pulled into the fabric.

EXAMPLE48

This example demonstrates a novel continuous spinning

apparatus for spinning fine and ultra-fine nanofiber yarns,
which introduces twist as it winds the spun yarn onto a

bobbin. The apparatus is shown schematically in FIG. 38
and described in Section 5 on “Elaboration on Twist Inser-

tion and Filament Storage Methods during Spinning”. The
spinning apparatus in this example comprises a spindle, a

donut-shaped winding disk with an associated winding yarn

guide, an electromagnet, and a donut-shaped metal magnetic
disk, which contacts the ferromagnetic spindle base, which

is typically made of steel. The diameter of donut-shaped
winding disk is 20 mm with a thickness of 3 mm. The robins

used are typically 5 mm in diameter and 30 mm long. The

spindle is driven by a variable-speed DC motor, which is
controlled through a computer interface and has a maximum

speed of 15,000 rpm. An electromagnetis used to introduce
a variable braking force onto the winding disk, which

reduces its angular speedrelative to the spindle. The rotation
of the drafted nanofiber assembly about the axis of the

spindle introducestwist, thereby forming the yarn, while the

slowerrotation of the winding disk winds the spun yarn onto
the spindle. Advantageously, both twist level and spinning

speed can be independently controlled by an electronic
interface to independently regulate motor speed and applied

magnetic field. This system imposes minimal tension to the
spun yarns and can handle spinning ofyarns with either high

or low breaking force. This same apparatus can also be

utilized to ply multiple single-strand yarns together to con-
tinuously make multi-strand yarns. In such cases nanotube

forest is replaced by reels of unplied yarn.

EXAMPLE49

The inventors find that too low a density of nanotubes in
a forest renders a forest difficult to spin as a yarn or draw as

a ribbon or sheet. This is illustrated in FIG. 56 where SEM

micrographs of the growth substrates are compared for
spinable andpractically non-spinable nanotubeforests (after

removal of the nanotubes), wherein the small diameter pits
on the growth substrate correspond to the growth site of

MWNITSs.The nanotube diameters (about 10 nm) are roughly
the same for both of these spinable and practically non-

spinable forests. However, the inventors observed (by count-

ing the pit densities on the growth substrate) nanotubeforest
base area densities of 90 billion to 200 billion nanotubes/

cm? for nanotube forests that are highly spinable, as com-
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pared with 9 billion to 12 billion nanotubes/cm? for low

density nanotube forests that were difficult or impossible to

spin or draw. Also, the inventors observed that the percent-

age of the forest base area that was occupied by nanotubes

was much higher (7% to 15%) for highly spinable forests, as

compared with 1.1% to 2.5% for nanotube forests that were

difficult or impossible to spin.

EXAMPLE50

This example demonstrates that nanotube sheets can be

deposited on a substrate, densified by using the liquid
infiltration method, and then peeled from the substrate to

provide a free-standing, densified sheet array. The impor-
tance of this demonstration is that it enables the storage of

densified nanotube sheets on a mandrel, and subsequent
retrieval of these densified sheets from the sheet substrate

(typically a plastic film carrier) for applications. Eitherthree,

five, or eight layers of as-drawn,free-standing MWNTsheet
(made as in Example 21) were placed onto a substrate (e.g.,

glass, plastic, or metal foil) and densified using a liquid
(using a process of Example 23). A plastic substrate, like

Mylar film, was most conveniently used. Any desired width

(or the entire width) of the densified sheet was easily peeled
from the substrate using an adhesive tape to start the sheet

removal process.

EXAMPLE 51

The example showsthat very thin densified carbon nano-
tube sheet stacks (downto less than 150 nm in thickness) can

be rolled onto a mandrel for storage and possible shipment,

and then subsequently unrolled for application without sup-
porting the nanotube sheets with a carrier sheet (like in the

Mylar film in Example 50) during this operation. This
demonstration was provided by pressing two free-standing

densified nanotube sheet stacks together (after they were
peeled from the Mylar film substrate in the process of

Example 50) and observing that the two nanotube sheet

stacks had no significant tendency to stick together.

EXAMPLE52

This example showsthat liquid densified nanotube sheet
stacks can be formed on cellulose tissue paper, that the

nanotube sheets or ribbons can be easily peeled from this
cellulose substrate, and that these ribbons can be twist spun

to make strong nanotube yarn. The investigated sheet stack/

tissue laminate was made as in Example 45. Despite the fact
that the nanotube sheet stacks were contoured as a result of

being formed on a mandrel having oval cross-section, either
the entire nanotube sheet stack width (4 cm) or narrow

ribbons could be uniformly pulled from the cellulose tissue
substrate. Ribbons pulled from the tissue substrate (3 mm

and 5 mm in width) were twist spun to make strong nanotube

yarn.

EXAMPLE53

This example demonstrates a twist-based method for
making a fiber composite of two different fibrous materials,

one comprising electronically conducting carbon nanotubes
and the other comprising electronically insulating cellulose

microfibers. Also, this example demonstrates a method that

provides either the insulating microfibers or the conducting
carbon nanofibers on the outer surface of the twisted yarn.

In addition, this demonstration shows how a carbon nano-
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tube yarn can be covered with an insulating layer. Also, by
replacing the cellulose sheet with a similar sheet comprising
fusible polymer microfibers (such as polypropyleneor poly-
ethylene-based non-woven paper), the methods of this
example can be used to make polymer/nanotube composite
yarns that are either twisted or false twisted prior to fusion
of the polymer onto the nanofibers in the yarn by thermal or
microwave heating. This demonstration uses the tissue
paper/nanotube stack composite that has been contoured
using the method of Example 45. Three millimeter width
ribbons were cut parallel to the nanotube orientation direc-
tion from the composite stack, and twisted to provide a
moderate strength yarn. Apparently, because of the contour-
ing on the oval mandrel (with the nanotubefiber direction in
the circumferential direction), the inventors found that (de-
pending upon the direction of twist) either the insulating
cellulose microfibers or the electrically conducting carbon
nanofibers would appear on the surface of the twisted yarn.

EXAMPLE 54

This example describes the application of highly aniso-
tropic carbon nanotube sheets for making a bolometer in
which the nanotube assembly is used as a heat delivery
materials rather that as a sensing material. An extremely
high thermal diffusivity (D of above 0.1 m/s) and a high
thermal conductivity of solid-state drawn MWNTnanofiber
sheets (K=50 W/mK) of the present invention (see prepa-
ration in 21) allows for rapid highly anisotropic transfer of
temperature fluctuations to column and/or row electrodes of
a matrix addressable sensor with minimal energy dissipa-
tion. The electrical signal(s) are established through heating
at the nanotube sheet-electrode interface. A process of
forming a thermal imaging display is shown in FIGS.
59A-C. FIG. 59A showsa free-standing MWNTsheet 5902
suspended between two holders 5901 and 5903. Substrate
5904 of FIG. 59B (which serves to frame and support two
orthogonally oriented nanotube sheets) is formed of an

insulating dielectric material, like polycarbonate or a fiber
glass sheet. Row metallic electrode pads 5906 are formed on

top of substrate 5904. The column metallic electrode pads
5905 are formed on the other side of substrate 5904. A

temperature sensing layer 5908 is formed on electrode pads

of a material responsive to temperature fluctuation. In some
embodiments, the temperature-sensitive layer is formed of a

vanadium dioxide (or other suitable semiconductor material)
that exhibits a high temperature coefficient of resistivity at

room temperature and changesthe series resistance of the
entire circuit comprising: metallic electrode/semiconductor

layer/nanotube assembly/semiconductorlayer/metallic elec-

trode. In other embodiments, the temperature sensitive layer
5908 is formed of a thermocouple material (e.g., iron) on

one side of the electrodes and constantan on another. The
carbon nanotube assembly delivers the heat to both ends.

The thermocouple layers convert the temperature fluctuation
into a thermoelectric potential. Once the electrodes are

formed, highly-aligned MWNT nanofiber sheets are

attached to both sides of the substrate, positioning the
nanotube alignment of each respective sheet orthogonal to

the other. The high anisotropy of thermal and electrical
conductivities of suspended MWNTsheets minimizes lat-

eral cross-talk between nanofiber orientation and orthogonal
directions and permits high resolution thermal imaging of

heat-radiating objects.

EXAMPLE55

This example serves to illustrate how extremely low 1/f

(f-frequency) noise and a low thermal coefficient of resis-
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tivity (see Example 25) enable application ofMWNTcarbon

nanotube sheets as precision resistors, in accordance with

some embodiments of the present invention. A schematic of

the device is shown in FIG. 60. The free-standing MWNT

sheet 5902 (optionally prepared using the process of

Example 21) is superimposed on the substrate 6004, which

comprises metallic electrodes 6001 and 6002, prior to the
deposition of these electrodes by optionally screen printing.

Substrate 6004 is a supporting dielectric material having a
low thermal expansion coefficient, such as alumina. After

the attachmentof sheets to the substrate, the entire device is
liquid densified using the process of Example 23. After

drying, the film exhibits strong adhesion to the substrate

surface. To avoid environmental influences on the resis-
tance, the nanofiber sheet resistor is preferably packaged

using technology similar to that used for organic light
emitting organic diodes. The as-fabricated resistor exhibits

an extremely low temperature coefficient of resistivity
(a=7.5x10-* K-") and low 1/f noises.

EXAMPLE56

This example illustrates the fabrication of a screen for
electromagnetic (EM) shielding, in accordance with some

embodiments of the present invention. A schematic illustra-
tion of such an EM shielding device is shown in FIG. 61.

This EM shielding screen can be optionally fabricated as a
free-standing transparent sheet using a solid-state nanofiber

sheet draw process (Example 21), attached to a surface (such

as a display screen surface using a sheet deposition process
like in Example 18, and an optional sheet densification

process like that shown in Example 23). Nanotube orienta-
tion can optionally be aligned along the patterning direction

ofa front transparent electrode of the display screen in order

to obtain efficient EM shielding. Alternatively, the EM
shield can comprise nanotube sheet stack in which orienta-

tion directions of sheet stacks are not in the same direction
(for the purpose of eliminating polarization effects for the

screen.

EXAMPLE57

This example demonstrates the use of a highly aligned

and porous MWNTnanofiber sheet as a host material for a
gas sensor, in accordance with some embodiments of the

present invention. MWNTs are not by themselves highly
sensitive to adsorbed gases. However, a suspended sheet of

MWNTsis mechanically strong, has high porosity, and has
very anisotropic conductivity along and perpendicular to the

nanotube alignmentdirection. The anisotropy factor is usu-

ally above 20, but it can be easily increased by mechanical
treatment to above 100. To sensitize the MWNT sheet,

SWNTs from suspension are deposited onto the MWNT
sheet (such as by SWNTdeposition from a liquid dispersion)

or by growth of the SWNTs on the MWNTsheets (such as
by known CVDprocesses). In one embodiment (illustrated

in FIG. 62A), the MWNTsheetis deposited on a dielectric

substrate (such as a glass or ceramic) on which there are
previously deposited electrodes 6201, 6202, 6203, and 6204.

In another embodiment, an opening in the substrate allows
gas to flow through the porous MWNTsheet comprising the

deposited SWNTs. As a result, the conductivity across the
MWNTsheet is determined by the conductivity of the

deposited SWNTs 6206 which are very sensitive to the gas

environment due to their intrinsic properties. FIG. 62B
demonstrates the high sensitivity of SWNTsheets(filtration

produced HiPco nanotube paper) to the vapor of benzene
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and alcohol. After each exposure to the gas and measure-
mentcycle, the sensing surface of the device is recovered by
heating the MWNTsheet to optionally about 300° C. by
applying current along the host MWN'Ts,i.e., to electrodes
6201 and 6202 of FIG. 62A.

EXAMPLE58

This Example illustrates an application whereby nanotube
sheets and yarns are used as antenna, in accordance with
some embodiments of the present invention. Such antenna
comprising the nanotube sheets of Example 21 can be
transparent, which is also the case for antennas based on
sparsely weaving the nanotube yarns of invention embodi-
ments into transparent textiles. The optically transparent
antennas can be laminated on structures that need to be

viewed optically, such as radio-frequency identification
(RFID) tags overlaid on bar codes, pictures, photo-frames,

displays, etc. In some such above-described embodiments,
the antenna have astructure like that shown in FIG. 63,

where such an antenna is composed of a microstrip line type

feeder, made of a copper line or any other conductive strip,
which can be also transparent, like another nanofiber sheet

or ITO film. In some embodiments,a thin insulating layer of
polymer, 5-10 microns thick, is coated on the top of a

microstrip line feeder and the antennareflector plane, which
is made of a single nanofiber sheet, or several sheets with

yarns for better conduction is laminated on top of it. The

resonance wavelength of the antenna can be tuned by the
length of the nanofiber element L, which has an average

thickness derived from the nanofiber forest array, from
which the nanofiber sheet or yarn is optionally spun.

EXAMPLE59

This example serves to illustrate a heat exchanger based
on MWNTnanofiber sheets. Drawn from a MWNTforest,

such suspended sheets exhibits extremely high thermal
diffusivity and high thermal conductivity. Densification of

the sheet on a substrate dramatically decreases the heat
transport by two orders of magnitude because of improved

heat dissipation to the substrate. Meanwhile the thermal

transport along the nondensified sheet remains very high. In
this example, the use of a MWNTsheet as a heat exchanger

for a computer mother board is described. The high elec-
tronics density laptop computer contains several highly-

integrated processors distributed on the mother board. It is
impossible to provide each processor with its own cooling

fan, such as is often used for the main processor in desktop

computers. Laptop computers usually use a copper heat
exchangerto direct all heat to a metallic plate cooled with a

fan cooler built into some corner of the computer body. The
thermal diffusivity of MWNTsheets is two orders of mag-

nitude higherthan that of bulk copper. As shownin FIG.64,
to improve the heat exchange, Applicants propose that the

copper plate 6403 be covered with MWNTsheet 6401 to

enforce the delivery of thermal energy to the cooler 6404
built into some corner of the computer body. The surface

area above the contact with processor (or other heat
sources), 6402 and fan cooler are preferably densified to

improve the heat exchange between the copperplate and the
MWNTsheet. The heat delivery bus can optionally be

un-densified.

EXAMPLE60

This example shows that Field emission properties of the

twisted MWNTyarns were studied in the single end geom-
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etry (FIG. 66B). MWNT yarns of 10 um diameter were

obtained using the draw-twist spinning process of Example

2, and automated versions of this process (such as shown in

Example 48). One end of a 6 mm long yarn wasaffixed to

a flat nickel plate using conductive tape that is used for

scamming electron microscopy. Thus, a 5 mm MWNTyarn

that is free-standing at an arbitrary angle was obtained. The
resulting MWNT cathode so produced was introduced into

a vacuum chamber along with a tungsten anodeplate and the
chamber was pumped down to 10-7 Torr. The distance

between the nickel plate and the tungsten anode plate was 10
mm.A short (1 ms) high voltage (2000 v) conditioning pulse

wasapplied to raise the MWNTyarn up to roughly vertical

orientation. Subsequent to that, ]-V measurements were
performed in the DC regime. FIG. 67 showsan I-V curve for

the field emission of the yarns in the single end geometry.
The three stages of field emission are easily seen. At low

voltages, no current is observed except noise from the
measurement system. From 700 V to 1200 V, the field

emission seems to obey Fowler-Nordheim (FN) law (R.

Gomer, Field Emission and Field Ionization, Harvard Uni-
versity Press, Cambridge, Mass., 1961, Chaps. 1-2). Above

1200 V, the FE I-V curve deviates considerably from FN
law, which maybe attributed to some saturation of current

due to an adsorbate-enhanced field emission mechanism.

EXAMPLE61

This example serves to illustrate light emission from a

vertical geometry for a single yarn end-tip cathode, in
accordance with some embodiments of the present inven-

tion. In a single yarn end-tip geometry incandesced light
emission was observed from the end of the yarn when the

applied voltage exceeded 1460 V (see FIG. 68, inset). Such

emission is attributed to Joule heating. FIG. 68 shows the
spectra of the incandesced light, wherein the temperature is

about 2200 K based on the color of the emitted light.

EXAMPLE62

This example servesto illustrate electron emission from a
planar geometry configuration for a nanofiber yarn cathode,

in accordance with some embodimentsofthe present inven-

tion. From a MWNT yarn of 10 ym diameter and meter
length, a 12 mm long segment was extracted and connected

to a flat nickel plate using electrically conducting SEM tape
on both ends. So taped, about 10 mm ofsaid yarn remained

uncovered. The prepared sample was introduced into a
vacuum chamberalong with a tungsten anode plate, and the

chamber was pumped down to 10-7 Torr. The geometry of

the experiment is depicted in FIG. 66A. The field emission
properties of the lateral side of the 10 mm long segmentof

exposed yarn were examined in the DC regime with a
Keithley 237 unit. FIG. 69 shows I-V plots for lateral

electron field emission from the MWNTyarn. Typical I-V
(current(I) versus voltage (V)) plots in this geometry show

hysteresis behavior.Initial (first rise) I-V plots go consider-

ably steeper and have a large threshold field value (0.9
V/um) than those observed in the following set of measure-

ments (0.7 V/um). This hysteresis behavior may be a result
of electrostatic forces which tousle the MWNTonthe yarn,

thereby making it fuzzier. After this, the Fowler-Nordheim
plots becamerepeatable and maylikely be interpreted within

the framework of the Fowler-Nordheim theory of cold

cathode electron emission. Once a rather high field was
applied, on the order of about 5-8 kV for 10-15 hours, the

electrostatic hairy forest evolved further protrusions of
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nanotubes. This resulted in the formation of hairy parts on

the MWNTyarn surface (see FIGS. 74A and B). The same

said lateral geometry was also used with a phosphor screen

anode instead of a tungsten plate. Typical images offield

emission from said yarnsin this lateral geometry taken with

a phosphorscreen anodeare depicted at FIGS. 70 and 71. To

avoid rapid phosphorburning in the DC regime,the negative

pulsed voltage was applied with a HV Pulse M25k-50-N unit

to the cathode. The repetition rate of the pulses was 1 kHz

and the duty cycle was 1%. It is clearly seen that the field

emission properties of the MWNT yarn are very uniform.

Moreover, at certain applied voltages, the field emission

sites cannot be distinguished. This property of uniform

lateral emission from the MWNTyarn maybe widely used

in different types of flat panel displays and indicators, such

as letters and/or alpha numeric code numbers (shownin FIG.

71).

EXAMPLE63

This example describes the application of transparent

MWNT nanofiber sheets as a cold cathode for electron

emission. A nanotube fiber sheet has been prepared by the

above-described of Example 21, and was placed on a square

piece of glass (25 mmx25 mm, 1 mm thickness) and then

densified two times in methanol using the densification
method of Example 23. After that, all of the borders of the

nanotube sheet were covered with SEM electrically con-

ducting tape, such that a 10 mm borderstrip of said sheet
was fully covered. An uncovered square surface of 5 mmx5

mm wasleft. FIG. 79 is a schematic illustration of a flat cold
cathode prepared this way. The cathode wasintroduced into

a vacuum chamber along with a tungsten anode plate and

pumped downto 10~’ Torr. Field emission properties of the
uncovered square of MWNTtransparent sheet cathode were

studied with a Keithly 237 unit. The distance between the
cathode and tungsten anode plate was 250 um.I-V plot of

the field emission of said MWNTtransparent sheet shows
that the threshold field (when a field emission current

reached 100 nA) was 0.8 V/um.

EXAMPLE 64

This example demonstrates the application of transparent

nanotube sheets for a conventional display technology
wherein the phosphor screen is between the electron emit-

ting elements and the viewer (like for FIG. 82). A cathode
prepared as in the previous example was introduced into a

vacuum chamber along with a phosphor screen anode and

the chamber was pumped down to 10~’ Torr. The phosphor
screen comprised ITO coated glass further coated with a

“green” TV phosphor. The cathodoluminescent images were
observed through the glass window of the chamber. In this

example, the phosphor screen was placed between the
cathode and the glass window of the chamber(like for the

schematic illustration of FIG. 82). The distance between the

cathode and the phosphor screen anode was approximately
200 um. Typical images of field emission from said cold

cathode taken with the phosphor screen anode show a quite
nonuniform intensity distribution, probably due to variation

of density of end-tips. To avoid rapid phosphor burning in
the DC regime, the negatively-pulsed voltage was applied to

the cathode by using a HV Pulse M25k-50-N powersupply.

The repetition rate of the pulses was 1 kHz and the duty
cycle was 1%. Typical negative pulse amplitudes that were

applied were between 300 V and 3 kV.
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EXAMPLE65

This example demonstrates a novel type of display tech-

nology or invention embodiments in which a transparent
nanofiber sheet cathode electron emitter separates the phos-

phorescentlight emitting layer from the viewer. A cathode as
prepared in the previous example was introduced into a

vacuum chamberalong with the above-described phosphor

screen anode, and the chamber was pumped down to 107’
Torr. A transparent nanotube sheet cold cathode was placed

between the phosphor screen and the glass window of the
chamber (as shown at FIG. 83). Typical images of field

emission from said cold cathode taken with the phosphor
screen anode are shown in FIG. 71. The details of voltage

pulsing and the utilized power source were the sameas for

Example 64.

EXAMPLE66

This Example servesto illustrate a carbon nanotube-based
polymeric LED device: PLED on a flexible plastic, in

accordance with some embodiments of the present inven-
tion. Such a device can comprise the following structure:

carbon nanotube (CNT) sheet/PEDOT:PSS/MEH-PPV/cal-

cium/aluminum, similar to device described in Example 32.
To make the above-described device, a free-standing carbon

nanotube (CNT) nanofiber sheet (shown as 8505 at FIG. 85)
is placed on a substrate (8507) of flexible plastic (polyeth-

ylene terephthalate (PET) or poly(ethylene-2,6-naphthalate
(PEN)). The undensified sheet is weakly bound to the

substrate and can be rubbed off very easily. Care must be

taken during subsequent processing so that this does not
occur. The substrate with the CNT sheet on top is then

densified. The densification process is performed by placing
the substrate into a beaker of methanol or ethanol. The

substrate is held vertically and dippedinto the solvent along

the direction of the sheet orientation. The substrate is then
placed onto a cloth and allowed to dry. This procedure of

dipping and drying is performed two more times. The CNT
sheet has now been densified and has a thickness of approxi-

mately 200 nm.Several layers of the hole-injecting polymer
PEDOT:PSS(shown as 8504) are deposited after the solvent

has been dried from the densified CNT sheet. PEDOT:PSS

(Bayer Co.) is filtered prior to depositing onto the CNT
substrate.A first layer is deposited at a spin rate of 6100 rpm,

with an initial acceleration of 21,500 rpm/second for 20
seconds. A plastic syringe is filled with a solution of the

PEDOT:PSSin water. The spinner is started and the solution
is immediately dropped onto the substrate while acceleration

is still occurring. This produces a thin film of PEDOT:PSS.

The substrate is then baked at a temperature of 120° C. for
30 minutes. A second layer of PEDOT:PSS is deposited

using the a spin process with a slower acceleration of 160
rpm/second, but the sametarget rate of 6100 rpm and time

of 20 seconds. The solution is dropped onto the substrate
prior to the start of spinning, however, unlike the first film

for which spinning was started before dropping the solution

on. This film is then baked under the previous conditions of
120° C. for 30 minutes. Third and fourth layers are deposited

using the same spinning conditions as used with the second
layer (6100 rpm, 160 rpm/secondacceleration, 20 seconds)

and baked after each deposition for 30 minutes at 120° C.
The emissive layer of the device (8503 layer) is produced

from a solution of 0.2 wt % MEH-PPV in chloroform. The

MEH-PPV solution is dropped (i.e., deposited) onto the
substrate containing the CNT sheet and PEDOT:PSSfilms.

Spinning is done at a rate of 3000 rpm, with an initial
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acceleration of 3400 rpm/s for 30 seconds. Spinning is

started and the MEH-PPV/chloroform solution is immedi-

ately dropped onto the accelerating substrate from a plastic

syringe. A single film of MEH-PPV is produced on the
device. The MEH-PPVfilm is dried overnight in an argon-

filled glove box. The device fabrication is finalized by
depositing cathodes onto the CNT/PEDOT:PSS/MEH-PPV

structure of FIG. 85. The deposition of the cathodes is

performed in a high vacuum chamber equipped with thermal
deposition equipment. Calcium (8502 in FIG. 85) and alu-

minum (8501) are deposited in a single pump-down cycle
from separate sources. The base pressure in the chamber

prior to the start of deposition is <2x10~° Torr. A shadow
mask is used to place the cathodes in the desired locations

on the substrate. The calcium is deposited first at an initial

rate of 0.5 A/s second. After 100 A of Ca has been
accumulated, the rate is ramped at 2 A/s over a 60 second

period. This rate is held until 300 A ofcalcium have been
deposited. Aluminum (Al) is then deposited at a constant

rate of 5 A/s until 1200 A have been deposited. Testing
showsresults similar to those described in Example 32

EXAMPLE67

This Example servesto illustrate a carbon nanotube-based
small-molecule OLED ondisplay glass orflexible plastic, in

accordance with some embodiments of the present inven-
tion. This device is similar to the previously-described

polymeric devices, however, it incorporates thermally-
evaporated molecular films in place of polymeric films as

the active layers. The device structure is as follows: carbon

nanotube (CNT) sheet/PEDOT:PSS/a-NPD/Alq,/Alumi-
num shown in FIG. 86. To fabricate the above-described

device, a free-standing carbon nanotube (CNT)sheet (8606)
is placed on a substrate ofCorning 1737 display glass (8607)

or flexible plastic (PET or PEN 8608)). The sheet is weakly

boundto the substrate and can be rubbedoff very easily.
Care must be taken during subsequent processing sothat this

does not occur. The substrate with the CNT sheet on top is
then densified. The densification process is performed by

placing the substrate into a beaker of methanol or ethanol.
The substrate is held vertically and dipped into the solvent

along the direction of the sheet orientation. The substrate is

then placed onto a cloth and allowed to dry. This procedure
of dipping and drying is performed two more times. The

CNTsheet has now been densified and has a thickness of
approximately 200 nm. Several layers of the hole-injecting

polymer PEDOT:PSS(the 8605 layers) are deposited after
the solvent has been dried from the densified CNT sheet.

PEDOT:PSSis obtained from (Bayer Co.) andis filtered

prior to depositing onto the CNT substrate. A first layer is
deposited at a spin rate of 6100 rpm, with an initial accel-

eration of 21,500 rpm/second, for 20 seconds. A plastic
syringe is filled with the solution of PEDOT:PSSin water.

The spinner is started and the solution is immediately
dropped onto the substrate while acceleration is still occur-

ring. This producesa thin film ofPEDOT:PSS. The substrate

is then baked at a temperature of 120° C. for 30 minutes. A
second layer of PEDOT:PSS is deposited using the same

spin process, but with a slower acceleration of 160 rpm/
second (but the sametarget rate of 6100 rpm and time of 20

seconds). The solution is dropped onto the substrate prior to
the start of spinning. This film is then baked under the

previous conditions of 120° C. for 30 minutes. A third and

fourth layer are deposited using the same spinning condi-
tions as for the second layer (6100 rpm, 160 rpm/second

acceleration, 20 seconds) and bakedafter each deposition for
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30 minutes at 120° C. The transport (8603) and emissive
layers (8604) of the device are produced in a high vacuum
chamber equipped with thermal deposition sources. The
layers are deposited by resistively heating tungsten or
molybdenum boats containing organic powders at a base
pressure <2x10-° Torr. Thefirst layer (a-NPD,hole-trans-
port layer: 8603) is deposited onto the existing CNT/PE-
DOT:PSS layers at a constant rate of 1 A/s until 700 A are
accumulated. The second layer (Alq;, emissive and electron
transport layer: 8604) is depositedat a rate of 1 A/s until 500

are accumulated. The chamber is then vented and a
shadow mask used for cathode deposition is placed on the
substrate. The chamber is pumped again, and a bilayer
cathode oflithium fluoride and aluminum is deposited onto
the structure. The layer of lithium fluoride is deposited at a
rate of 0.1 A/s until a 10 A thickness is accumulated. The
final layer of aluminum is deposited at an initial rate of 0.2
Als. Once 100 A have been deposited,the rate is ramped up
to 5 A/s over a 60 secondperiod. Thisrate is held until 1200

of aluminum have been deposited.

EXAMPLE68

This Example servesto illustrate a carbon nanotube-based
PLED with a bottom-up structure for construction on drive
electronics for active-matrix displays, as shown in FIGS. 87
and 88. The device structure is as follows: Aluminum/
Calcium/MEH-PPV/PEDOT:PSS/CNTsheet. Fabrication of
the above-described device starts with a substrate of either
display glass: 8706 layer in FIG. 87 or n-type silicon (8806
in FIG. 88). The substrates are put onto a shadow mask and
placed inside a vacuum chamber equipped with tungsten or
molybdenum sources for thermally evaporating metals. For
the fabrication of the bottom-up OLED of FIG. 87, a layer
of aluminum (8705) is deposited at a rate of 5 A/s to obtain
a final thickness of 1000 A. A 300 A thick layer of calcium
(8704) is then deposited, also at a rate of 5 A/s. The
metal-coated substrate is removed from the vacuum cham-
ber directly into an inert atmosphere so that the calctum film
is not exposed to oxygen. While enclosed in the inert
atmosphere, a film of MEH-PPV (8703)is spin-cast onto the
substrate from a solution of 0.2 wt % MEH-PPV in chlo-
roform. A syringe is used to drop the solution onto the
accelerating spinner. A spin speed of 3000 rpm with an
acceleration of 3400 rpm/s and a duration of 30 secondsis
used to deposit the film. The film is dried overnight before
subsequent film deposition. After drying the film, several
layers of PEDOT:PSS are added (8702). The first layer is
deposited by starting the spinner with an acceleration of
about 160 rpm/s and immediately dropping the solution onto
the substrate from a syringe. The target spin rate for the
spinner is 6100 rpm, and the duration of the deposition is 20
seconds. Subsequent layers use the same spinning param-
eters, however, the solution is dropped onto the substrate
before starting the spinner. After each film is deposited, it is
baked for 30 minutes at 120° C. Forthe final step of making
the device, the substrate with Al/Ca/MEH-PPV/PEDOT:
PSS is place onto a stand, and a free-standing sheet of

nanotubes (8701) is placed on top of the existing films. The
sheet is now weakly bound to the substrate. The entire

substrate is held vertically and dipped into a beaker of
ethanol or methanol with the dipping motion in the same

direction as the orientation of the nanotube sheet. This is
repeated several times, allowing the solvent to dry in

between dips.

EXAMPLE69

This Example serves to illustrate an essentially transpar-

ent PLED, based on use of carbon nanotube sheets as both
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anode and cathode, as shown at FIG. 89. Nanotube anodeis
placed on display glass or flexible plastic, in accordance
with some embodiments of the present invention. Such a
device comprises the following structure: CNT sheet/PE-
DOT:PSS/MEH-PPV/Calcium-coated CNT sheet. To fabri-
cate such an above-described device, free-standing carbon
nanotube (CNT) sheet (8904) is placed on a substrate of
Corning 1737 display glass (8905) or flexible plastic (e.g.,
PET or PEN). The sheet is weakly boundto the substrate and
can be rubbed off very easily. Care must be taken during
subsequent processing so that this does not occur. The
substrate with the CNT sheet on top is then densified. The
densification process is performed by placing the substrate
into a beaker of methanol or ethanol. The substrate is held
vertically and dipped into the solvent along the direction of
the sheet orientation. The substrate is then placed onto a
cloth and allowed to dry. This procedure of dipping and
drying is performed two more times. The CNT sheet has
now been densified and has a thickness of approximately
200 nm. Several layers of the hole-injecting polymer
PEDOT:PSS(8903) are deposited after the solvent has been
dried from the densified CNT sheet. PEDOT:PSS (Bayer
Co.) is filtered prior to depositing onto the CNT substrate. A
first layer is deposited at a spin rate of 6100 rpm (with an
initial acceleration of 21,500 rpm/second) for 20 seconds. A
plastic syringe is filled with the solution of PEDOT:PSS in
water. The spinneris started and the solution is immediately
dropped onto the substrate while acceleration is still occur-
ring. This produces a thin film of PEDOT:PSS, but one
which acts to provide enhanced adhesion of the CNT sheet
to the substrate. The substrate is then baked at a temperature
of 120° C. for 30 minutes. A second layer of PEDOT:PSSis
deposited using the spin process with a slower acceleration
of 160 rpm/second, but the sametarget spin rate of 6100 rpm
and time of 20 seconds. The solution is dropped onto the
substrate prior to the start of spinning, however, unlike the
first film for which spinning wasstarted before dropping the
solution on. This film is then baked under the previous
conditions of 120° C. for 30 minutes. A third and fourth layer
are deposited using the same spinning conditions as used for

the second layer (6100 rpm, 160 rpm/secondacceleration,
20 seconds) and baked after each deposition for 30 minutes

at 120° C. Before adding the emissive layer (8902) it is

necessary to coat a free-standing CNT sheet with calcium.
This is done in a vacuum chamber equipped with a tungsten

or molybdenum source for evaporating metals. The chamber
is pumped to a base pressure <2x10-° Torr, and a layer of

calcium is deposited at a rate of 1 A/s until a 300 A thickness
has been deposited. The emissive layer (8902) of the device

is produced by drop-casting a 0.15 wt % solution of MEH-

PPV onto the substrate using a syringe. Instead of spinning
the film, the substrate is tipped vertically and the excess

solution is allowed to run off onto an absorbent, lint-free
clean room cloth. The substrate is positioned horizontally

again and, while the film is still wet, the coated, free-
standing CNT sheet (8901) is placed onto the film with the

calcium side on the film. This is allowed to dry overnight in

an inert atmosphere. After drying, the CNT nanofiber sheet
(8901) is densified in inert atmosphere using a solution of

methanolor ethanol containing a very small concentration of
MEH-PPV. Thesubstrate is dipped vertically into the solu-

tion along the direction of orientation of the CNT sheet. The
solvent is removed by drying for several hours, and the

device is then ready for use.

EXAMPLE 70

FIG. 90 depicts an organic solar cell or photodetector

based on carbon nanotube ribbons as a front-surface trans-
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parent conducting electrode. As shown in FIG. 90, an
organic solar cell or photodetector can be formed on a glass
substrate 9005. First, the aluminum electrode 9004 is depos-
ited on a glass substrate. [TO-coated glass substrates (<15
Ohm/sq with ~85% light transmission) were obtained from
Delta Technologies Ltd. EL-grade PEDOT-PSS was pur-
chased from Bayer AG. RR-P3HT and PCBM were pur-
chased from American Dye Source. All materials were used
as received without further purification. Applicants fabri-
cated four devices on each substrate, each having an area of
~9 mm’. The ITO-coated glass substrate was etched and
cleaned before being plasma-treated for five minutes (90
seconds for flexible substrates) under O, gas. A layer of
PEDOT:PSS 9003 was then spin-coated onto the substrate at
6100 rpm creating a 30-35 nm layer. The sample was then
dried by being heated at ~120° C. for 100 minutes (60

minutes at 110° C. for flexible substrates) in a glove box.
The photoactive material solution was dispersed by a mag-

netic stirrer for 3-7 days until it was optimally dispersed. The

solution was then spin-coated onto the sample at 700 rpm
creating a 50-60 nm layer using a toluenesolution consisting

of roughly a 1:2 ratio of PCBM and RR-P3HT. The final
layer was made up of 65% RR-P3HT and 35% PCBM 9002.

A carbon nanotube ribbon 9001 was then deposited. A

surface profiler (AMBIOS XP-1) was used to measure film
thickness. The finalized device was then annealed on a hot

plate in a glove box at the desired temperature for a desired
amount of time. The organic semiconductor or mixture of

organic p-type and n-type semiconductors were deposited on
this electrode. The solar cell was completed by application

ofthe carbon nanotube nanofiber sheet. Nanotube sheets can

be optionally densified using surface tension effects of an
imbibed liquid. The rapid evaporation of the solvent

absorbed in the sheet causes shrinkage in the sheet thickness
direction leading to densification.

EXAMPLE 71

As shown in FIG. 90, an organic solar cell or photode-

tector is formed on a plastic substrate (polyethylene naph-

thalate or polyethylene teraphthalate) as in Example 70 and
in accordance with embodiments of the present invention.

EXAMPLE72

FIG. 91 shows a solar cell or photodetector based on

carbon nanotuberibbonsas a bottom transparent conducting
electrode on a glass substrate. First, the aligned carbon

nanotube sheet 9104 is deposited on a glass substrate 9105.

An SEM imageof enlarged aligned carbon nanotube sheet
9104 is shown ontheleft side of FIG. 91. Nanotube sheets

can be optionally densified using the surface tension effects
of an imbibed liquid. The rapid evaporation of the solvent

absorbed in the sheet causes shrinkage leading to densifi-
cation. A layer of PEDOT:PSS 9103 was then spin-coated

onto the substrate at 6100 rpm creating a 30-35 nm layer.

The sample wasthen dried by being heated at ~120° C. for
100 minutes (60 minutes at 110° C.for flexible substrates)

in a glove box. The organic semiconductor or mixture of
organic p-type and n-type semiconductors 9102 are then

deposited on this electrode as in Example 70. The solarcell
is completed by application of the aluminumelectrode 9101

(typically by thermal vacuum deposition).

EXAMPLE73

This Example servesto illustrate a solar cell or photode-

tector based on carbon nanotube ribbonsas a bottom trans-
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parent conducting electrode on a flexible plastic substrate
(polyethylene naphthalate or polyethylene teraphthalate) as
in Example 72. First, the carbon nanotube sheet is deposited
on a glass substrate. Nanotube sheets can be optionally
densified using the surface tension effects of an imbibed
liquid (see above). The rapid evaporation of the solvent
absorbed in the sheet causes shrinkage leading to densifi-
cation. The organic semiconductor or mixture of organic
p-type and n-type semiconductors are deposited on this
electrode as in Example 70. The solar cell is completed by
application of the aluminum electrode (typically by thermal
vacuum deposition).

EXAMPLE 74

This Example serves to illustrate the fabrication of a

transparent solar cell with two transparent CNT sheets, in
accordance with some embodiments of the present inven-

tion. FIG. 92 demonstrates a transparent solar cell or pho-
todetector based on carbon nanotube ribbons/sheets as top

and bottom transparent conducting electrodes. First, the

carbon nanotube sheet 9204 is deposited on a solid glass or
flexible plastic substrate 9205. Nanotube sheets can be

optionally densified using the surface tension effects of an
imbibed liquid. The rapid evaporation of the solvent

absorbed in the sheet causes shrinkage leading to densifi-
cation. A very thin Al layer 9203 (<100 nm) is then depos-

ited on top of the CNT sheet. An organic semiconductor or

mixture of organic p-type and n-type semiconductors 9202
are deposited on this Al-coated electrode. Owing to the small

organic layer thickness, the active organic layer is also
transparent. The transparent device is completed by appli-

cation of the carbon nanotube sheet 9201. Nanotube sheets

can be optionally densified using the surface tension effects
of an imbibed liquid. The rapid evaporation of the solvent

absorbed in the sheet causes shrinkage leading to densifi-
cation. The transparent solar cells, for example, can be used

in smart windows, displays, or smart multifunctional ceil-
ings and covers for buildings.

EXAMPLE75

FIG. 93 demonstrates a tandem solarcell or photodetector
based on carbon nanotuberibbons/sheets as a top transparent

conducting electrode. First, the bottom reflective aluminum
electrode 9302 is deposited on a substrate 9301. The organic

semiconductor or mixture of organic p-type and n-type
semiconductors 9303 are deposited on this electrode. The

first solar cell is completed by application of a carbon

nanotube sheet 9304 as a transparent separation layer (also
called charge recombination layer). Nanotube sheets can be

optionally densified using the surface tension effects of an
imbibed liquid. The rapid evaporation of the solvent

absorbed in the sheet causes shrinkage in the thickness
direction, leading to densification. A thin aluminum layer

9305 can be optionally deposited on a nanotube sheet

electrode before application onto first cell to reduce voltage
losses. The second layer of organic semiconductor or mix-

ture of organic p-type and n-type semiconductors 9306 are
deposited on this electrode. The tandem solar cell is com-

pleted by application of a top carbon nanotube sheet 9307.
Again, such nanotube sheets can be optionally densified

using the surface tension effects of an imbibed liquid.

EXAMPLE76

This example demonstrates the additional functionality of

carbon nanotube charge collectors for enhancementof light
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absorption and charge generation due to three-dimensional-

ity and a nano-antennaeffect in the solar cells (see FIG. 94).

The large interface and nanoscale morphology between

organic material and carbon nanotubes significantly

improves the photo induced charge transfer, charge separa-

tion and collection. There is experimental evidence (FIG.

94) that spectral sensitivity is broadened due to additional
photo induced charge transfer between organic material and

carbon nanotubes. The extended and aligned nature of CNT
sheets can improve the morphology between the acceptor

and donor materials and extend the spectral sensitivity into
the infrared range. It is known that localized plasmon

excitations can occur in small metal nanoparticles by direct

light absorption due to simpler selection rules. The excited
plasmon can lead to an increased amount of photoexcited

electrons in the metal which are capable of surmounting the
Schottky barrier. For this purpose, carbon nanotubes deco-

rated with metal nanoparticles have been examined. The
high electric field strength in the vicinity of the excited

surface plasmon can also lead to increased absorption of

photons in the organic matrix. Thus, the effect of surface
plasmons can lead to enhancement of photocurrent in

organic solar cells in spectral regions where an organic
material does not absorb much. The plasmonexcitations in

carbon nanotubes and metal coated nanofibers can enhance
the UV spectral sensitivity of CNT-based solar cells and

photodetectors. The absorption spectra were measured on a

Perkin-Elmer Lambda 900 UV-Vis-NIR Spectrophotometer.
The current-voltage characteristics were recorded with a

Keithley 236 source-measure unit. A solar simulator (150 W
Xenon lamp with AMO and AM1.5 filters from Spectra-

Physics and focusing lens), with light intensity calibrated at

100 mW/cm?, was used as the light source for solar cell
efficiency measurements. The reported efficiency measure-

ment was not corrected for spectral mismatch.

EXAMPLE77

This example showsa transparent carbon nanotube sheet
embeddedin polarization-sensitive photodetectors. The high

anisotropy of the aligned CNT sheet allows increasing the

polarization ratio by 25%, as shownat I-V curve in FIG.97.
A broadband(300 nm-10 um) polarization sensitive photo-

detector comprises carbon nanotube ribbons/sheets as a top
transparent polarizing conducting electrode and an alumi-

num bottom electrode deposited on a glass or plastic sub-
strate. The organic semiconductor or mixture of organic

p-type and n-type semiconductors are deposited on this

electrode. The high polarization ratio is achieved by
mechanical rubbing of the organic layer or by other means

(e.g., electric field alignment). Thesolar cell is completed by
application of the carbon nanotube sheet. Nanotube sheets

can be optionally densified using the surface tension effects
of an imbibed liquid. The rapid evaporation of the solvent

absorbed in the sheet causes shrinkage in the thickness

direction leading to densification. The polarization ratio can
be additionally increased by placing an additional CNT

sheet on the Al bottom electrode to polarize the light
reflected back from the Al electrode.

EXAMPLE78

This example shows a method of improving electrical

conductivity and modulating the work function of carbon

nanotube sheets by deposition of thin films of high work
function metals such as Au or Pt on carbon sheet, as shown

in FIG. 98. Sheet resistance can be loweredat least 5 times
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to 100 ohm/square. Coated by high work function metals

such as Au or Pt, free-standing CNT sheets can be used as

anodes for solar cells. FIG. 98 shows SEM image of

Au/Pd-coated carbon nanotubes sheet.

EXAMPLE79

This example illustrates a method of improvingelectrical

conductivity and modification of work function of carbon
nanotube sheets by depositing thin films of low work

function metals such as Al or Ca on such carbon sheets.
Sheet resistance was lowered at least 5 times to 100 ohm/

square. Coated by low work function metals such as Al or

Ca, free-standing CNTs can be used as cathodes for solar
cell.

EXAMPLE80

In some embodiments, the present invention can be

broadly applied to a thin transparent organic transistor or
phototransistor which comprises transparent CNT sheet

electrodes, thin transparent under-gate insulator (inorganic

or organic), and an organic photoactive layer, and can be
used in the fabrication of a variety of transparent integrated

circuits, including those for display applications and photo-
detectors. FIG. 99 depicts a transparent phototransistor

based on carbon nanotube ribbons/sheets as a bottom trans-
parent conducting electrode. First, the bottom transparent

CNTsheet electrode 9902 is deposited on a substrate 9901.

A transparent gate dielectric 9903, such as S10, or Al,O, or
polymeric insulator such as parylene, is coated on top of

electrode 9902. The source 9904 and drain electrodes 9905
are formed by placing two transparent carbon nanotube

ribbons on top of the insulating layer. The transparent

phototransistor is completed by deposition of organic semi-
conductor or mixture of organic p-type and n-type semicon-

ductors 9906 on top of the structure. Nanotube sheets can be
optionally densified using the surface tension effects of an

imbibed liquid. The evaporation of the solvent absorbed in
the sheet causes shrinkage in the thicknessdirection, leading

to densification. The transparency of this device enables

photomodulation of source-drain current, which is useful for
optical chip-to-chip information transfer.

EXAMPLE81

This Example serves to illustrate the preparation of a

transparent nanofiber-metal oxide photoelectrode, in accor-
dance with some embodiments of the present invention.

Transparent nanotube sheets made by the process of

Examples 18 and 21 were deposited as an aligned sheet stack
on a glass substrate. Because the nanotubesare well aligned

in the sheet, the electrical and optical properties are aniso-
tropic. Referring to FIG. 101, the transparent porous nano-

fiber electrode 10102 wasfabricated accordingto the present
invention. A semiconductor photoelectrode 10103 contain-

ing the metal oxide nanoparticles (for example, 10-20 nm

TiO, nanoparticles) was coated on the rough surface of the
transparent porous nanofiber electrode 10102 by a printing

method or sol-gel method to form a film of approximately
10-20 um thickness. Sintering and anatase phase formation

was performed at 450° C.in the inert atmosphere for 30-60
minutes. After sintering, the layer exhibits a porosity of

0.5-0.65. A monolayer of red dye molecules was incorpo-

rated in the highly porous nanofiber-metal oxide electrode
by impregnation, for example, with an absolute ethanol

solution of the ruthenium dye-II cis-dithiocyanato-N,N'-bis
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(2,2'-bipyridyl-4,4'-dicarboxylic acid)-(H,)(TBA),RuL,

(NCS).(H,O), sensitizer at a concentration of 20 mg of dye

per 100 ml of solution. The impregnation process can be

done at room temperature overnight. The electrode was

rinsed with ethanol and then dried.

EXAMPLE82

This Example serves to illustrate the preparation of a
transparent nanofiber-metal oxide photoelectrode by micro-

waveirradiation, in accordance with some embodiments of
the present invention. Referring to FIG. 101, the transparent

porous nanofiber electrode 10102 on plastic substrate was

fabricated according to the Example 81. A semiconductor
photoelectrode 10103 containing the metal oxide nanopar-

ticles (for example, 10-20 nm TiO, nanoparticles) was
coated on the rough surface of the transparent porous

nanofiber electrode 10102 by a printing methodor sol-gel
method to form a film of approximately 10-20 um thickness.

Rapid sintering and anatase phase formation was performed

by a multi-mode microwave heating at a frequency chosen
from the range varying from 2 to 30 GHz and powerofabout

1 kW for 5 minutes. After sintering, the layer exhibits a
porosity of 0.5-0.65. A monolayer of red dye molecules is

attached to the surface of the highly porous nanofiber-metal
oxide electrode by impregnation, for example, with an

absolute ethanol solution of the Ruthenium dye-II cis-

Dithiocyanato-N,N'-bis(2,2'-bipyridyl-4,4'-dicarboxylic
acid)-(H,)(TBA),RuL,(NCS),(H,O), sensitizer at a con-

centration of 20 mg of dye per 100 ml of solution. The
impregnation process can be done at room temperature

overnight. The electrode was rinsed with ethanol and then

dried.

EXAMPLE83

This Example serves to illustrate the preparation of a
nanofiber reduction electrode, in accordance with some

embodiments of the present invention. The transparent
porous nanofiber reduction electrode 10105 of FIG. 101 was

fabricated according to embodiments of the present inven-

tion. No platinization of counter-electrode is necessary
because the nanofibers work both as a charge collecting

electrode and as a catalyst.

EXAMPLE84

This Example serves to illustrate the preparation of a
dye-sensitized solar cell, in accordance with some embodi-

ments of the present invention. The dye-sensitized solar cell

is prepared by using semiconductor photo electrode and the
nanofiber sheet reduction electrode obtained from Examples

81-82. These two electrodes are maintained at an inter-
electrode separation of 50-100 um by using a spacer. The

charge conducting agent is introduced in the space between
these two electrodes and sealed. The charge conducting

agent can be a redox couple in a liquid (including the

following redox electrolytes: 1) iodolyte TG-50 (from Sola-
ronix); 2) one based on methoxypropionitrile which has a

low viscosity but low boiling point (bp 163-165 C); 3) one
based on gamma-butyrolactone which also has low viscosity

but higher boiling point (bp 206 C)) or quasi solid-state
electrolyte, or solid-state hole conductor such as conjugated

polymers (such as poly(3-hexylthiophene) or small organic

molecules (such as TPD). The electrons generated from the
photosensitive dye or quantum dots can be easily be trans-

ferred to an external circuit by using a highly conducting
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nanoporous nanofiber sheet comprising three-dimensionally

distributed nanofibers. One optionally preferred is the car-

bon nanofiber sheets of invention embodiments.In addition,

the electrodes can be madeflexible and lightweight by using

thin flexible transparent substrates. Such solar cell can be

utilized in portable devices.

EXAMPLE85

This Example serves to illustrate the preparation of a

transparent dye-sensitized solar cell (DSC), in accordance
with some embodiments of the present invention. The dye-

sensitized solar cell was prepared by using transparent
semiconductor photoelectrode and the transparent reduction

electrode obtained from Examples 81-83. To have a trans-

parent DSC, the thickness of the top photoelectrode was
limited by 10 um. The thickness of the multi-walled carbon

nanotube nanofiber ribbons/sheets is limited by 1-2 layers.
Both electrodes maintain a spacing of 10-100 um by a

spacer. A charge conducting agent was introduced into the
space between two electrodes and sealed. The charge con-

ducting agent can be a redox couple in a liquid (including the

following redox electrolytes: 1) iodolyte TG-50 (from Sola-
ronix); 2) one based on methoxypropionitrile which has a

low viscosity but low boiling point (bp 163-165° C.); 3) one
based on gamma-butyrolactone which also has low viscosity

but higher boiling point (bp 206° C.) or a quasi solid-state
electrolyte, or a solid-state hole conductor, such as conju-

gated polymers (such as poly(3-hexylthiophene) or small

organic molecules (such as TPD). The electrons generated
from the photosensitive dye or quantum dots can be more

easily transferred to an external circuit by a 3-dimensional
distributed nanofiber electrode. In addition, the electrodes

can be made flexible and lightweight by using thin flexible

transparent substrates. Such solar cells can be utilized in
portable devices.

EXAMPLE86

This example demonstrates that the performance of a

dye-sensitized solar cell (DSC) can be improved by using
the catalytic electrochemical properties of single wall nano-

tubes by coating them on the transparent anode made of

multiwall nanotube transparent sheets of the present inven-
tion (see SEM imageof such electrode in FIG. 102). Bythis

process, Applicants show the enhancement ofthe electro-
chemical charge transfer of holes to the SWNT-coated

anode. This example also describes a method forfabricating
a composite nanotube sheet that is an effective anode for a

photoelectrochemical device, i.e., a Graetzel cell. A ruthe-

nium dye-II cis-dithiocyanato-N,N'-bis(2,2'-bipyridyl-4,4'-
dicarboxylic acid)-(H,)(TBA),RuL.(NCS).(H,O), (Dyesol,

B2/N719) wasused as a sensitizer for the TiO, particles. The
prepared solution was 3x10* M Ru (-II) dye in absolute

ethanol (CH;CH,OH). The chemical structure of the dye is
RuC,,.H.g;N,O0,8,.4H,O. The electrolyte was iodide-based

redox electrolyte-iodolyte TG-50 (from “Solaronix”).

Porous titania, TiO, (from “Dyesol”) coated conducting
substrate, fluorine-doped SnO, over layer with transmission

>85% was used as the photo-electrode in assembling DSC
cells. Before sensitizing the TiO., it was sintered at 450° C.

for 30 minutes. The annealed film was immersed in a 3x107*
M Ru (-IJ) dye containing ethanol solution overnight (~12

hours) at room temperature. The TiO, electrode was dipped

into the dye solution whileit wasstill hot, i.e., its tempera-
ture was about 80° C. After the completion the dye adsorp-

tion, the electrode was dried undera stream of nitrogen, N3.
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The typical electrolyte was iodolyte TG-50 (from Sola-

ronix), but other electrolytes also have been tested. The

counter electrode was prepared of aligned multiwall carbon

nanotube (MWNT)sheets on a glass substrate. On top ofthe

sheet, a suspension of single wall nanotubes (SWNTs) was

deposited by a 3 step method: (1) vacuum-filtering a dilute,

surfactant-based suspension of purified nanotubes onto a
filtration membrane (forming a homogeneousfilm on the

membrane); (i1) washing away the surfactant with purified
water; and(111) dissolvingthe filtration membranein solvent.

The dissolvable filter was from Millipore (GS-0.22 micron).
About 0.3 mg of SWNTs (HiPco from Carbon Nanotech-

nologies Inc.) ina 100 mL surfactant (Triton-1000) solution

was used to make the SWNT dispersion. 3 mL of SWNT
dispersion was added to 500 mL deionized water to make

nanotube ink. Having prepared the necessary materials,
photo and counter electrodes were placed together offsetting

them against each other. The strip of each electrode served
as contact points. In order to hold the electrodes together,

two binderclips were used.

EXAMPLE87

This example showsthat the performance of DSC can be

further increased by using multiple nanotube sheets: Mea-
surements show that current density-voltage characteristics

of the MWNTsheet are comparable to the current density-
voltage characteristic obtained when using only ITO as a

counter electrode. The sheet of MWNTs works as an elec-

trochemicalcatalyst, but due to high serial resistance of very
thin electrodes the efficiency is lower than that for conven-

tional ITO-based DSC.If, however, the number of MWNT
sheets is increased, measurement shows higher electro-

chemical activity in the redox electrolyte system and the

short circuit current (I,..) increases with increasing number
of MWNTsheets. Because of the increase in the number of

layers, the contact area of MWNTs with electrolyte
increases. Additionally, the serial resistance of the electrode

decreases.

EXAMPLE88

This Example serves to illustrate the preparation of a

tandem solarcell, in accordance with some embodiments of
the present invention. FIG. 103 illustrates a multijunction

solar cell (or tandem solar cell) in which the top transparent
electrode is sketched as 10301, together with transparent

separation layer 10304 betweenthe layers of single junction
solar cells having selective spectral sensitivity to visible

(cell 1, parts 10301-10304) and near infrared parts of solar

spectrum (cell 2, parts 10304-10308). The tandem solarcell
comprises two compartmentcells. The top compartmentis a

dye- or quantum dot sensitized solar cell prepared by
method described in Example 83. The porous metal oxide

layer 10302 in the first compartment comprises nanopar-
ticles with an average diameter of 10-20 nm. A monolayer

of the red dye molecules 10308 (Ruthenium dye-II cis-

Dithiocyanato-N,N'-bis(2,2'-bipyridyl-4,4'-dicarboxylic
acid)-(H,)(TBA),RuL,(NCS).,(H,O),) is attached to the

surface of the highly porous nanofiber-metal oxide electrode
by impregnation, for example, with an ethanol solution of

the RuC,gHg,;NgO,8,.4H,0. This porous layer 10302 was
then impregnated with redox electrolyte. The two compart-

ments are separated with a transparentelectrically-conduct-

ing nanofiber sheet 10304 imbedded in a transparent non-
porous metal oxide matrix. This transparent separation

electrode has a transparency ofat least 70% in the region of
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interest. The second compartmentis an infrared quantum dot

sensitized solar cell prepared by method described in

Example 83. The porous metal oxide layer 10305 in the

second compartment comprises nanoparticles with an aver-

age diameter of 50-300 nm. A monolayer of the infrared

quantum dot sensitizer is attached to the surface of the

highly porous nanofiber-metal oxide electrode by impreg-
nation with a hexane solution or by growing the quantum

dots in situ inside pores of the metal oxide matrix. The
infrared quantum dot sensitizers include, for example, PbSe

or PbS semiconductor nanocrystals possessing charge mul-
tiplication properties. This porous layer was then impreg-

nated with redox electrolyte 10306.

EXAMPLE89

This Example serves to illustrate the preparation of a

tandem solar cell with a double sheet charge separation
layer, in accordance with some embodiments of the present

invention. The dye-sensitized tandem solar cell was pre-
pared by using a semiconductor photo electrode and the

reduction electrode obtained from Example 88. A double

sheet charge separation layer in a tandem, with a transparent
nanotube sheet of p-type (high work function) facing the

first junction, while the n-type (low work function) nanotube
sheet coated on first one acts as an electron collecting layer

from the second junction. Electrical conductivity and modi-
fication of the work function of the charge separation layer

in a tandem is accomplished by deposition of thin film of

gold Au metal (50 nm) on the carbon sheet on one side
(which decrease sheet resistance 5 times to 100 ohm/square)

and the other side is coated by a low work function metal
such as Al or Ca.

EXAMPLE90

This example shows that an elastomerically deformable
nanotube sheet can be made by the process of Example 32

and then overcoated with a second elastomeric silicone
rubber sheet, while retaining the ability of the nanotube

sheet to be elastomerically deformed without producing a
significant dependence of nanotubesheet resistance on elon-

gation of the nanotube sheet. The importance of this dem-

onstration is that it enables the fabrication of high strain
actuator stacks comprising more that one layer of actuator

material (such as an electrostrictive rubber like silicone
rubber) and more than two electrodes. After fabrication of

the silicone-rubber-attached elastomeric nanotube sheet of
Example 32, stretch was relaxed and a second silicone

rubber sheet was attached on top of the carbon nanotube

sheet by liquid coating with a silicone rubber resin followed
by setting of the silicone liquid resin. After this process

(which produced an elastomerically deformable nanotube
sheet between two silicone rubber sheets), the inventors

foundthat the nanotube sheet (and associated silicone rubber
sheets) can be highly elongated without causing a significant

change in the resistance of the nanotube sheet. This process

can be conveniently extended to produce elastomerically-
deformable stacks comprising one or more nanotube elec-

trode sheets that are laminated between sheets of elastomer,
wherein the numberof alternating nanotube sheet electrodes

and elastomer sheet electrodes is arbitrarily large. The
method of this example and Example 32 can be used to

produce inflatable balloons containing one or more layers of

conducting nanotubesheets. To start the process of conduct-
ing balloon formation, the initial inner balloon layer can

optionally be inflated using a gas or liquid or formed on a
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mandrel will in non-inflated state, and subsequently un-
expanded before application of the first nanotube sheet.

EXAMPLE 91

This example describes a flexible and or elastomeric
transparent antenna, shown schematically at FIG. 63. Such

antenna can be made by laminating the optionally rigid, or
flexible (and/or elastomeric) insulating substrate with the

following components: a remote feeder, in a form of a
microstrip line, such a feeder been separated by a thin

insulating layer and located below the radiator/receiver

layer, which is made of transparent oriented nanofiber
ribbonsthat are laminated on aflexible or elastomeric. Such

antenna, in a receiving mode, can be usedin radio-frequency
identification (RFID) systems. Reflecting the transparency

of nanofiber sheets of invention embodiments, the nanofi-
ber-sheet-based antennas can be transparent. This transpar-

ency can enable, for instance, readability of underlying bar

code lines associated with the tag. The device configuration
and components are shown in FIG. 63. Component 6301 of

said antenna is composed of substrate 6301, aligned nano-
tube sheet radiator/receiver plate 6302, and nanotube sheet

or yarn array feeder 6303, and the thin insulating separation
layer 6304. The patterning of sheet 6302 will allow one to

adjust the frequency of the antenna. Such optionally elas-

tomeric antennas can be madeof one uniform size, and then
stretched to obtain a desired size and desired antennae

properties.
All patents and publications referenced herein are hereby

incorporated by reference. The invention being thus
described, it will be obvious that the same may bevaried in

many ways. Such variations are not to be regarded as a

departure from the spirit and scope of the invention, andall
such modifications as would be obviousto one skilled in the

art are intended to be included within the scope of the
following claims.

Whatis claimed is:

1. A process comprising:
(a) providing a primary assembly by arranging carbon

nanotube nanofibers in aligned arrays, wherein

(i) the carbon nanotube nanofibers comprise carbon
nanotubes that are multiwalled carbon nanotubes,

and
(11) the arrays having a degree of inter-fiber connectiv-

ity and a density ofat least 20 billion nanotubes/cm?
at a base ofthe array;

(b) drawing said carbon nanotube nanofibers from the

primary assembly into a sheet or ribbon; and
(c) depositing said sheet or ribbon on a substrate.

2. The process of claim 1, wherein the carbon nanotube
nanofibers have a maximum thickness of less than 500 nm.

3. The process of claim 1, wherein the carbon nanotube

nanofibers have a minimum length-to-thickness ratio of at
least 100.
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4. The process of claim 1, wherein the carbon nanotube

nanofibers are produced by chemical vapor deposition of
carbon nanotubeforests.

5. The process of claim 1, wherein the carbon nanotube
nanofibers comprise, scrolled nanotubes, coiled nanofibers,
functionalized nanofibers, or crimped nanofibers.

6. The process of claim 1, wherein inter-fiber connectivity
is formed through inter-fibril mechanical coupling.

7. The process of claim 4, wherein the carbon nanotube

nanofibers are drawn into sheets or ribbons that comprise an
interconnected fibril network.

8. The process of claim 6, wherein the carbon nanotube
nanofibers are branched throughout the ribbon or sheet and

form a laterally-extended interconnected nanofiber network.
9. The process of claim 1, wherein the length ofthe carbon

nanotube nanofibers is more than 10,000 times their thick-

ness.
10. The process of claim 4, wherein the forests have a

height of from 50 to 300 microns.
11. The process of claim 1, wherein drawing occurs at

greater than 5 m/minute.
12. The process of claim 4 further comprising bundling of

nanotubes within the forest.

13. The process of claim 1, wherein the carbon nanotube
nanofibers have different dimensions.

14. The process of claim 7, further comprising infiltrating
the sheet or ribbon with a liquid and subsequently evapo-

rating the liquid from the ribbon or sheet, wherein the

infiltration and evaporation at least partially densifies the
ribbon or sheet and forms a densified ribbon or sheet.

15. The process of claim 14, wherein saidinfiltration with
the liquid comprises a method selected from the group

consisting of vapor condensation, imbibing a liquid, expo-
sure to an aerosol of a liquid, and combinations thereof.

16. The process of claim 1, further comprising modifying

the properties of the primary assembly through oxidation,
reduction or substitution with functional groups.

17. The process of claim 16, wherein the modifying
promotes at least one of (a) covalently binding molecular,

polymeric, or ionic species to the nanotubes, (b) forming
non-covalent binding via van der Waals or charge-transfer

binding, (c) covalently or non-covalently binding species

capable of hydrogen bonding, and (d) physically over coat-
ing with a polymer, a metal, a metal alloy or a ceramic.

18. The process of claim 1, wherein inter-fiber connec-
tivity provides at least one of (a) high strength, (b) high

toughness, and (c) dense packing of the sheet or ribbon.
19. The process of claim 18, wherein the inter-fiber

connectivity is a function of van der Waals interactions

between carbon nanotube nanofibers.
20. The process of claim 1, wherein

(a) the substrate is a spindle, and
(b) the step of depositing comprises wrapping said sheet

or ribbon on the spindle.

* * * * *


