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Spinning Solid and Hollow Polymer-
Free Carbon Nanotube Fibers**

By Mikhail E. Kozlov,* Ryan C. Capps,
William M. Sampson, Von Howard Ebron,
John P. Ferraris, and Ray H. Baughman*

A flocculation-based process has been developed for spin-
ning polymer-free carbon nanotube fibers from aqueous
dispersions. This spinning process works for single-walled
nanotubes (SWNTs), double-walled nanotubes, one-to-three
mixtures by weight of single- and multiwalled nanotubes, and
one-to-one mixtures by weight of single-walled nanotubes
and imogolite (a naturally occurring silicate nanofiber). It pro-
duces hollow fibers, folded ribbon fibers, and solid fibers,
meaning those without aggregated space. After annealing,
the fibers spun from the SWNTs exhibited relatively high elec-
trical conductivities (~140 Scm™ at room temperature) and
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high values of mass-normalized electrochemical capacitance
(~100 Fg™). Polarized Raman measurements indicate partial
nanotube alignment in the spun fibers. Fiber supercapacitors
were fabricated using these spun fibers.

Individual SWNTs have remarkable properties, including
high strength, modulus, and electrical and thermal conductiv-
ities.!l In order to utilize these properties for most applica-
tions, the individual nanotubes must be assembled into macro-
scopic structures like fibers, ribbons, and films. Spinning
SWNT/poly(vinyl alcohol) (PVA) composite fibers was initial-
ly reported by Vigolo et al.”l and further advanced by Dalton
et al.l’l This process involves injection of surfactant-dispersed
SWNTs into a flowing solution of aqueous PVA to produce
gel fibers, which are optionally washed and then dried.

When PVA is largely retained, the obtainable SWNT/poly-
mer composite fibers are quite strong, with toughness values
over an order of magnitude higher than those previously re-
ported for graphite fibers and synthetic organic fibers.’! How-
ever, reflecting the high loading of PVA (over 40 wt.-%),
which is a non-conductive polymer, the electrical and thermal
conductivities of these nanotube/polymer composite fibers
are much lower than can be obtained for SWNT sheets (bucky
paper).[4] The presence of this polymer is problematic for ap-
plications such as fiber-based artificial muscles and supercapa-
citors, which require high electrochemical accessibility to the
nanotubes and high electrical conductivity of the fibers.

In a process developed at Rice University,®] SWNTs are first
dispersed in 102 % sulfuric acid and then wet-spun into either
diethyl ether, 5 % sulfuric acid, or water. Very high nanotube
concentrations in the spinning solutions are possible for this
superacid spinning and the achieved nanotube orientation and
electrical and thermal conductivities are very high. However,
some protonation of the material occurs because of prolonged
contact with the sulfuric acid and, like for superacid processes
used in industry, special protection equipment is needed.

The presently described wet-spinning process provides
polymer-free nanotube fibers without the need for superacids.
The fibers are spun from solutions comprising nanotubes, sur-
factant, and water. Various types of nanotubes have been
spun by this method, including HiPco SWNTs obtained from
a carbon-monoxide process (Carbon Nanotechnologies Inc.),
SWNTs prepared by laser ablation (Carbon Nanotechnolo-
gies Inc.), double-walled nanotubes (Nanocyl Inc.), mixtures
of HiPco SWNTs and multiwalled nanotubes (Sunnano Inc.),
and mixtures of SWNTs and naturally occurring silicate nano-
fibers (imogolite). However, the focus of this paper is on fi-
bers spun from HiPco SWNTs.

Like the polymer-based coagulant spinning method and un-
like the superacid spinning, the polymer-free spinning process
utilizes dilute, low-viscosity dispersions of carbon nanotubes
(about 0.6 wt.-% or lower SWNT content). However, unlike
either of these previous methods, neither the spinning solu-
tion nor the coagulation fluid is very viscous. The polymer-
free method works because the stream of spinning solution is
stable against breakup up to the point of coagulation and the
flocculated fiber does not fragment in the flow field. In addi-
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tion, hollow fibers can be spun using the
present polymer-free flocculation meth-
od.

The strategy for the present polymer-
free spinning is to use either acidic or
basic flocculation solutions to disrupt
the surfactant-stabilized nanotube dis-
persions. This disruption, to produce the
gel fiber, must occur rapidly and uni-
formly, otherwise the injected stream of
spinning solution  breaks into
unconnected segments of aggregated
nanotubes. While it is well-known that
changing the pH of a solution of dis-
persed nanoparticles can result in parti-
cle aggregation,[6] which is called either
flocculation or coagulation, it is quite unusual that such aggre-
gation can produce continuous fibers.

We narrowed down a selection of acids and bases for the
flocculation-based spinning process by observing flocculation
as a function of adding various acids (hydrochloric, sulfuric,
nitric, and phosphoric) or bases (NaOH and KOH) to surfac-
tant-stabilized dispersions of carbon nanotubes in water. All
of these acids and bases caused essentially instantaneous floc-
culation when the pH changed from almost neutral for the
nanotube dispersion to strongly alkaline (pH >13) or acidic
(pH < 1). While any of the mentioned acids and bases could
be used for nanotube spinning, we describe results obtained
using 37 % HCI as the flocculation agent. The spinning solu-
tion used was essentially the same lithium-dodecyl-sulfate-sta-
bilized (LDS-stabilized) aqueous dispersion employed for
spinning supertough SWNT/PVA composite fibers.”!

For the spinning experiments described here, 0.6 wt.-%
HiPco SWNTs were dispersed using a horn sonicator in an
aqueous solution of 1.2 wt.-% LDS surfactant. A narrow jet
of this spinning solution was injected into the flocculation
bath containing 37 % hydrochloric acid, which rotated at
33 rpm. The configuration of the rotating bath and spinneret
needle was similar to that described for PVA-based coagula-
tion spinning.””! Flocculation of nanotubes in the spinning so-
lution to form a gel fiber occurred very close to the point of
contact of the spinning solution and the acid in the bath. This
gel fiber (containing 90 wt.-% volatilizable liquid based on
gravimetric measurements) was washed in methanol to re-
move the hydrochloric acid. The fiber, which had a very low
elasticity both before and after the washing step, was then
pulled from the wash bath, stretched over a frame, and dried
under tension. In some experiments, this dried fiber was an-
nealed at 1000 °C in argon for an hour in order to remove pos-
sible residual impurities.

Scanning electron microscopy (SEM) images of the dried
fibers are shown in Figure 1. The spun fibers typically had di-
ameters of 10-50 um. The structure of their lateral surfaces
suggests a degree of nanotube alignment (Fig. 1, left panel)
and fiber-fracture surfaces show a well-resolved network of
SWNT bundles (Fig. 1, right panel).

Adv. Mater. 2005, 17, No. 5, March 8

http://www.advmat.de

S ama

Figure 1. SEM images of fibers taken at low (left) and high (right) magnification. A degree of nano-
tube alignment is suggested by the sidewall structure (left image) and a low-density SWNT network
(right image) is apparent.

The Raman spectra (632.8 nm excitation wavelength) of
the fibers spun using the various flocculating agents closely re-
sembled the Raman spectrum of the pristine nanotubes. How-
ever, the intensity of the Raman lines changed when polarized
light was used. This was due to the well-known fact that the
Raman intensity in VV configuration (excitation and detec-
tion in the same polarization plane) for the tangential mode
(G-line) decreases continuously as the angle between the
nanotube axis and the direction of polarization increases.!”
The ratio of the Raman intensity for light parallel and perpen-
dicular to the fiber axis was ~ 5, indicating that the nanotubes
were partially oriented parallel to the fiber axis, in agreement
with our SEM observations.

Novel hollow fibers (Figs. 2A,B), which are quite unlike
the solid fibers reported to date for PVA-based and superac-
id-based nanotube spinning, could be obtained by using an
injection rate of about 0.70 mLmin™ and an inner spinneret
diameter of 500 um. Under similar spinning conditions, fibers
with the appearance of a partially collapsed ribbon fiber
could also result (Fig. 2C). Solid fibers with a diameter of
about 15 um or less could be obtained by using a lower injec-
tion rate (~0.25 mLmin™"), and these narrow fibers appeared
to result from the complete collapse of the gel ribbon fiber.
Like in PVA-based spinning, the cylindrical stream of spin-
ning solution collapsed into this gel ribbon. However, unlike
the case of PVA-based spinning, this gel ribbon was stable
against collapse into a solid fiber (unless the lateral dimen-
sions of the gel fiber were small). So in all, the gel ribbon
could scroll to form hollow fibers (Figs. 2A,B), could fold to
form the cross-section shown in Figure 2C, or could fully col-
lapse to form the “solid” cross-section of Figure 2D. These
hollow (cylinder-like and continuous along the circumfer-
ence) and folded-ribbon structures are interesting for possi-
ble applications in which it is desirable to decrease diffusion
distances between species in a surrounding liquid and the
mass of the nanotube fiber, such as in nanotube electrochem-
ical devices (fiber supercapacitors, batteries, and artificial
muscles) and in nanotube-fiber-based filtration and absorp-
tion (including absorption-based sensors). However, such
non-compact geometries are undesirable when the goal is to
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Figure 2. Cross-sections of different as-spun fibers: hollow (A, B), folded ribbon (C), and solid (D).

optimize absolute mechanical properties, rather than me-
chanical properties normalized to fiber density.
Thermogravimetric analysis (TGA) data in Figure 3 shows
that the spun HiPco nanotubes were more stable with respect
to combustion in oxygen gas than the pristine nanotubes from
which they were spun. The substantial residual-weight frac-
tion after combustion for both samples is due to the iron cata-
lyst in the HiPco nanotubes,®! which apparently did not inter-
fere with the spinning process since the corresponding volume
fraction of iron or iron oxide was low (a few volume percent).
The initial weight increase during combustion (due to oxida-
tion of the iron catalyst) and the residual weight after combus-
tion were both smaller for the nanotube fiber than for the as-
synthesized HiPco nanotubes, indicating that the content of
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Figure 3. Fraction of retained weight versus temperature during the
heating of pristine HiPco nanotubes (@) and HiPco fibers (M) in flowing
oxygen at 5°Cmin™". The derivatives, dW/dT, of these weight-loss curves
for the pristine nanotubes (O) and the spun fibers ([J) are also shown.
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iron catalyst decreased during spinning.
This fact is consistent with the data for
HiPco treated with HCI, an acid widely
used in the nanotube-purification pro-
cess.’! The increased stability of the
spun fibers with respect to combustion
is likely to be a result of this decrease in
iron content (which catalyzes combus-
tion) and the higher packing density of
nanotubes in the fiber than in the as-
synthesized nanotubes.

The mechanical properties were de-
termined directly, on a density-normal-
ized basis, from force measurements,
the fiber length, and the fiber weight
per fiber length. This approach was used
to eliminate uncertainties in the fiber
cross-section that could be quite large,
especially when the cross-section was ir-
regular. Such density-normalized me-
chanical properties are especially rele-
vant when the weight of the structural
element is important, such as in aero-
space applications. This approach provides a lower bound on
the tensile strength at the location of fiber failure. These mea-
surements resulted in a density-normalized specific stress of
65 MPag™ cm™, Young’s modulus of 12 GPag™'cm™, and a
strain-to-failure of about 1 %. These mechanical properties
reflect the low degree of mechanical coupling achieved be-
tween individual nanotube bundles. To improve this coupling,
we infiltrated PVA in the as-spun gel fibers (before washing
in methanol) by soaking these fibers in a 5 % aqueous solu-
tion of this polymer, and drying. The mechanical properties
dramatically increased to a maximum-achieved true tensile
strength of 770 MPag”'ecm™, a Youngs modulus of
8.9 GPa g'l cm™, a strain-to-failure of 30 %, and a fiber tough-
ness of 137 J g™'. While these values of strength and toughness
are lower than the record values achieved for nanotube fibers
spun using the PVA-coagulant process,[B] the toughness ex-
ceeds that of commercial fibers used for antiballistic protec-
tion and is close to the maximum toughness observed for spi-
der silk.

Electrical-conductivity values were measured at room tem-
perature using the four-probe method. The electrical conduc-
tivity, derived using the external cross-sectional area of the fi-
ber measured by optical microscopy, increased from 15 Scm™
for the as-spun fiber to 140 Scm™ for the annealed fibers.
While infiltration with PVA post-spinning dramatically im-
proved the mechanical properties, this additional processing
dramatically decreased the electrical conductivity to a value
far below that of the as-spun fibers.

The specific capacitance of the polymer-free fibers was
measured using a three-electrode cell with carbon felt as
the counter electrode, Ag/Ag* as the reference electrode,
and the ionic liquid, ethylmethylimidazolium trifluoromethyl-
sulfonyl imide, as the electrolyte. The measured fiber capaci-
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tances for the as-spun and annealed fibers were 48 and
100 Fg™', respectively, which are substantially higher than the
10 to 30 Fg™' that we typically obtain for nanotube sheets.
These fibers were used to fabricate fiber supercapacitors by
coating the fibers separately with a polymer ionic liquid—-solid
electrolyte system (methyl methacrylate polymerized in the
presence of the ionic liquid electrolyte, ethylmethylimidazo-
lium trifluoromethylsulfonyl imide), combining the coated
fibers, and recoating with the same electrolyte. The fiber
supercapacitors gave a specific capacitance of 7 Fg™ (based
on total device weight) when cycled in the +1.5 V potential
window at 5 mVs™'. Charge—discharge studies are currently
being performed to further characterize device performance
and will be reported separately.

The polymer-free fibers prepared using the present process
provide substantially increased electrical conductivity com-
pared with nanotube-composite fibers with high polymer
loadings obtained using polymer-based coagulation spinning
(0.2 Secm™ or lower for SWNT/PVA fibers comprising 60 %
SWNTs). In addition, they provide the very high capacitance
needed for application as supercapacitors and artificial mus-
cles. The results presented show that post-spinning addition of
polymer can dramatically increase the mechanical properties
by indirectly mechanically coupling nanotubes, but the electri-
cal conductivity is dramatically decreased. The achieved hol-
low-fiber structures are unprecedented for directly spun poly-
mer-free fibers, and suggest applications such as materials
separation, materials absorption, and sensing.

Experimental

The SWNT/PVA composite fibers utilized a 5 % solution of PVA
(J. T. Baker Chemicals, My: 77 000-79 000, 99.0-99.8 % hydrolyzed).
The gel fibers were immersed in this polymer solution immediately
after spinning and soaked for 24 h prior to drying in ambient condi-
tions.

SEM images were acquired using a LEO 1530 field-emission scan-
ning electron microscope. Raman spectroscopy measurements were
performed using a Jobin Yvon LabRam HR800 Raman Microscope
equipped with a He:Ne laser (1=632.8 nm). Mechanical properties
were characterized using an Instron 5848 Micro Tester. Electrical con-
ductivity measurements were carried out using the conventional four-
probe method at room temperature. Thermogravimetric data for
the material were collected using a Perkin Elmer Thermogravimetric
Analyzer Pyrisl TGA. The measurements were carried out from
room temperature to 1000 °C at a heating rate of 5°C min~ in flowing
oxygen.

Cyclic voltammetry experiments were performed using a Princeton
Applied Research EG&G 273 A Potentiostat/Galvanostat.
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Controlled Assembly of Protein-
Nanoparticle Composites through
Protein Surface Recognition™*

By Sudhanshu Srivastava, Ayush Verma,
Benjamin L. Frankamp, and Vincent M. Rotello*

Protein-mediated assembly of nanoparticles is a potent tool
for the creation of new materials.l'?! These materials combine
tunable nanoparticle features (size, surface functionality, and
core properties)m with the unique physical and chemical
properties of proteinsm and peptides.[S] Recently, the use of
nanoparticles has enabled fabrication of protein—nanoparticle
conjugates using tailored protein units as linkers.!*®! To date,
however, this approach has been limited to the synthetic mod-
ification of the nanoparticle to directly interact with anti-
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