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(57) ABSTRACT

Discernable pastes comprising single-walled carbon nano-
tubes (SWNT) in water or in an organic solvent are prepared.
The method of preparing the Discernable pastes comprises in
general the following steps: a) removal of the catalyst used
during the synthesis of SWNT; b) while the SWNT are still
wet, addition of the appropriate amount of solvent, in a sol-
vent/SWNT ratio which preferably varies between 30:1 and
100:1, depending on the desired viscosity of the paste; and ¢)
high-energy horn sonication with a dismembrator probe.

The resulting pastes are suitable for easy redispersion in
solvents and surfactants and incorporation in various matrices
such as polymers. They are also suitable to be impregnated
with metal precursors such as noble metal compounds for
example, Pt. Appropriate drying and thermal treatments of
the impregnated material produce metal-SWNT composites
in which small metal clusters can be uniformly dispersed over
the nanotube surface. These metal-SWNT composites may
find applications as catalysts as well as electrodes for fuel
cells, batteries, and capacitors.
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CARBON NANOTUBE PASTES AND
METHODS OF USE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a divisional of U.S. Ser. No.
10/989,124, filed Nov. 15, 2007, now U.S. Pat. No. 7,279,
247, which claims the benefit under 35 U.S.C. 119(e) of U.S.
Provisional Application Ser. No. 60/535,273, filed Jan. 9,
2004 and U.S. Provisional Application Ser. No. 60/570,213,
filed May 12, 2004, the contents of each of which are hereby
expressly incorporated by reference herein in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] Not applicable.
BACKGROUND OF THE INVENTION
[0003] Since the discovery of single-walled carbon nano-

tubes (SWNTs), research on applications of these unique
materials has increased at a rapid rate. The large variety of
SWNT-based materials parallels the large number of poten-
tial commercial applications, which include polymeric com-
posites, field emission displays, electrical capacitors, and
thermal management materials. Accordingly, a number of
different techniques have been proposed to manufacture
SWNT-based materials. The current demand of these mate-
rials is mostly related to research activities. Several factors
are responsible for the observed delay in transferring these
activities from the labs into the commercial applications.
First, the high cost of SWNTs at this stage of production has
limited the amounts that can be made available for large-scale
development. Second, the difficulties in handling and dispers-
ing these materials that are inherent to SWNTs make their
incorporation in useful matrices a challenge. The incompat-
ibility of SWNTs with most typical solvents limits their effec-
tive handling and widespread use, since, when placed in water
or most organic solvents, nanotubes generally quickly fall out
of suspension even after strong sonication. Third, due to the
extraordinary properties of carbon nanotubes, many new
applications are appearing everyday and each application
may require a different handling and dispersion procedure.
Interestingly, while only a very small amount of nanotubes
may be sufficient to achieve greatly improved properties in
some applications, in other applications the concentration
SWNTs used may need to be much higher.

[0004] Even though individual SWNTs have well-defined
ideal structures, they bundle-up in ropes of different sizes,
depending on the particular methods of synthesis and han-
dling chosen by the manufacturers. The few commercial
sources of SWNTs have made their product available in a
variety of forms. For example, SWNTs produced by arc dis-
charge and laser ablation have been commercialized as a soot
of varying particle sizes containing different concentrations
of residual catalyst. In other cases, SWNTs have been com-
mercialized as a suspension in liquid media. The first attempts
of'solubilizing nanotubes made use of the possibility of short-
ening the SWNT by acid attack in concentrated sulfuric-nitric
mixtures. These aggressive treatments were shown, however,
to introduce a significant number of defects in the SWNTs
along with amorphous carbon that is generally undesirable.
Other products introduced external elements to facilitate the
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dispersion. They have included chemical modification of the
nanotubes and the use of wetting agents such as surfactants.

[0005] The most extended functionalization method is the
one developed by Haddon et al., in which the nanotubes are
dissolved in chloroform, benzene, toluene or other organic
solvents after oxidation and subsequent derivatization with
thionylchloride and octadecylamine. Alternative approaches
make use of the partial oxidation of SWNTs, followed by
sidewall reactions with fluorine, alkanes, diazonium salts, or
by ionic functionalization. The main disadvantage of these
methods is the inevitable distortion of the original structure
and chemistry of the nanotubes.

[0006] Other groups have opted for the attachment of
soluble polymers to SWNTs by various methods. For
example, O’Connell et al., developed a non-covalent associa-
tion of SWNTs with linear polymers such as polyvinyl pyr-
rolidone and polystyrene sulfonate. The intimate interaction
that results between the polymers and the SWNTs result in an
increased suspendability of the nanotubes in water. A similar
method has been developed at Zyvex, although in this case, as
proposed by these inventors, the functionalization does not
involve the nanotube wrapping by the polymer, but rather a
noncovalent bond between a conjugated polymer and the
nanotube. It is proposed that the interaction between the
polymer backbone and the nanotubes is due to n-n bonding.
Although this particular solubilization seems to be effective
for the enhancement of the nanotubes solubility, times of at
least 30 minutes are required for the re-dispersion of these
materials and a limited number of “selected” organic solvents
can be used.

[0007] Surfactants have also been extensively used to
obtain concentrated nanotube suspensions. Intensive work at
various universities has demonstrated the effectiveness of
different surfactants in dispersing single-walled nanotube
materials. There are a number of publications reporting the
use of sodium dodecylsulfate, sodium dodecylbenzene-
sulfonate and TRITON X among others. However, due to the
strong Van der Waals interactions between the nanotube sur-
face and the hydrophobic tails of the surfactant molecules, the
removal of the surfactant from the nanotubes becomes very
problematic. Moreover, the maximum concentrations of
SWNTs achieved in these suspensions are exceedingly low.

[0008] Smalley et al., have proposed to use alewives as a
redispersable SWNT product. This product is produced by
treatment in liquid superacids such as oleum (a highly con-
centrated sulfuric acid) and other corrosive liquids. The main
disadvantage of this method is the need to handle hazardous
liquids. In addition, this type of aggregate cannot be formed in
anhydrous media, whereas the product of the present inven-
tion can be made in either aqueous or non-aqueous media as
described in more detail below.

[0009] It is clearly apparent that a method to produce
readily soluble SWNTs would be greatly advantageous for
the development of applications of SWNT-based materials. It
is to this end that the present invention is directed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1. TEM images of the P/SWNT samples, Pt
loading=10 wt %. Sample (A) prepared from Pt tetra-amine
precursor and sample (B) prepared from Pt hexa-chloro pre-
Cursor.

[0011] FIG. 2. TEM micrographs of P/SWNT specimens
prepared from hexa-chloroplatinate. Pt loading=30 wt %.
(The large particles in the image correspond to catalyst resi-
due form the SWNT production).
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[0012] FIG. 3. TEM micrographs of Pt/SWNT specimens
prepared from hexa-chloroplatinate at pH=8. Pt loading=10
wt %.

[0013] FIG.4.Viscosity vs. Shear rate ofa 2% SWNT paste
in aqueous media at 250C. Measured on a 25 mm cone and
plate (cone angle=1°).

[0014] FIG. 5. Shear Stress vs. Shear rate of a 2% SWNT
paste in aqueous media at 25° C.; stress ramp=0-600 Pa; total
time=60 seconds (at 1 second intervals).

[0015] FIG. 6. Viscosity vs. Shear rate of various SWNT
pastes in aqueous media at 25° C., measured on a 25 mm cone
and plate (cone angle=1°).

[0016] FIG. 7. Shear vs. Shear rate of a 2.7% SWNT paste
in aqueous medium at 25° C.; steady state mode, stress con-
trolled.

[0017] FIG. 8 is a graph showing the relationship of soni-
cation time vs. absorbance for wet SWNT paste and non-
paste freeze dried SWNTs.

DETAILED DESCRIPTION OF THE INVENTION

[0018] The present invention provides methods and com-
positions which overcome disadvantages of previous meth-
ods of treating SWNTs and providing SWNTs in a form more
usable for commercial applications. In particular, the present
invention contemplates a dispersable SWNT paste which can
have SWNT concentrations of up to and in excess of 3 wt %.
This SWNT paste can be stored for long periods of time and
thenre-dispersed and incorporated into other systems, such as
polymers, organic solutions, aqueous solutions, and elec-
trodes. This SWNT paste (also referred to herein as a SWNT
dispersion or carbon nanotube dispersion) comprises a homo-
geneous suspension of single-walled carbon nanotubes in
water, or other solvents, and which remains stable (without
precipitation or phase separation) without the aid of chemical
modification of the nanotubes, nor the addition of additives or
external chemical agents.
[0019] Inoneembodiment, the invention comprises a novel
dispersable SWNT paste comprising highly-concentrated
single-walled carbon nanotubes in water. The SWNT paste is
prepared by introducing single-walled carbon nanotubes into
water and sonicating the mixture with a horn dismembrator at
a high energy and frequency. The SWNT paste is formed by
incorporating water into the purified single-walled carbon
nanotubes until supersaturation occurs with the aid of ener-
getic sonication. For a given set of preparation conditions, the
concentration and viscosity of the SWNT paste is dependent
on the initial amount of SWNTs, the volume of water initially
added, and the sonication time and energy. Thinner pastes
(lower viscosities) are formed using lower sonication times
and higher initial amounts of water added. The SWNT paste
that results enables the incorporation of carbon nanotubes
into other systems, such as polymer solutions, surfactant
solutions or organic solvents because of the enhanced dis-
persability of the nanotube paste.
[0020] Because the SWNT paste has a high viscosity, it is
easy to handle and process. The invention also enables the
formation of SWNT paste in other organic solvents, such as
xylenes, chlorobenzene, acetone, n-methyl pyrrolidone
(NMP), di-chlorobenzene, and alcohols such as iso-propanol.
[0021] The novel SWNT paste of the present invention
exhibits a number of important advantages over other forms
of SWNTs. For example:
[0022] 1. The SWNT paste is stable over time on the
shelf. Even after several weeks left unstirred, no phase
separation was observed.
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[0023] 2. The SWNT paste has a homogeneous compo-
sition.
[0024] 3. Redispersion of the SWNT paste in surfactants

or organic solvents requires less energy consumption
and time. Because water molecules surround the
bundles, this material can be easily incorporated into wet
systems.

[0025] 4. Theincreased surface area of the SWNTsinthe
SWNT paste compared to that of dried nanotubes makes
it more suitable for applications in which the exposed
surface area is crucial.

[0026] 5. Use of toxic organic solvents such as toluene,
THF or DMF can be avoided when incorporating nano-
tubes into a water-soluble system.

[0027] 6. Handling small quantities of SWNTs (milli-
grams or below) becomes less problematic.

[0028] 7.The SWNT paste can be applied as a coating on
flat surfaces in the form of a thick ink (paint-like).

[0029] 8. Spills during transportation and handling can
be avoided due to the high viscosity of the SWNT paste.

[0030] Inasecond embodimentofthe invention, the SWNT
paste can be used as a precursor for the production of metal/
SWNT composites. For example, the properties of SWNTs
show great potential for improvement of fuel cell electrodes’
performances. Nanotubes can stabilize high Pt dispersions
(or other metals), increase electronic conductivity in the elec-
trodes, improve gas transport in the electrodes’ reactive lay-
ers, and decrease peroxides attack of the ionomer.

[0031] Although several techniques have been employed
previously to deposit Pt particles on carbon nanotubes, none
of the existing methods is as simple and effective as the
method described herein. A previously used method is the
application of prior oxidation of the nanotubes making use of
nitric acid or similar oxidants. For example, the method
developed by Lordi et al., relies on the surface oxidation of
single-walled carbon nanotubes prior to the deposition of the
Pt particles refluxing a Pt salt in dilute ethylene glycol. Simi-
larly, the work described by Li et al., uses the aid of chemical
modification of the multi-walled carbon nanotubes by means
of HNO,/H,SO, attack, before the ion exchange of the Pt
ions. However, it is well known that the acid attack causes the
destruction of nanotubes beginning from the tips and gener-
ating amorphous carbon. In addition to that, the technique
employed by Li et al., teaches away from the present inven-
tion. In the method described in Li et al., the range of pH used
is such that the surface charge is of the same sign as that of the
charge of the metal precursor ions. Although unrelated to the
preparation of fuel cell catalysts, an interesting method devel-
oped Govindaraj et al., makes use of vacuum vapor deposition
of Pt salts for the intercalation of Pt nanowires in the capil-
laries of SWNTs. The complexity of this method relies on the
high vacuum atmosphere along with the very high tempera-
tures necessary for the decomposition of the Pt salts.

[0032] Thus, the present invention represents a significant
advantage with respect to other Pt-SWNT depositions pro-
posed previously. The most important advantage is that no
chemical modification (e.g. functionalization) of the nano-
tubes is required, thus, unnecessary destruction of the nano-
tubes is avoided. At the same time, the time and effort con-
sumed by the long nanotube pretreatment steps are
minimized.

EXAMPLES

[0033] Each of the embodiments summarized above is
described below in greater detail and with the help of
examples. The invention is however not to be limited to the
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examples provided herein. The following examples provide
details of the preparation of the paste and illustrate the type of
applications in which this material exhibits clear advantages
over other forms of SWNT materials. The SWNT material
used in the examples provided herein were obtained by a
catalytic method (CoMoCAT™ synthesis), which we have
developed and results in high selectivities for SWNT forma-
tion which employs a Co—Mo catalyst (shown for example
in U.S. Pat. No. 6,333,016 and U.S. Pat. No. 6,413,487, each
of'which is hereby expressly incorporated by reference herein
in its entirety). The carbon product obtained in this method
depends on the Co:Mo ratio and on the catalyst treatments
that precede nanotube growth. Adjustment of these param-
eters allows for fine control over the form of the active catalyst
clusters, and therefore of the nanotube structures. The nano-
tubes used in the present examples have an average diameter
of 0.8 nm. The present invention is not limited to the use of
nanotubes formed by this method however or to nanotubes
having this average diameter.

[0034] The CoMoCAT™ synthesis was conducted in a flu-
idized bed reactor over a silica-supported bimetallic CoMo
catalyst, prepared from cobalt nitrate and ammonium hepta-
molybdate precursors. The total metallic loading in the cata-
lyst was 2 wt. %, with a Co:Mo molar ratio of 1:3. Before
exposure to the CO feedstock, the catalyst was heated to 500°
C. in a flow of gaseous H,, and further heated to 850° C. in
flowing He. Then the CO disproportionation was carried out
under a flow of pure CO at 5 atm total pressure. The SWNTs
grown by this method remained mixed with the spent catalyst,
containing the silica support and the Co and Mo species. The
silica and metals were eliminated by two different purifica-
tion methods.

[0035] In order to determine the influence of the different
purification treatments on the surface chemistry of SWNTs,
two different methods, one basic and one acidic, were used
and compared in the silica-removal process. Prior to the
removal of the silica, the raw material was placed in an oven
at 250° C. for 10 hours to oxidize the Co and Mo species
remaining in the product, followed by bath-sonication in
hydrochloric acid (38% pure) to remove the metal oxides. The
solid material was then thoroughly rinsed in nanopure water
until the pH returned to neutral, as tested with a pH-indicator
paper. Once the metals had been removed, the silica support
was removed by dissolution, either using an acidic or a basic
treatment. In the first case, the composite was ground and
added to hydrofluoric acid (~33% pure) in an ultrasonication
bath (Cole Parmer, 168 W, 50-60 KHz) for 3 hours. The
hydrofiuoric acid was removed by repeatedly washing with
nanopure water until the pH returned to neutral. Similarly, in
the basic method, a second batch of composite was put in
contact with 10 M sodium hydroxide for 3 hours. Again,
several rinses were applied until a neutral pH was reached.

Example 1

Method of Preparation of the Dispersable SWNT
Paste in Aqueous Media

[0036] The SWNTs purified according to the method
described above were recovered in a glass container while
still wet and additional deionized water was added. Very
high-energy horn-sonication (using a Fisher 550 Sonic Dis-
membrator) was then applied to the solution for a determined
period of time. In this example, the sonication time was of 1
min., but similar results were obtained in a time range of from
10 seconds to 5 minutes. The optimum sonication time
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depends on the total amount of material being processed, and
can be determined by observation of the viscosity of the
slurry. The horn-sonicator is preferably at least 20 KHz of
frequency and operates in a range of 60 W to 600 W of
maximum energy. The combination of energetic sonication
and warming up of the solution gives the suspension the
consistency of ablack paste (which might also be described as
acream or a slurry). The present method differs from previous
sonication methods in at least one important way in that the
SWNTs which are sonicated have a wet condition prior to
initiation of the sonication process.

Example 2

Method of Preparation of the Dispersable SWNT
Paste in Organic Media

[0037] The SWNTs purified according to the method
described above were recovered in a glass container while
still wet and washed by filtration with an organic solvent until
the residual water was completely removed. The resulting
SWNT-solvent paste was transferred to a glass container
where additional organic solvent was added, providing a
SWNT/solvent ratio within a 100:1-30:1 range. Energetic
horn-sonication was applied following the procedure
described above until a thick paste was formed. In this
example, the nanotubes bundles are surrounded by organic
solvent molecules instead of water, making this paste ready to
re-disperse in any organic medium.

Example 3
Method of Preparation of a Pt/SWNT Catalyst

[0038] The PZC (point of zero charge) of the nanotubes
varies with the purification method. The changes in PZC can
be explained taking into account that proton adsorption
occurs on the nanotube surface when the pH of the surround-
ing medium is below the PZC. By contrast, release of protons
from the surface occurs when the pH is higher than the PZC.
By contrast, release of protons from the surface occurs when
the pH is higher than the PZC. If the concentration of OH™ is
further increased, negative charges are generated on the sur-
face. Depending upon the electrical charge of metal precursor
ion of interest, the pH is adjusted to generate charges of
opposite sign on the nanotubes surface. Then, an aqueous
solution of metal precursor is added to the gel. Because of the
electrostatic attraction between the charged nanotubes and
the precursor ions, the metal rapidly adsorbs onto the nano-
tube surface. The mixture is then sonicated to open up
bundles, maximizing the surface area and allowing the metal
ions to diffuse and deposit on the nanotubes walls achieving
a better metal dispersion.

[0039] Theimpregnation of the support material with the Pt
precursor takes place using a wet SWNT paste, which is
different from typical carbon-supported Pt catalyst prepara-
tions in which the metal precursor is added onto a dry support.
The metal-impregnated paste is then preferably freeze-dried
to remove the water. The process of freeze-drying, also
known as lyophilization, consists of removing water from a
product in two steps, first by sublimation and then by desorp-
tion. As a result of the freeze-drying process the surface area
of'the SWNT paste is preserved. If the SWNT paste is left to
dry under ambient conditions instead, surface area is lost and
the dried material is difficult to re-disperse. The freeze-drying
process is performed in a lyophilization apparatus that con-



US 2008/0213161 Al

sists of a drying chamber with temperature controlled vials, a
condenser to trap the water removed from the product, a
cooling system, and a vacuum pump.

[0040] After the material is dried, the resulting Pt/SWNT
product is calcined to decompose the metal precursor and
then treated under hydrogen flow to reduce the Pt particles to
the metallic state. One advantage of using this impregnation
method (use of Pt precursors on nanotube paste) is the higher
surface area and higher dispersions obtained compared to any
other catalyst preparation method.

[0041] In this particular example, a certain amount of
SWNT paste, with a concentration of nanotubes of around
10-30 mg of SWNT/ml of water, was prepared so as to have
various batches containing at least 20 mg of SWNTs. The pH
of each batch was adjusted to either 3 or 8, depending upon
the Pt precursor, (H,PtC, (chloroplatinic acid) and Pt(NIL),
(NO,), (tetra-amonium platinic nitrate)). Once the pH had
been adjusted, a volume of Pt precursor aqueous solution was
added to the nanotube paste. The volume of added Pt solution
was calculated to provide Pt contents of 10 and 30 wt. %
respectively. The mixture was then sonicated with a horn
dismembrator at high frequency and energy. Following the
ion exchange process, the samples were freeze-dried first, and
calcined in air at 300° C. for 2 hours. The Pt oxide was finally
reduced in H, at 120° C. for one hour.

[0042] Depositions of as much as 30 wt. % Pt have been
achieved herein with relatively high dispersions, as shown
below. X-ray photoelectron spectroscopy analysis served to
quantify the surface concentration of Pt deposited on the
SWNTs a result of the particular impregnation method. The
percentage of Pt found on the SWNT surface was in good
agreement with the total amount of Pt incorporated to the
mixture, meaning that the entire amount of Pt had deposited
onto the nanotubes.

[0043] Results from X-ray Absorption Fine Structure
Analysis (EXAFS) are shown in Table 1. Low coordination
numbers (N) for the Pt—Pt bond were obtained for the
SWNT-paste electrode support. However, when the Pt was
deposited by the conventional incipient wetness method on
dried SWNTs, the N, , increased substantially. Thus, the
impregnation of the Pt was more effective towards higher
dispersions using the new method contemplated herein.

TABLE 1

Structural parameters (inter-atomic distance, R, coordination
number, N p, and Debye-Waller factor, o?) of the Pt particles
supported on SWNTs as determined by EXAFS analysis.

Pt incorporation

method/Support Pt load (wt %) R(A) Npept o2 (A%
ion exchange/ 10 2.77 5.85 0.0036
SWNT-paste (amine precursor)
30 2.79 7.78 0.0027
(amine precursor)
10 2.77 4.40 0.0039
(amine precursor)
Incipient wetness/ 10 2.80 8.01 0.0027
Dry powder (amine precursor)
[0044] FIGS. 1 and 2 show TEM micrographs of the

SWNTs after the deposition of the Pt particles. The final
material contains loadings of 10 wt. % and 30 wt. %, respec-
tively with high dispersions in both cases. In the case of FIG.
1, particles as small as 1-2 nm are observed. Also, particles of
the order of 5-10 nm in size have been dispersed over the
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pristine nanotubes. FIG. 2 shows that, even 30 wt. % of Pt
loading, the particle size remains small and the dispersion is
still very high.

[0045] To confirm that the present invention represents an
improved method that can control the dispersion of the Pt
particles by adjusting the pH of the medium appropriately, the
effect of inverting the pH, prior to the addition of the precur-
sor, was evaluated. By this comparison it was clearly demon-
strated that when the nanotube surface exhibits the same
electrical charge as the Pt salt precursors, a repulsion effect
takes place, which results in larger Pt particle sizes and poor
(low) dispersions. Low Pt dispersions are undesired for the
effective functioning of a fuel cell electrode, cause a low
utilization of Pt and increase the cost of the electrode.
[0046] As shown in FIG. 3, a significant increase in the
particle sizes occurred after the deposition of PtCls>~ was
carried at a basic pH, significantly above the PZC of the
nanotubes. In addition to that, areas in which no Pt particles
were present were also found.

Example 4
Preparation of Fuel Cell Electrodes

[0047] The preparation of fuel cell electrodes based on the
Pt/SWNT pastes can be accomplished by at least two alter-
native methods discussed herein. In the first method, the Pt is
impregnated on the SWNT paste following the method
described in Example 3, above. The resulting catalyst mate-
rial, which has the consistency of a thick ink, is freeze-dried
to preserve the high surface area. The resulting material is
calcined and reduced to obtain highly dispersed Pt particles
over the SWNT support. The resulting Pt/SWNT solid must
be resuspended before incorporating it onto the membrane
fuel cell (PEM type). The P/SWNT catalyst suspension can
be achieved by mixing the dry material the NMP(N-Methyl-
2-Pyrrolidone).

[0048] To achieve a high operating efficiency, good
mechanical and electrical contact between the catalyst mate-
rial and the membrane is needed. To transfer a thin catalyst
layer onto the membrane, the “decal” method can be
employed. The decal is a layer of catalyst on a substrate such
TEFLON. In this preparation method, a suspension contain-
ing the P/SWNT catalyst, an ionomer such as NAFION, and
TEFLON is uniformly coated on the TEFLON substrate and
left to dry slowly. After conditioning the membrane, the decal
is transferred onto it and hot pressed between metal plates.
The TEFLON backing layer is finally peeled off while the
catalyst layer remains fixed on the membrane. The concen-
tration of NAFION and TEFLON in the mix, the applied
pressure, and the preconditioning of the membrane are oper-
ating parameters that can be optimized for each specific cata-
lyst material using methods known by persons of ordinary
skill in the art. The three-phase boundary (so called TPB) is
the complex site where the electrode reaction occurs. The
nature of this site is determined by the catalyst structure. The
TPB length thus determines the electrocatalytic activity and
can be optimized by controlling the metal particle size, the
metal loading, and the amount of ionomer.

[0049] The ionomer is typically a solubilized form of the
electrolyte membrane with or without addition of a binder
such as TEFLON. By addition of ionomer over the catalyst
the charge transfer interface can be extended from the mem-
brane surface into the electrode structure. Alternatively, the
catalyst/ionomer mix will be directly incorporated over the
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membrane by the “paint” or “spray”” methods. The deposition
of the ionomer over the catalyst results from the suspension
mix. In this suspension, the ionomer may be forming aggre-
gates, whose size and morphology determine the thickness
and three dimensional structure of the ionomer over the cata-
lyst. This structure has an important impact on the transport of
protons as well as gaseous reactants to and from the metal
surface. Both the proton conduction as well as the diffusion of
reactants and products through the ionomer layers which
sometimes cover the metal particles can determine the overall
fuel cell performance.

[0050] In a second method, the Pt is impregnated on the
SWNT paste following the method described above, which
results in a P/SWNT suspension with the consistency of a
thick ink. As opposed to the first method, in this second
method, the thick ink is directly painted onto the TEFLON
substrate together with the NAFION ionomer and TEFLLON,
to conduct the same decal preparation method, as in the first
method, but without going through the drying and Pt reduc-
tion steps. Therefore, the decomposition of the Pt precursor
and the reduction steps have to be conducted on the decal
during and subsequent to the hot-pressing step. If the hot
pressing is conducted in air at a sufficient temperature (e.g.,
150° C.), the decomposition of the Pt precursor can be accom-
plished in that step. Subsequently, the sample needs to be
treated under hydrogen flow (e.g., about 135° C.) to effect the
Pt reduction.

[0051] In other embodiments, other metals such as Pd, Ru,
Ni, and Li, for example, may also be added to the SWNT
pastes via appropriate metal precursors to form other metal/
SWNT catalysts or compositions.

Example 5

Viscosity Measurements of Dispersable SWNT
Pastes in Aqueous Media

[0052] A series of SWNT pastes with concentrations of
carbon nanotubes that varied from 1.4% to 2.7% in water
were prepared following the method described in Example 1.
The SWNTs purified according to the method described
above were recovered in a glass container while still wet and
additional deionized water was added to obtain the desired
concentration of nanotubes. Very high-energy horn-sonica-
tion (using a Fisher 550 Sonic Dismembrator) was then
applied to the solution for a few minutes until the preferred
consistency of the paste was reached.

[0053] Rheology of a 2% SWNT Paste.

[0054] A few milliliters of a 2% SWNT paste were tested
using a Brookfield R/S CPS P1 Rheometer with cone and
plate (25 mm diameter, 1° cone angle) at 25° C. The test
results were generated using a stress ramp from 0 to 600 Pa.
Readings were taken over 60 seconds, at 1 second intervals. A
total of eight tests were performed for reproducibility. FIG. 4
shows the viscosity and the shear stress as a function of the
shear rate. It is interesting to note that a nanotube content of
only 2% (98%) water in the SWNT paste, introduces an
increase in the viscosity of water of 40,000 times in the low
shear rate region (~40,000 cp at 10 s7*). The shapes of the
curves show the classical non-Newtonian, shear thinning
behavior that is, the viscosity decreases when the shear rate
increases. In addition, based on observations at constant shear
rate, the SWNT paste appears slightly thixotropic, that is, the
viscosity is time dependent. A data plot of the shear stress vs.
the shear rate is presented in FIG. 5. The SWNT paste follows
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a Herschel-Bulkley (HB) model, a modification of the Bing-
ham model for plastic fluids. Bingham plastics are character-
ized by anon-zero shear stress when the shear rate is zero. The
Herschel-Bulkley model combines the effects of Bingham
and power-law behavior in a fluid, as shown in equation (1):

T=To+Ay? 6§)

[0055] Where T, is the HB yield stress, A is the HB plastic
viscosity and b is the HB yield exponent. When t<t, the
material remains rigid. Fort>t, the material flows as a power-
law fluid. A Bingham fluid exhibits a value of b=1. The fitting
parameters obtained for the model are presented in Table 2. In
this case, b=0.72 (b<1) which deviates from the typical Bing-
ham plastic and corresponds to a shear-thinning Herschel-
Bulkley model. This SWNT paste is rheologically similar to
avariety of medium viscosity foods (sauces, salad dressings)
and personal care product (lotions), which makes it suitable
material for a variety of applications, such as coatings and
paints.

[0056] Comparison of the Rheological Behaviors of 1.4%,
2% and 2.7% SWNT Pastes.

[0057] A few milliliters of each paste were tested making
use of the same rheometer described above at 25° C. The test
results were generated under steady state mode with stress
controlled. Depending on the amount of sample available,
several tests of the same sample were performed for repro-
ducibility. FIG. 6 compares the viscosities of three different
SWNT pastes under the effect of the shear rate. As expected,
the viscosity of the paste increases with the concentration of
nanotubes. It is important to note that significant viscosity
changes occur with very small variations in the nanotube
concentration, which indicates that this characterization tech-
nique is very sensitive to small changes. Take, for example,
the viscosity values of the three pastes at 5000 s~*. The values
of'm are 40 cp, 80 cp, and 150 cp for the 1.4%, 2% and 2.7%
pastes, respectively. Again, the viscosities of the pastes
decrease with the shear rate indicating a shear thinning behav-
ior.

[0058] Values of the shear stress vs. shear rates for various
SWNT pastes were also obtained. For example, the yield
stress (T,) of a 2.7% paste was found to be 576.27 Pa, with a
Herschel-Bulkley behavior evident from the shape of the
curve in FIG. 7. The regression parameters were A=0.173 and
b=0.674 (b<l). As the concentration of nanotubes was
reduced, the yield stress of the SWNT pastes decreased with
consistency. Thus, the T, values of these SWNT pastes in
aqueous media ranged from around 100 to 600 Pa.

TABLE 2

Analysis results according to the Herschel-Bulkley model
of a SWNT paste with 2% nanotubes in aqueous medium.

1o (Pa) A (Pa-s) b

184.74 0.4553 0.7244

* Regression parameters: B =0.9928, S =5.27

[0059] Inoneembodiment, the SWNT paste has a viscosity
01'0.001 Pa.sec to 1000 Pa.sec, wherein the shear rate range is
1000/sec to 10,000/sec, and the nanotube concentration
ranges from 0.1 wt % to 3 wt %. In another embodiment, the
SWNT paste has a viscosity of 0.1 Pa.sec to 10 Pa.sec,
wherein the shear rate range is 1000/sec to 4000/sec and the
nanotube concentration ranges from 1 wt % to 3 wt %.
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[0060] One of the most remarkable characteristics of the
SWNT paste (gel) of the present invention is the ease with
which it dissolves in water after a few minutes of sonication.
FIG. 8 compares the rate of redispersion of a non-paste
sample of nanotubes which has been freeze-dried with redis-
persion of the SWNT paste of the present invention as mea-
sured by the optical absorption at an 800 nm wavelength.
Absorption increases with the presence of nanotubes dis-
persed in the water. The difference in the rate of absorption
increase is remarkable. In 2 minutes of sonication of the
SWNT paste, the absorbance is already that obtained after 25
minutes of sonication of the freeze dried SWNT sample due
to greater nanotube dispersion of the SWNT paste. Shorten-
ing the sonication time to reach a given nanotube dispersion
notonly has economic advantages in terms of time and cost of
the operation, but it also minimizes the potential damage to
the nanotubes caused by the severe mechanical shaking dur-
ing the high-energy sonication.

[0061] In one embodiment the present invention contem-
plated herein comprises a method of producing a carbon
nanotube dispersion, comprising the steps of providing a
quantity of single-walled carbon nanotubes having a wet con-
dition, combining the single-walled carbon nanotubes with a
solvent to form a nanotube-solvent mixture, and sonicating
the nanotube-solvent mixture at a high frequency until the
sonicated mixture comprises a super saturated mixture of the
nanotubes and the solvent which comprises the carbon nano-
tube dispersion, wherein the carbon nanotube dispersion has
a thicker viscosity than the nanotube-solvent mixture before
sonication. The high frequency may be at least 20 KHz. The
solvent may be water or an organic solvent, for example. The
viscosity of the carbon nanotube dispersion may be from
0.001 Pa.sec to 1000 Pa.sec, or from 0.1 Pa.sec to 10 Pa.sec,
for example. The invention further comprises a carbon nano-
tube dispersion produced by any one of these methods and/or
a carbon nanotube product comprising a carbon nanotube
dispersion as described herein after the carbon nanotube dis-
persion has been freeze-dried.

[0062] The present invention further comprises a method of
producing a metal-carbon nanotube paste, comprising pro-
viding a quantity of a carbon nanotube dispersion comprising
single-walled carbon nanotubes dispersed in a solvent and
having a paste-like consistency, combining and mixing the
carbon nanotube dispersion with a metal precursor solution
forming a nanotube-metal precursor mixture, and sonicating
the nanotube-metal precursor mixture to enhance the diffu-
sion and adsorption of metal ions of the metal precursor onto
the carbon nanotubes forming the metal-carbon nanotube
paste. In the method the metal precursor may comprise, for
example, at least one of platinum, palladium, ruthenium,
nickel or lithium. The method may comprise the additional
step of freeze-drying the metal-carbon nanotube paste. The
method may comprise the step of calcining the freeze dried
metal-carbon nanotube paste. The method may comprise the
step of adjusting the pH of the nanotubes of the carbon nano-
tube dispersion to have a charge which is opposite to a charge
of a metal ion of the metal precursor solution. The method
may comprise the additional step of reducing the metal ion of
the metal precursor. The present invention may comprise a
metal carbon nanotube paste produced by any method shown
herein. The present invention may comprise a fuel cell elec-
trode comprising the metal-carbon nanotube paste produced
by any method shown herein. The fuel cell electrode may
comprise, for example, a metal precursor which is a precursor
of platinum, palladium, ruthenium, nickel, or lithium.

[0063] The present invention may comprise a method of
producing a Pt-carbon nanotube paste, comprising the steps
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of providing a quantity of an carbon nanotube dispersion
comprising single-walled carbon nanotubes dispersed in a
solvent and having a paste-like consistency, combining and
mixing the carbon nanotube dispersion with a Pt precursor
solution forming a nanotube-Pt precursor mixture, and soni-
cating the nanotube-Pt precursor mixture to enhance the dif-
fusion and adsorption of Pt ions of the Pt precursor onto the
carbon nanotubes forming the Pt-carbon nanotube paste. The
method may comprise the additional step of freeze-drying the
Pt-carbon nanotube paste. The method may comprise the step
of calcining the freeze dried Pt-carbon nanotube paste. The
method may comprise the step of adjusting the pH of the
nanotubes of the carbon nanotube dispersion to have a charge
which is opposite to a charge of the Pt ion of the Pt precursor
solution. The method may comprise the additional step of
reducing the Pt ion of carbon nanotube paste. The invention
may comprise a Pt carbon nanotube paste produced by any
method shown herein. The invention may comprise a fuel cell
electrode comprising the Pt-carbon nanotube paste produced
by any method shown herein.

[0064] The present invention further comprises a carbon
nanotube dispersion comprising single-walled carbon nano-
tubes dispersed in a solvent and having a paste-like consis-
tency, and wherein when the carbon nanotube dispersion is
combined with a surfactant solution and sonicated with a horn
sonicator at 500-750 W provides, after 5 minutes of sonica-
tion, a resuspension of the single-walled carbon nanotubes in
the surfactant solution of at least 50% of a maximum attain-
able resuspension of the single-walled carbon nanotubes in
the surfactant solution, wherein the resuspension is measured
by optical absorption at a wavelength of 800-900 nm.
[0065] The invention further comprises a method of pro-
viding a single-walled carbon nanotube resuspension com-
prising providing a carbon nanotube dispersion comprising
single-walled carbon nanotubes dispersed in a solvent and
having a paste-like consistency, combining the carbon nano-
tube dispersion with a surfactant solution to make a nanotube-
surfactant mixture, and sonicating the nanotube-surfactant
mixture with a horn sonicator at 500-750 W wherein, after 5
minutes of sonication, a resuspension of the single-walled
carbon nanotubes in the nanotube-surfactant mixture has at
least 50% of a maximum attainable resuspension of the
single-walled carbon nanotubes in the nanotube-surfactant
mixture, wherein the resuspension of the single-walled car-
bon nanotubes is measured by optical absorption at a wave-
length of 800-900 nm.

[0066] Thepresentinvention is not to be limited in scope by
the specific embodiments described herein, since such
embodiments are intended as but single illustrations of one
aspect of the invention and any functionally equivalent
embodiments are within the scope of this invention. Indeed,
various modifications of the methods of the invention in addi-
tion to those shown and described herein will become appar-
ent to those skilled in the art form the foregoing description.
[0067] Each ofthe references, patents or publications cited
herein is hereby expressly incorporated herein by reference in
its entirety.
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What is claimed is:

1. A carbon nanotube resuspension, comprising:

a carbon nanotube dispersion comprising single-walled
carbon nanotubes dispersed in a solvent and having a
paste-like consistency; and

a surfactant solution, and wherein the carbon nanotube
dispersion in the surfactant solution has been sonicated
with a horn sonicator at 500-750 W such that after 5
minutes of sonication the carbon nanotube resuspension
of the single-walled carbon nanotubes in the surfactant
solution comprises at least 50% of a maximum attain-
ableresuspension of the single-walled carbon nanotubes
in the surfactant solution as measured by optical absorp-
tion at a wavelength of 800-900 nm.

2. The carbon nanotube resuspension of claim 1 wherein

the single-walled carbon nanotubes are non-functionalized.

3. The carbon nanotube resuspension of claim 1 wherein
the single-walled carbon nanotubes comprise at least 2% by
weight of the carbon nanotube dispersion.

4. The carbon nanotube resuspension of claim 1 wherein
the solvent of the carbon nanotube dispersion is water.

5. The carbon nanotube resuspension of claim 1 wherein
the solvent of the carbon nanotube dispersion is an organic
solvent.

6. The carbon nanotube resuspension of claim 1 wherein
the carbon nanotube dispersion has a viscosity of at least. 111
Pa.sec at a shear rate of =3657 s™".

7. A method of providing a single-walled carbon nanotube
resuspension comprising:

providing a carbon nanotube dispersion comprising single-
walled carbon nanotubes dispersed in a solvent and hav-
ing a paste-like consistency;

combining the carbon nanotube dispersion with a surfac-
tant solution to make a nanotube-surfactant mixture; and

sonicating the nanotube-surfactant mixture with a horn
sonication at 500-750 W wherein after 5 minutes of
sonication a resuspension of the single-walled carbon
nanotubes in the nanotube-surfactant mixture has at
least 50% of a maximum attainable resuspension of the
single-walled carbon nanotubes in the nanotube-surfac-
tant mixture, wherein the resuspension of the single-
walled carbon nanotubes is measured by optical absorp-
tion at a wavelength of 800-900 nm.
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8. The method of claim 7 wherein the single-walled carbon
nanotubes are non-functionalized.

9. The method of claim 7 wherein the single-walled carbon
nanotubes comprise at least 2% by weight of the carbon
nanotube dispersion.

10. The method of claim 7 wherein the solvent of the
carbon nanotube dispersion is water.

Sep. 4, 2008

11. The method of claim 7 wherein the solvent of the
carbon nanotube dispersion is an organic solvent.

12. The method of claim 7 wherein the carbon nanotube
dispersion has a viscosity of at least. 111 Pa.sec at a shear rate
of =3657s7".



