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HIGHLY ACCESSIBLE, NANOTUBE ELECTRODBS FOR LARGE SURFACE
AREA CONTACT APPLICATIONS

FIELD OF THE INVENTION

t000U The invention relates to highly porous nanotube films, methods of forming such

films, and applications for such films.

t00021

BACKGROUND

In the majority of devices and applications requiring electrical contact, the

required contact occurs at an essentially planar (2D) interface between an electrode and the

material being contacted. What appears planar at long length scales generally acquires

some conugation at small lengttr scales. However this cormgation is generally a natural

consequence of the materials rather than a feature specifically engineered into the interface.

However, numerous applications can benefit from an electrical contact that is 3-

dimensionally distributed.

t00031 Exarnples of applications that can benefit frorn 3-dimensionally distributed

contacts include electrodes for electrochemical reactions such as for the production of

hydrogen from water and proton generation at the anode in hydrogen fuel cells. In such

applications the increased surface area electrode provides an increase in electrochemically

generated product. For super-capacitors, the increased electrode surface area greatly

increases the device capacitance. Other applications, such as for solar cells or

photodetectors, where light must be absorbed within a scmiconducting junction region

possessing a builfin potential to drive the photo-generated electrons to the cathode, can

similarly benefit from the extended active area volume that a 3-dimensionally distributed

electrocle can provide. For electrolurninescent device applications increased surface area
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SURFACE AREA CONTACT APPLICATIONS FIELD OF THE
INVENTION  [0001]The invention relates to highly porous nanotube films,
methods of forming such films, and applications for such films.
BACKGROUND  [0002]In the majority of devices and applications
requiring electrical contact, the required contact occurs at an essentially
planar (2D) interface between an electrode and the material being
contacted. What appears planar at long length scales generally acquires
some corrugation at small length scales. However this corrugation is
generally a natural consequence of the materials rather than a feature
specifically engineered into the interface. However, numerous applications
can benefit from an electrical contact that is 3- dimensionally distributed.
[0003]Examples of applications that can benefit from 3-dimensionally
distributed contacts include electrodes for electrochemical reactions such
as for the production of hydrogen from water and proton generation at the
anode in hydrogen fuel cells. In such applications the increased surface
area electrode provides an increase in electrochemically generated
product. For super-capacitors, the increased electrode surface area
greatly increases the device capacitance. Other applications, such as for
solar cells or photodetectors, where light must be absorbed within a
semiconducting junction region possessing a built-in potential to drive the
photo-generated electrons to the cathode, can similarly benefit from the
extended active area volume that a 3-dimensionally distributed electrode
can provide. For electroluminescent device applications increased surface
area 



2

elect¡ical contact to the active material can provide increased current injection, with

concomitant increases in light generation.

t00041 Recently, films of single-wall carbon nanotubes (SWNTs), which are

electrically conducting have emerged as promising electrodes for a broad range of

applications. Such films can be fabricated by various methods including a method

described in published lI.S. Application No. 20040197546 (hereafter the'546 application)

to a group of inventors including one of the present llventors. The '546 application is

incorporated by reference into the present application in its entirety. Briefly, the method

described in the '546 application comprises filtration of a surfactant suspension of SWNTs

onto the surface of a filtration membrane possessing pores too small for the SWNTs to pass

through. The nanotubes accumulate at the surface of the membrane forming a film.

Subsequent washing removes residual surfactant, while drying consolidates the nanotube

film. Transfer of the film to a substrate of choice requires appropriate selection of the

membrane media to permit its dissolution in a solvent that can be tolerated by the substrate

to which the transfer is made. Such transfer generally proceeds by adhering the membrane-

backed nanotube film to the substrate, followed by dissolution of the membrane in the

chosen solvent.

t00051 SV/NT films so fabricated possess a tortuous path, open porosity in which

the pores between nanotubes are defined by the overlapping and crossing nanotube bundles.

The nanotubes tend to be self-organized into bundles, each possessing a varying number of

nanotubes across their widths from a few to hundreds of parallel nanohrbes, approximately

3 to 20 nm in diameter, with a typical diameter of - 10 nm. Fig. I shows a scanned atomic

force microscopy (AFM) image of a typical 70 nm thick film surface (bundles diameters

appear greater than -10 nm only because of tip-szunple convolution). This open porosity

2 electrical contact to the active material can provide increased current
injection, with concomitant increases in light generation. [0004]Recently,
films of single-wall carbon nanotubes (SWNTs), which are electrically
conducting have emerged as promising electrodes for a broad range of
applications. Such films can be fabricated by various methods including a
method described in published U.S. Application No. 20040197546
(hereafter the '546 application) to a group of inventor's including one of the
present Inventors. The '546 application is incorporated by reference into
the present application in its entirety. Briefly, the method described in the
'546 application comprises filtration of a surfactant suspension of SWNTs
onto the surface of a filtration membrane possessing pores too small for
the SWNTs to pass through. The nanotubes accumulate at the surface of
the membrane forming a film. Subsequent washing removes residual
surfactant, while drying consolidates the nanotube film. Transfer of the film
to a substrate of choice requires appropriate selection of the membrane
media to permit its dissolution in a solvent that can be tolerated by the
substrate to which the transfer is made. Such transfer generally proceeds
by adhering the membrane-backed nanotube film to the substrate,
followed by dissolution of the membrane in the chosen solvent.
[0005]SWNT films so fabricated possess a tortuous path, open porosity in
which the pores between nanotubes are defined by the overlapping and
crossing nanotube bundles. The nanotubes tend to be self-organized into
bundles each possessing a varying number of nanotubes across their
widths from a few to hundreds of parallel nanotubes, approximately 3 to
20 nm in diameter, with a typical diameter of - 10 nm. Fig. 1 shows a
scanned atomic force microscopy (AFM) image of a typical 70 nm thick
film surface (bundles diameters appear greater than -10 nm only because
of tip-sample convolution). This open porosity  3 has the potential to
provide a structure having some of the desired, high surface area, 3-
dimensionally distributed electrical contact with another material. 
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has the potential to provide a structure having some of the desired, high surface area,3-

dimensionally distributed electrical contact with another material.

1000ól Examination of Fig. 1 suggests that voids between crossing nanotube

bundles havc dimensions of tens to hundrcds of nanometeß across. Howcver, the infcrcncc

of pore volumes from such surface images is misleading. In the film formation process

disclosed in the '546 application the nanotube bundles are uniformly dispened in the dilute,

aqueous suspension. The first bundles to land on the flat filtration membrane surface are

forced to lie essentially parallel to the surface. Because the film grows at a uniform rate

(with nanotube bundles lying across those deposited before them), subsequently deposited

bundles take on the same planar orientations. The result is a film morphology wherein the

nanotubes have random in plane orientations, but lie in stacked planes, with two-

dimensional anisotropy similar to a biaxial oriented polymer film. This would suggest that

the average dimension of the pores between bundles, in the direction perpendicular to the

filtration membrane surface (the thickness direction of the film), is that of only a few

nanotube bundle diameters. This analysis assumes however that the nanotube bundles are

rigid rods.

t00071 The nanotube flexibility, and surface energy minimization by van der Waals

contact causes them to maximize their contact, acting to further reduce these pore volumes.

A quantitative measure of the available porosity is given by a comparison of the theoretical

density of a hexagonal close pack array of nanotubes (using a prototypical 1.356 nm

diamerer (10, 10) nanotube) and the experimentally derived density of a filtration method

formed SWNT film. The former is approximately 1.33 gl" t while ttre latter has been

measured to be about 03I glcn't3. Hence the as-produced filtration method described in the

'546 application produces SWNT films that achieve nearly 53Vo of their theoretical

maximum density. Since this porosity is generally uniformly distributed throughout the

[0006]Examination of Fig. 1 suggests that voids between crossing
nanotube bundles have dimensions of tens to hundreds of nanometers
across. However, the inference of pore volumes from such surface images
is misleading. In the film formation process disclosed in the '546
application the nanotube bundles are uniformly dispersed in the dilute,
aqueous suspension. The first bundles to land on the flat filtration
membrane surface are forced to lie essentially parallel to the surface.
Because the film grows at a uniform rate (with nanotube bundles lying
across those deposited before them), subsequently deposited bundles
take on the same planar orientations. The result is a film morphology
wherein the nanotubes have random in plane orientations, but lie in
stacked planes, with two-dimensional anisotropy similar to a biaxial
oriented polymer film. This would suggest that the average dimension of
the pores between bundles, in the direction perpendicular to the filtration
membrane surface (the thickness direction of the film), is that of only a few
nanotube bundle diameters. This analysis assumes however that the
nanotube bundles are rigid rods. [0007]The nanotube flexibility, and
surface energy minimization by van der Waals contact causes them to
maximize their contact, acting to further reduce these pore volumes. A
quantitative measure of the available porosity is given by a comparison of
the theoretical density of a hexagonal close pack array of nanotubes
(using a prototypical 1.356 nm diameter (10, 10) nanotube) and the
experimentally derived density of a filtration method formed SWNT film.
The former is approximately 1.33 g/cm3 while the latter has been
measured to be about 0.71 g/cm3. Hence the as-produced filtration
method described in the '546 application produces SWNT films that
achieve nearly 53% of their theoretical maximum density. Since this
porosity is generally uniformly distributed throughout the  4 film, the
average pore volume is generally of a size that is smaller even than an
average bundle volume. [0008]There may be utility to infiltrating the
porosity of films produced using the process disclosed in the '546
application with an electro-active medium and using the nanotubes as
electrodes. However, the small size of these pores limits the utility of this
structure for 3-dimensional distributed electrode applications. The
limitations associated with the small pore size depends on the specific
application, two exemplary limitations being as follows: [0009]1. As
electrochemical electrodes the small pores yield slow dynamics for 
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film, the average pore volume is generally of a size that is smaller even than an average

bundle volume.

100081 There may be utility to infiltrating the porosity of films produced using the

proccss disclosed in the '546 application with an electro-activc mcdium and using the

nanotubes as electrodes. However, the small size of these pores limits the utility of this

sructure for 3-dimensional distributed electrode applications. The limitations associated

with the smzLll pore size depends on the specific application, two exemplary limitations

being as follows:

t000el 1. As electrochemical electrodes the small pores yield slow dynamics for

permeating chemical species into the volume of the films, against the countercurrent of

reaction products that must get out. This will limit the production rate of the desired

species.

t00101 2. As photovoltaic electrodes, which are infiltrated with a semiconductor

that generates a built-in potential at the nanotube-semiconductor interface, wherever the

nanotubes defining the pores lie within a Debye length proximity of each other, their

potentials will screen each other, reducing the potential gradient. Since that potential

gradient provides the electromotive force for charge transport away from the interface, such

screening will limit the photo-current and therefore the power generated by the photovoltaic

device.

Thus, a need exists for nanotube and/or nanowire films having higher levels of

porosity, significantly higher pore volumes, and a higher ratio of surface area to film

volume as compared to films produced by the method described in the'546 application, or

other methods of nanotube film fabrication such as spray coating or Langmuir-Blodgett

assembly.

permeating chemical species into the volume of the films, against the
countercurrent of reaction products that must get out. This will limit the
production rate of the desired species. [0010]2. As photovoltaic
electrodes, which are infiltrated with a semiconductor that generates a
built-in potential at the nanotube-semiconductor interface, wherever the
nanotubes defining the pores lie within a Debye length proximity of each
other, their potentials will screen each other, reducing the potential
gradient. Since that potential gradient provides the electromotive force for
charge transport away from the interface, such screening will limit the
photo-current and therefore the power generated by the photovoltaic
device.      Thus, a need exists for nanotube and/or nanowire films having
higher levels of porosity, significantly higher pore volumes, and a higher
ratio of surface area to film volume as compared to films produced by the
method described in the '546 application, or other methods of nanotube
film fabrication such as spray coating or Langmuir-Blodgett assembly.  5
BRIEF DESCRIPTION OF THE DRAWINGS [0011]A fuller understanding
of the present invention and the features and benefits thereof will be
accomplished upon review of the following detailed description together
with the accompanying drawings, in which: [0012]Figure 1 is a scanned
AFM image of a 70 nm thick SWNT film based on the 
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BRIEF DESCRIPTION OF THE DRAWINGS

A fuller understanding of the present invention and the features and benefits

thereof will be accomplished upon review of the following detailed description together with

the accompanying drawings, in which:

t00121 Figure 1 is a scanned AFM image of a70 nm thick SWNT film based on the

method disclosed in the'546 application. The color-graded, vertical variations in the scanned

image occupy only a small potion, near the middle, of the vertical scale (right).

t00131 Figure 2(A) and (B) are scanned AFM images of a polystyrene sphere/SWNT

composite film according to the invention before and after dissolution of the polystyrene

spheres. All scales are the same as in Fig. 1. Note the fãr greater vertical variations as

compared to the scanned images shown in Fig. 1.

t00141 Figure 3(A)-(C) are scanned tilted, AFM image surface plots of a standard

SWNT filn, a composite polystyrene sphere/SWNT film before sphere dissolution according

to the invention, and after sphere dissolution, respectively.

l001sl Figure 4(A) and (C) are scanned scanning electron micrographs (SEMS) of a

composite nanosphere/SWNT film before and after nanosphere dissolution, respectively.

High resolution AFM imaging shows that what appears in Fig. 4(b) to be a thin over coating

is in fact poorly resolved nanotubes.

t00161 Figure 5 compares the amount of charge stored (in pCoul) as a function of

time on two electrolytic capacitors, one comprised of two porous SWNT film electrodes and

the other of two standard SWNT film electrodes. The curve shown is the instantaneous

charge on the porous film device divided by the corresponding instantaneous charge on the

standard film device. 'lhe same mass of nanotubes per geometric surface area is exposed to

the electrolyte (0.1 M KCI) in each device so that the only difference between the two devices

is the morphology of the SWNT electrode films (porous versus standard).

method disclosed in the '546 application. The color-graded, vertical
variations in the scanned image occupy only a small potion, near the
middle, of the vertical scale (right). [0013]Figure 2(A) and (B) are scanned
AFM images of a polystyrene sphere/SWNT composite film according to
the invention before and after dissolution of the polystyrene spheres. All
scales are the same as in Fig. 1. Note the far greater vertical variations as
compared to the scanned images shown in Fig. 1. [0014]Figure 3(A)-(C)
are scanned tilted, AFM image surface plots of a standard SWNT film, a
composite polystyrene sphere/SWNT film before sphere dissolution
according to the invention, and after sphere dissolution, respectively.
[0015]Figure 4(A) and (C) are scanned scanning electron micrographs
(SEMS) of a composite nanosphere/SWNT film before and after
nanosphere dissolution, respectively. High resolution AFM imaging shows
that what appears in Fig. 4(b) to be a thin over coating is in fact poorly
resolved nanotubes. [0016]Figure 5 compares the amount of charge
stored (in Coul) as a function of time on two electrolytic capacitors, one
comprised of two porous SWNT film electrodes and the other of two
standard SWNT film electrodes. The curve shown is the instantaneous
charge on the porous film device divided by the corresponding
instantaneous charge on the standard film device. The same mass of
nanotubes per geometric surface area is exposed to the electrolyte (0.1 M
KCI) in each device so that the only difference between the two devices is
the morphology of the SWNT electrode films (porous versus standard).  
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Figure 6 shows the ratio of the charge on the porous film to the charge on the

standard film, as a function of time, during the 2 second discharge cycle, from the data in

Figure 5. The porous fihn device is seen to have a capacitance that exceeds that of the

standard film devicc by 427o.

100181

DETAILED DESCRIPTION

One of the assumed advantages of nanotube films in electrode applications is

their high surface area for electrical contacq deriving from their nanoscale widths. However,

as recognized by the present Inventors, the nanotube films possess less porosity, and therefore

less accessible surface area than might be anticipated. Based on this understanding, methods

are described herein for forming highly porous nânotube or nanowire films to increase the

accessibility of the nanotube or nanowire surface area and to thereby maximize the interfacial

contact area and volume between the nanotubes or nanowires and infiltrated materials.

t00lel A method for forming porous carbon nanotube or more generally nanowire

films comprises the steps of forming a composite film comprising (i) carbon nanotubes or

nanowires and (ii) sacrificial nanoparticles or microparticles, and removing at least a

portion of the sacrificial nanoparticles or núcroparticles from the composite film to form a

highly porous nanotube or nanowire film. Films according to the invention provide

enhanced pore volumes and high levels of accessible surface area within the body (volume)

of nanotube or nanowire films. Resulting films have been found to provide both high

porosity as well as high electrical conductivity.

100201 ln one cmbodiment, sacrificial paficles of a uniform particle size (uniform

defined as + SVo of a mean size) are utilized. In another embodiment, a variety of particle

sizes is used, such as a distribution including both nanoparticles and.microparticles.

t00211 As used herein, "nanoparticle" is used to refer to particles with at least one

axis less than 100 nanorneters. As used herein, "microparticle" is used to refer to particles

6 [0017]Figure 6 shows the ratio of the charge on the porous film to the
charge on the standard film, as a function of time, during the 2 second
discharge cycle, from the data in Figure 5. The porous film device is seen
to have a capacitance that exceeds that of the standard film device by
42%. DETAILED DESCRIPTION [0018]One of the assumed advantages
of nanotube films in electrode applications is their high surface area for
electrical contact, deriving from their nanoscale widths. However, as
recognized by the present Inventors, the nanotube films possess less
porosity, and therefore less accessible surface area than might be
anticipated. Based on this understanding, methods are described herein
for forming highly porous nanotube or nanowire films to increase the
accessibility of the nanotube or nanowire surface area and to thereby
maximize the interfacial contact area and volume between the nanotubes
or nanowires and infiltrated materials. [0019]A method for forming porous
carbon nanotube or more generally nanowire films comprises the steps of
forming a composite film comprising (i) carbon nanotubes or nanowires
and (ii) sacrificial nanoparticles or microparticles, and removing at least a
portion of the sacrificial nanoparticles or microparticles from the composite
film to form a highly porous nanotube or nanowire film. Films according to
the invention provide enhanced pore volumes and high levels of
accessible surface area within the body (volume) of nanotube or nanowire
films Resulting films have been found to provide both high porosity as well
as high electrical conductivity. [0020]In one embodiment, sacrificial
particles of a uniform particle size (uniform defined as th 5% of a mean
size) are utilized. In another embodiment, a variety of particle sizes is
used, such as a distribution including both nanoparticles and
microparticles. 
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with at least one axis between 100 nanometers and 100 nicrometers. Although both

nanopartícles or microparticles can generally be used with the invention, such particles will

be referred to herein as nanoparticles for convenience.

100221 Nanoparticles uscful in the present invention can havc an axis bctwccn 10

present inventionnanometers and 100 microns, inclusive. The nanoparticles useful in the

can have a diameter between l0 nanometers and 100 microns.

t00231 ln one embodiment, the forming step can comprise codepositing the carbon

nanotubes or nanowires and the sacrificial nanoparticles. In another embodiment, the

forming step can comprise alternating deposition of carbon nanotubes or nanowires and

deposition of the sacrificial nanoparticles.

t00241 ln yet another embodiment, the forming step comprises a filtration method

based on the filtration method described in the '546 application. The filtration method

comprises providing a porous membrane, dispersing a plurality of nanotubes or nanowires

along with the sacrificial nanoparticles into a solution, the solution including at least one

surface stabilizing agent for preventing the nanotubes or nanowires and sacrificial

nanoparticles from flocculating out of suspension, applying the solution to the mentbrane,

and removing the solution, wherein the nanotubes or nanowires and sacrificial

nanoparticles are forced onto a surface of the porous membrane to fomr the composite film

on the surface of the membrane.

t002sl Using the filtration method the sacrificial nanoparticles and the membrane

are chosen so that thc sacrificial nanoparticles are too large to peneffate through thc

filtration membrane, but snall enough to co-deposit with the nanotubes during the film

formation. The filrration method film formation process can proceed with the nanoparticles

in a manner that closely follows the corresponding process with the nanotubes as described

in thc'546 application.

[0021]As used herein, "nanoparticle" is used to refer to particles with at
least one axis less than 100 nanometers. As used herein, "microparticle"
is used to refer to particles  7 with at least one axis between 100
nanometers and 100 micrometers. Although both nanoparticles or
microparticles can generally be used with the invention, such particles will
be referred to herein as nanoparticles for convenience.
[0022]Nanoparticles useful in the present invention can have an axis
between 10 nanometers and 100 microns, inclusive. The nanoparticles
useful in the present invention can have a diameter between 10
nanometers and 100 microns. [0023]In one embodiment, the forming step
can comprise codepositing the carbon nanotubes or nanow res and the
sacrificial nanoparticles. In another embodiment, the forming step can
comprise alternating deposition of carbon nanotubes or nanowires and
deposition of the sacrificial nanoparticles. [0024]In yet another
embodiment, the forming step comprises a filtration method 
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Once the resulting film has been washed to remove the excess surfactant and

is dried, it comprises a composite film of sacrificial nanoparticles or microparticles

mndomly entrapped between the nanotubes comprising the nanotube film on the surface of

the membrane. To generate thc incrcased void volumc within the nanotube film a void

formation step is utilized where the sacrificial nanoparticles are removed from the film.

100271 The sacrificial nanoparticles can be removed after composite film formation

by a variety of methods including dissolution, evaporation, pyrolysis, oxidation or etching

processes. In the case of the filtration method, the removal process can occur before,

during or after a transfer of the film to a substrate.

t0028I ln a first removal embodiment, ref-erred to as dissolution, the sacrificial

nanoparticles or microparticles selected for use are soluble in the same solvent as the

filtration membrane on which the film is formed. The sacrificial nanoparticles

simultaneously dissolve during the dissolution of the membrane in the transfer of the film

to the substrate.

t00291 ln a second removal embodiment, referred to as etching, if the sacrificial

nanoparticles selected for use are insoluble in the solvent used to dissolve the membrane on

which the film is formed, the particle containing film can be transfered to a substrate and

the sacrificial nanoparticles subsequently dissolved, etched or vaporized away to yield the

desired highly porous film.

t0030I In a third removal embodiment, if the membrane is not adversely affected by

the sacrificial nanoparticle removal method, the particles can first be dissolved, etched or

vaporized away and subsequently the porous film transferred to a substrate followed by

dissolution of the membrane.

100311 The method can further comprise the step of doping the SV/NT film as

described in the '546 application to provide either n-doped or p-doped films. Dopants can

based on the filtration method described in the '546 application. The
filtration method comprises providing a porous membrane, dispersing a
plurality of nanotubes or nanowires along with the sacrificial nanoparticles
into a solution, the solution including at least one surface stabilizing agent
for preventing the nanotubes or nanowires and sacrificial nanoparticles
from flocculating out of suspension, applying the solution to the
membrane, and removing the solution, wherein the nanotubes or
nanowires and sacrificial nanoparticles are forced onto a surface of the
porous membrane to form the composite film on the surface of the
membrane. [0025]Using the filtration method the sacrificial nanoparticles
and the membrane are chosen so that the sacrificial nanoparticles are too
large to penetrate through the filtration membrane, but small enough to
co-deposit with the nanotubes during the film formation. The filtration
method film formation process can proceed with the nanoparticles in a
manner that closely follows the corresponding process with the nanotubes
as described in the '546 application.  8 [0026]Once the resulting film has
been washed to remove the excess surfactant and is dried, it comprises a
composite film of sacrificial nanoparticles or microparticles randomly
entrapped between the nanotubes comprising the nanotube film on the
surface of the membrane. To generate the increased void volume within
the nanotube film a void formation step is utilized where the sacrificial
nanoparticles are removed from the film. [0027]The sacrificial
nanoparticles can be removed after composite film formation by a variety
of methods including dissolution, evaporation, pyrolysis, oxidation or
etching processes. In the case of the filtration method, the removal
process can occur before, during or after a transfer of the film to a
substrate. [0028]In a first removal embodiment, referred to as dissolution,
the sacrificial 
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be selected from halogens and alkali metals or more complex molecular species all of

which can bond ionically to the nanotubes upon the charge tansfer, or can be bonded by

non-covalent pi stacking interactions, along with a charge [ransfer, or finally can covalently

bond to the nanotubes, thereby effecting the charge transfer.

The electrical conductivity of the films depends on the degree of porosity.t00321

Although not required to practice the present invention and not wishing to be bound to this

theory, Applicants proviile the mechanisms believed to be operable which explain the

electrical properties of films according to the invention. The main impedance to current

flow in a nanotube film occurs in charge transport from nanotube to nanotube (the on tube

resistance is so much smaller than tube-tube "contact tesistance" that the former is

essentially negligible). Moreover, the smaller the overlap between two nanotubes in the

film the gteater the impedance to charge transport between them since "contact resistance"

depends inversely on the area of the contact. Consequently, if two films of the same

geomerric area are made from the same quantity (mass) of nanohrbes, wherein one film is a

standard flat film as described in the '546 application while the other is a porous film made

as described herein, then the porous fîlm, in order to encompass the greater volume of pores

must itself encompass more volume. Since the quantity of nanotubes is the same, the only

way this can occur is if the nanorubes in the porous film possess less overlap with each

other than exists in the standard flat film. The porous film will consequently have a higher

sheet resistance. As shown in the Examples below however the change in sheet resistance

in going from the standard to the porous films is not increased to a degree that degrades

their utility.

t0033] As described above, prior art films possess a morphology in which the

nanotubes rend to tie parallel to the plane of the film (2-D ordering). The nanotubes in the

porous films however possess a more 3 dimensional morphology in which many of the

nanoparticles or microparticles selected for use are soluble in the same
solvent as the filtration membrane on which the film is formed. The
sacrificial nanoparticles simultaneously dissolve during the dissolution of
the membrane in the transfer of the film to the substrate. [0029]In a
second removal embodiment, referred to as etching, if the sacrificial
nanoparticles selected for use are insoluble in the solvent used to dissolve
the membrane on which the film is formed, the particle containing film can
be transferred to a substrate and the sacrificial nanoparticles
subsequently dissolved, etched or vaporized away to yield the desired
highly porous film. [0030]In a third removal embodiment, if the membrane
is not adversely affected by the sacrificial nanoparticle removal method,
the particles can first be dissolved, etched or vaporized away and
subsequently the porous film transferred to a substrate followed by
dissolution of the membrane. [0031]The method can further comprise the
step of doping the SWNT film as described in the '546 application to
provide either n-doped or p-doped films. Dopants can  9 be selected from
halogens and alkali metals or more complex molecular species all of
which can bond ionically to the nanotubes upon the charge transfer, or
can be bonded by non-covalent pi stacking interactions, along with a
charge transfer, or finally can covalently bond to the nanotubes, thereby
effecting the charge transfer. 



10

nanotubes have appreciable lengths that are oriented perpendicular to the plane of the film.

This is necessitated by the fact that in the composite films, prior to dissolution of the

sacrificial nanoparticles, the nanotubes surround the sacrificial nanoparticles on all sides in

random orientations, including those sides that lie perpendicular to the plane of the

composite film upon its formation. Once the composite film is formed the nanotubes lock

each other into position via van der Waals forces. When the sacrificial nanoparticles are

removed (e.g. by dissolution) there is some relaxation (the degree depending upon the

particle sizes), however because the nanotubes are stiff and locked together, the change in

the 3-dimensional film morphology can be small.

t00341 ln one embodiment, the film consists essentially of (e.g. > 957o) the

nanotubes or nanowires. However, in other embodiments, films according to the invention

can include mixtures of nanotubes and nanowires or mixtures of nanowires of distinct

materials in any proportion desired. The films can also include in some fraction

nanoparticles that are not sacrificial and participate in the functionality of the final porous

fi.lms.

t003sl The porous films retain much of the optical transparency of standard

nanotube films. The degree of transparency depends however on the sacrificial

nanoparticle sizes used in formation of the films. For two films one standard and one

porous that contain the same mass of nanotube material per geometric surface area the

absorptive, nanotube material, path lengths through the film are the same (ignoring

nanotube orientation dependent complications) so that the amount of incident light

absorbed in passing through each of the films is (to first order) the same. The light

transmitted by the porous film will nevertheless be lower due to scattering of incident light

out of the forward directed beam. [n visual observation such scattering manifests as a

haziness of some porous films. The scattering occurs because the film is comprised of

[0032]The electrical conductivity of the films depends on the degree of
porosity. Although not required to practice the present invention and not
wishing to be bound to this theory, Applicants provide the mechanisms
believed to be operable which explain the electrical properties of films
according to the invention. The main impedance to current flow in a
nanotube film occurs in charge transport from nanotube to nanotube (the
on tube resistance is so much smaller than tube-tube "contact resistance"
that the former is essentially negligible). Moreover, the smaller the overlap
between two nanotubes in the film the greater the impedance to charge
transport between them since "contact resistance" depends inversely on
the area of the contact. Consequently, if two films of the same geometric
area are made from the same quantity (mass) of nanotubes, wherein one
film is a standard flat film as described in the '546 application while the
other is a porous film made as described herein, then the porous film, in
order to encompass the greater volume of pores must itself encompass
more volume. Since the quantity of nanotubes is the same, the only way
this can occur is if the nanotubes in the porous film possess less overlap
with each other than exists in the standard flat film. The porous film will
consequently have a higher sheet resistance. As shown in the Examples
below however the change in sheet resistance in going from the standard
to the porous films is not increased to a degree that degrades their utility.
[0033]As described above, prior art films possess a morphology in which
the nanotubes tend to lie parallel to the plane of the film (2-D ordering).
The nanotubes in the porous films however possess a more 3 dimensional
morphology in which many of the  10 nanotubes have appreciable lengths
that are oriented perpendicular to the plane of the film. This is
necessitated by the fact that in the composite films, prior to dissolution of
the sacrificial nanoparticles, the nanotubes surround the sacrificial
nanoparticles on all sides in random orientations, including those sides
that lie perpendicular to the plane of the composite film upon its formation.
Once the composite film is formed the nanotubes lock each other into
position via van der Waals forces. When the sacrificial nanoparticles are
removed (e.g. by dissolution) there is some relaxation (the degree
depending upon the particle sizes), however because the nanotubes are
stiff and locked together, the change in the 3-dimensional film morphology
can be small. [0034]In one embodiment, the film consists essentially of
(e.g. > 95%) the nanotubes or nanowires. However, in other
embodiments, films according to the invention can include mixtures of
nanotubes and nanowires or mixtures of nanowires of distinct materials in
any proportion desired. The films can also include in some fraction
nanoparticles that are not sacrificial and participate in the functionality of
the final porous films. 



11

dissimilar materials (the nanotubes and the air filled voids) possessing distinct indexes of

refraction. The degree of scattering depends on the size of the inhomogeneities in the

refractive index, relative to the wavelength of the radiation. For -200 mr voids in a porous

film the sizes of the inhomogeneities are themselves too small to result in scattedng of

visible light, however, statistical variations in the density of the 200 nm voids are

themselves large enough to induce some scattering and impart some haze to films made

wirh 200 run sacrificial nanoparticles. Depending on the application, such scattering is not

necessarily detrimental. In solar cell applications scattering of light throughout the film is in

fact beneficial because it provides additional oppornrnities for light absorption. In

applications where haze is undesirable the f,lms will typically be infiltrated with a material

other than air. The index of refraction of such ntaterial may naturally lie closer to that of

the nanotubes, or might be tailored to do so. Such index matching avoids the interfacial

reflections responsible for the scattering thereby avoiding any haze. Example of this is

provided by the porous film (made using the 200 nm sacrificial particles) immersed in

methanol, which exhibits a clarity indistinguishable from standard films (i.e. no haze).

t00361 There is a broad array of possible distributed electrode applications that can

benefit from enhanced pore volumes and high levels of accessible surface area within the

body of nanotube or nanowire tìlms according to the present invention. For example,

applications involving electrochemical reactions including their use in fuel cells can benefit

from the invention. Also, applications involving charge storage, such as capacitors and

batteries can benefit from the invention. Moreover, applications involving charge injection

and applications involving light emission, such as photovoltaic conversion can benefit from

the invention. Finally, products that can benefit from the invention include, but are not

limited to, super-capacitor, battery, fuel cell electrodes, solar cells, and solid state lighting.

[0035]The porous films retain much of the optical transparency of
standard nanotube films. The degree of transparency depends however
on the sacrificial nanoparticle sizes used in formation of the films. For two
films one standard and one porous that contain the same mass of
nanotube material per geometric surface area the absorptive, nanotube
material, path lengths through the film are the same (ignoring nanotube
orientation dependent complications) so that the amount of incident light
absorbed in passing through each of the films is (to first order) the same.
The light transmitted by the porous film will nevertheless be lower due to
scattering of incident light out of the forward directed beam. In visual
observation such scattering manifests as a haziness of some porous films.
The scattering occurs because the film is comprised of  dissimilar
materials (the nanotubes and the air filled voids) possessing distinct
ndexes of refraction. The degree of scattering depends on the size of the
inhomoeneities in the refractive index, relative to the wavelength of the
radiation. For -200 nm voids in a porous film the sizes of the
inhomogeneities are themselves too small to result in scattering of visible
light, however, statistical variations in the density of the 200 nm voids are
themselves large enough to induce some scattering and impart some
haze to films made with 200 nm sacrificial nanoparticles. Depending on
the application, such scattering is not necessarily detrimental. In solar cell
applications scattering of light throughout the film is in fact beneficial
because it provides additional opportunities for light absorption. In
applications where haze is undesirable the films will typically be infiltrated
with a material other than air. The index of refraction of such material may
naturally lie closer to that of the nanotubes, or might be tailored to do so.
Such index matching avoids the interfacial reflections responsible for the
scattering thereby avoiding any haze. Example of this is provided by the
porous film (made using the 200 nm sacrificial particles) immersed in
methanol, which exhibits a clarity indistinguishable from standard films
(i.e. no haze). [0036]There is a broad array of possible distributed
electrode applications that can benefit from enhanced pore volumes and
high levels of accessible surface area within the body of nanotube or
nanowire films according to the present invention. For example,
applications involving electrochemical reactions including their use in fuel
cells can benefit from the invention. Also, applications involving charge
storage, such as capacitors and batteries can benefit from the invention
Moreover, applications involving charge injection and applications
involving light emission, such as photovoltaic conversion can benefit from
the invention. Finally, products that can benefit from the invention include,
but are not limited to, super-capacitor, battery, fuel cell electrodes, solar
cells, and solid state lighting.  12 Examples [0037]It should be understood
that the Examples described below are provided for 
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Examples

t00371 It should be understood that the Examples described below are provided for

illustrative purposes only and do not in any way definc thc scope of the invention.

100381 As a demonstration of the present invention using the filtration method

embodiment, nanoparticles comprises polystyrene nanospheres (uniform diameters of about

200 nm) and filtration membranes of a nixed cellulose ester (100 nm pores), both being

soluble in acetone were utilized. The quantity of nanospheres used was based on that

estimated to form approximately 3 monolayers of hexagonal close-packed (hcp) spheres

(-520 nm thick without nanotubes). 'lhe quantity of nanotubes used was that calculated to

form a film -80 nm thick in the absence of the nanospheres. Figure 2(a) shows a scanned

AFM image of the composite film surface prior to dissolution of the polystyrene spheres on

the membrane surface (prior to film transfer). Figure 2(b) shows a scanned image of the film

after the transfbr of the film to a smooth Mylar substrate, during which process the

polystyrene spheres have dissolved. Figures 3(a)-(c) are scanned tilted AFM image surface

plots of the films of Figs.I,2(a) and 2(b), respectively.

t00391 It is noted that following the dissolution of the nanospheres in the composite

films, and their subsequent solvent washing to remove any residual polymer, the films were

dried for the purpose of imaging. Because liquids exert surface tension forces as they dry,

and these forces tend to collapse flexible nanostructures, it is anticipated that the film porosity

and accessible surface area before drying is even greater than what was observed in the

images taken. If maximum surface area of contact is required between the nanotubes and a

second material that is to be infiltrated into the porous nanotube film, it is important that,

where possible, such infiltration occur without drying of the nanotube film following the

nanoparticle dissolution.

t
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illustrative purposes only and do not in any way define the scope of the
invention. [0038]As a demonstration of the present invention using the
filtration method embodiment, nanoparticles comprises polystyrene
nanospheres (uniform diameters of about 200 nm) and filtration
membranes of a mixed cellulose ester (100 nm pores), both being soluble
in acetone were utilized. The quantity of nanospheres used was based on
that estimated to form approximately 3 monolayers of hexagonal
close-packed (hcp) spheres (-520 nm thick without nanotubes). The
quantity of nanotubes used was that calculated to form a film -80 nm thick
in the absence of the nanospheres. Figure 2(a) shows a scanned AFM
image of the composite film surface prior to dissolution of the polystyrene
spheres on the membrane surface (prior to film transfer). Figure 2(b)
shows a scanned image of the film after the transfer of the film to a
smooth Mylar substrate, during which process the polystyrene spheres
have dissolved. Figures 3(a)-(c) are scanned tilted AFM image surface
plots of the films of Figs. 1, 2(a) and 2(b), respectively. [0039]It is noted
that following the dissolution of the nanospheres in the composite films,
and their subsequent solvent washing to remove any residual polymer, the
films were dried for the purpose of imaging. Because liquids exert surface
tension forces as they dry, and these forces tend to collapse flexible
nanostructures, it is anticipated that the film porosity and accessible
surface area before drying is even greater than what was observed in the
images taken. If maximum surface area of contact is required between the
nanotubes and a second material that is to be infiltrated into the porous
nanotube film, it is important that, where possible, such infiltration occur
without drying of the nanotube film following the nanoparticle dissolution.
13 [0040]To measure differences in the sheet resistance between
standard and porous films both a standard (flat) film and a porous film of
equal geometric areas were formed from the same mass of SWNT
material. The flat film thickness was approximately 80 nm and its sheet
resistance (surface resistivity) was measured to be -75 O/square. It should
be noted that nanotubes purified by nitric acid are doped by the acid to be
p-type conductors, but also that the degree of doping can change with
time. The resistivity of the nanotubes therefore depends on their
purification history. To ensure a fair comparison the flat and porous films
were made at the same time, from the same batch of nanotube material.
The porous film of this example was made using 200 nm polystyrene
spheres, which were dissolved away during the film transfer to its
substrate (Mylar for both films). Although the films contained the same
mass of nanotubes per geometric surface area the porous film sheet
resistance was measured to be 100 O/square. As anticipated, this is
larger than the sheet resistance of the standard film (75 O/square), the
difference, however, is not very large considering that the thickness of the
porous film was approximately 600 nm thick, nearly 8 times greater than
that of the flat film. Hence the porous films can retain the major fraction of
the conductivity of the standard films. 
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To measure differences in the sheet resistance between Standard and porous

films both a standard (flat) film and a porous film of equal geonetric areas were formed

frorn the sarne lnass of SWNT material. The flat film thickness w¿ts approxirnately 80 run

and its sheet resistance (surface resistivity) was measured to be -75 O/square. It should be

noted that nanotubes purified by nitric acid are doped by the acid to be p-type conductors,

but also that the degree of doping can change with time. The resistivity of the nanotuhes

therefore depends on their purification history. To ensure a fair comparison the flat and

porous films were made at the same time, from the same batch of nanotube material. The

porous film of this example was made using 200 nm polystyrene spheres, which were

dissolved away during the film transfer to its substrate (Mylar for both films). Although the

films contained the same mass of nanotubes per geometric surface area. the porous film

sheet resistance was measured to be 100 ÇUsquare. As anticipated, this is larger than the

sheet resistance of the standard film (75 fUsquare), the difference, however, is not very

large considering that the thickness of the porous film was approximately 600 nm thick,

nearly 8 times greater than that of the flat film. Hence the porous films can retain the major

fraction of the conductivity of the standard fihns.

t00411 As a quantitative measure of thc enhanced accessible surface area in the

porous films electrolytic capacitors were fabricated using two standard SWNT films as the

electrodes in a standard film device and two porous films as the electrodes in a second porous

film clevice. Each electrode used the same mass of nanotube material per geomelric surface

area, and thc gcometri c area of each clcctrodc exposed to the electrolyte (0.1 M KCI) was

0.866 cm2. The standard film had a thickness of 80 nm. The porous films were of the same

type as described above, made with 200 nm polystyrene spheres (which by themselves would

have resulted in a hcp close-pack thickness of 520 nm). The capacitors were each charged to

0.5 V for 180 seconds. At the end of the 180 second period the potential was instantaneously

[0041]As a quantitative measure of the enhanced accessible surface area
in the porous films electrolytic capacitors were fabricated using two
standard SWNT films as the electrodes in a standard film device and two
porous films as the electrodes in a second porous film device. Each
electrode used the same mass of nanotube material per geometric
surface area, and the geometric area of each electrode exposed to the
electrolyte (0.1 M KCI) was 0.866 cm2. The standard film had a thickness
of 80 nm. The porous films were of the same type as described above,
made with 200 rim polystyrene spheres (which by themselves would have
resulted in a hcp close-pack thickness of 520 nm). The capacitors were
each charged to 0.5 V for 180 seconds. At the end of the 180 second
period the potential was instantaneously  14 switched (within 5 ms) to zero
volts for two seconds after which the potential was switched back to 0.5 V
for 2 seconds. Figure 5 compares the amount of charge on each capacitor
during the 2 second discharge and 2 second charge cycle. Figure 6 plots
the ratio of the charge on the porous film to the charge on the standard
film for the discharge cycle. The ratio of 1.42 reached at -1.25 seconds
shows that these porous films have 42% more accessible surface area
than the standard films. Because the porous and standard films expose
the same mass of nanotubes to the same electrolyte over the same
geometric surface area, the measurement provides clear evidence that
much of the surface area in the standard films is not accessible and that
this can be greatly increased by the methods described here. [0042]As
additional examples, several additional sacrificial particle systems and
nanoparticle removal methods are described below: 1. Silica nanoparticles
dissolved by FIF.   Metal nanoparticles dissolved by acid, such as zinc
nanoparticles dissolved by HC1. 3. Depolymerization of polymeric
particles using the ceiling temperature effect. 
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switched (within 5 ms) to zero volts for two seconds after which the potential was switched

back to 0.5 V for 2 seconds. Figure 5 compares the amount of charge on each capacitor

during the 2 second discharge and 2 second charge cycle. Figure 6 plots the ratio ofthe

charge on the porous film to the charge on the standard film for the discharge cycle. The ratio

of 1.42 reached at -1.25 seconds shows that these porous films have 427o morc accessible

surface area than the standard films. Because the porous and standard films expose the same

mass of nanotubes to l.he sarne electrolyte over the sarne geonìeLric surface area, the

measurement provides clear evidence that much of the surface area in the standard films is

not accessible and that this can be greatly increased by the methods described here.

Í00421 As additional examples, several additional sacrificial particle systems and

nanoparticle removal methods are described bel<lw:

1. Silica nanoparticles dissolved by I-IF.

2. Metal nanoparticles dissolved by acid, such as zinc nanoparticles dissolved by HCl.

3. Depolymerization of polymeric particles using the ceiling tempetature effect.

t00431 It is to be understood that while the invention has been described in

conjunction with the prefened specific embodiments thereof, that the foregoing description as

well as the examples which follow are intended to illusffate and not limit the scope of the

invention. Other aspects, advantages and modifications within the scope of the invention will

be apparent to those skilled in the art to which the invenrion pertains.

[0043]It is to be understood that while the invention has been described in
conjunction with the preferred specific embodiments thereof, that the
foregoing description as well as the examples which follow are intended to
illustrate and not limit the scope of the invention. Other aspects,
advantages and modifications within the scope of the invention will be
apparent to those skilled in the art to which the invention pertains.  15
CLAIMS 1. A method for forming porous carbon nanotube or nanowire
films, comprising the steps of: forming a composite film comprising carbon
nanotubes or nanowires and solid sacrificial nanoparticles or
microparticles having an axis between 10 nanotube and 100 microns by
providing a porous membrane; dispersing a plurality of said nanotubes or
nanowires and said solid sacrificial nanoparticles or microparticles into a
solution, said solution including at least one surface stabilizing agent for
preventing said nanotubes or nanowires from flocculating out of
suspension; 
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CLAIMS

1. A method for forming porous carbon nanotube or nanowire films, comprising the

steps of:

forming a composite film comprising carbon nanotubes or nanowires and solid

sacrificial nanoparticles or microparticles having an axis between 10 nanotube and

100 microns by

providing a porous membrane;

dispersing a plurality of said nanotubes or nanowires and said solid sacrificial

nanoparticles or microparticles into a solution, said solution including at least one

surface stabilizing agent for preventing said nanotubes or nanowires from

flocculating out of suspension;

applying said solution to said membrane; and

removing said solution, wherein said nanotubes or nanowires and said solid

sacrificial nanoparticles or microparticles are forced onto a surface of said porous

membrane to form said composite film disposed on said membrane; and

removing at least a portion of said sacrificial nanoparticles or microparticles from

said film to form a highly porous nanotube or nanowire film.

2. The method of claim 1, wherein said forming step comprises codepositing said

carbon nanotubes or nanowires and said solid sacrificial nanoparticles or

microparticles.

3. The method of claim 1, wherein said forming step comprises alternating deposition

of said carbon nanotubes or nanowires and deposition of said solid sacrificial

nanoparticles or microparticles.

4. The method of claim 1, wherein an electrical resistivity of said porous fúm at 25 "

C. is <6 x l0-3 C) cm.

5. The method of claim l, wherein said nanotubes or nanowires comprise >95% single

walled carbon nanotubes (SWNTs).

applying said solution to said membrane; and  removing said solution,
wherein said nanotubes or nanowires and said solid sacrificial
nanoparticles or microparticles are forced onto a surface of said porous
membrane to form said composite film disposed on said membrane; and
removing at least a portion of said sacrificial nanoparticles or
microparticles from said film to form a highly porous nanotube or nanowire
film. 2. The method of claim 1, wherein said forming step comprises
codepositing said carbon nanotubes or nanowires and said solid sacrificial
nanoparticles or microparticles. 3. The method of claim 1, wherein said
forming step comprises alternating deposition of said carbon nanotubes or
nanowires and deposition of said solid sacrificial nanoparticles or
microparticles. 4. The method of claim 1, wherein an electrical resistivity of
said porous film at 25  C. is <6 x 10-3 O cm. 5. The method of claim 1,
wherein said nanotubes or nanowires comprise >95% single walled
carbon nanotubes (SWNTs).  16 6. The method of claim 1, where n sa d
applying step comprises a spray deposition process. 



1.6

6. The method of claim 1, wherein said applyrng step comprises a spray deposition

process.

7. The method of claim 1, wherein said solid sacrificial nanoparticles or microparticles

possess a uniform size.

8. The method of claim 1, wherein said solid sacrificial nanoparticles or microparticles

possess a range ofsizes.

9. The method of claim 1, further comprising the step of functionalizing surfaces of said

solid sacrificial nanoparticles or microparticles with a species having a specific

affrnity for nanotubes or nanowires before said forming step to enhance the assembly

of said nanotubes or nanowires onto surfaces of said solid sacrificial nanoparticles or

microparticles.

10. The method of claim 9, wherein said functionalizingstep comprises mixing and

incubating for a period of time said solid sacrificial nanoparticles or microparticles

with said nanotubes or nanowires.

I 1 . The method of claim l, wherein said forming step further comprises a step of adding

an additive other than said surface stabilizing agent to said solution before said step of

applying, said additive prevents phase separation of said solid sacrificial nanoparticles

or microparticles with said nanotubes or nanowires.

12.The method of claim 11, wherein said additive comprises a strong acid.

13. The method of claim 1 , wherein said solid sacrificial nanoparticles or microparticles

are removed in a process involving a liquid, said film being kept wet for subsequent

processing for later use.

7. The method of claim 1, wherein said solid sacrificial nanoparticles or
microparticles possess a uniform size. 8. The method of claim 1, wherein
said solid sacrificial nanoparticles or microparticles possess a range of
sizes. 9. The method of claim 1, further comprising the step of
functionalizing surfaces of said solid sacrificial nanoparticles or
microparticles with a species having a specific affinity for nanotubes or
nanowires before said forming step to enhance the assembly of said
nanotubes or nanowires onto surfaces of said solid sacrificial
nanoparticles or microparticles. 10. The method of claim 9, wherein said
functionalizing step comprises mixing and incubating for a period of time
said solid sacrificial nanoparticles or microparticles with said nanotubes or
nanowires. 11. The method of claim 1, wherein said forming step further
comprises a step of adding an additive other than said surface stabilizing
agent to said solution before said step of applying, said additive prevents
phase separation of said solid sacrificial nanoparticles or microparticles
with said nanotubes or nanowires. 12. The method of claim 11, wherein
said additive comprises a strong acid. 13. The method of claim 1, wherein
said solid sacrificial nanoparticles or microparticles are removed in a
process involving a liquid, said film being kept wet for subsequent
processing for later use. 


