
1 Method for separating nanomaterials The present invention relates to
methods for dispersing and separating nanomaterials, in particular
nanotubes. In particular, the present invention provides methods wherein
nanomaterial may be dispersed and separated using an electrochemical
process. Carbon nanotubes are an important material system, providing
unique properties including the highest known thermal conductivity, the
highest mechanical strength, the large current density capacity, and a
range of important (opto)electronic characteristics. As well as fundamental
scientific interest, nanotubes are proposed for an enormous range of
applications, ranging from high performance composite materials, to
transparent conductors, 'solar cells, and nanoelectronics as described in
Baughman, R.H, A.A. Zakhindov, and WA. de Heer, Science, 2002. 297(5582):
p. 787-792. However, there are a number of critical obstacles to be
overcome before nanotubes can be exploited to their full potential.  Carbon
nanotubes can be subdivided into two groups: single walled carbon nanotubes
(SWNTs) and multiwalled carbon nanotubes (MWNTs). SWNTs are pure carbon
tubular molecules that can be thought of as a single 'rolled up' graphene
sheet. SWNTs are typically about 1-1.5nrn in diameter, and their properties
depend on their diameter and the angle at which they are rolled up from the
graphene sheet (the chiral angle). Multiwalled carbon nanotubes consist of
several concentric layers of SWNTS. The definitions of nanotubes can be
extended to include a number of variants or derivatives familiar to those
skilled in the art including, for example, the presence of defects
(vacancies, -other rings such as heptagons, and altered via hybridisation),
endohedral material (filling of the hollow core with other substances),
chemical functionalisation, di(or poly)merisation, and more complex
topologies. As grown, nanotube materials are heterogeneous, containing both
impurities, and intrinsically a mixture of different nanotube species. The
electronic and optical properties of carbon nanotubes depend on their
diameter and helicity (the angle between the graphite lattice and the
nanotube axis). In this regard, with reference to SWNTs,  each species can
be labelled with an (m,n) index. In typical SWNT samples, approximately one
third are metallic and two thirds are semiconducting as described in
Meyyappan, M., 2005: CRC Press. While progress has been made in
synthesising materials with more of one type than another, to date, no pure
syntheses are known. 



The importance of being able to separate the two different SWNT types in
the future of the material should not be underestimated. For example,
semiconducting tubes must alone be used to produce good field-effect
transistors and only metallic nanotubes must be present if low-resistance
materials are to be produced, for example for transparent films (Kim, W.J.
et al. Chemistry of Materials, 2007. 19(7): p. 1571-1576). It is therefore
clear that, before the optoelectronic properties of carbon nanotubes can be
used to their full potential, a cheap and scalable method of nanotube
separation by electronic character is required. In addition, most nanotube
samples are contaminated with metal catalysts, catalyst supports, or other
types of amorphous, nanoparticulate, or graphitic carbon. Processing the
material to obtain pure nanotubes is difficult, typically involving
multiple oxidation, sonication, washing, and filtration steps that are time
consuming, damaging to the intrinsic properties of the nanotubes, and often
of limited efficacy. The difficulty in separation and purification is
linked to a wider problem, specifically that nanotubes have very poor
solubility or dispersibility in common solvent systems. Good
dispersions/solutions of nanotubes are highly desirable for introducing
nanotubes into specific applications, for example, depositing homogeneous
nanotube coatings, forming electrode assemblies, and fabricating high
performance composites. Dispersion in low viscosity solutions is typically
achieved using ultrasound wherein the high intensity used separates
nanotube aggregates and even SWCNT bundles. However, this technique can
also cause damage. Stable dispersions of unadulterated individual nanotubes
are known only in a small number of solvents (e.g. NNW, DMA, etc) and at
extremely low concentrations (<0.01 mg/ml, roughly <0.00 Iwt%) (Giordani,
S., et al., Physica Status Solidi B-Basic Solid State Physics, 2006.
243(13): p. 3058-3062).  3 In order to prevent reagglomeration, a polymer
or surfactant which can adsorb onto the exposed nanotube surfaces or become
grafted due to chain scission (Shaffer, M. et al., Editor S Advani. 2006,
World Scientific. p. 1-59) is usually added to the solution. Amphiphilie
polymers dissolved in water, such as poly-(hydroxyaminoether) (PEAR),
poly(vinyl alcohol) (PVA), and PVA/poly(vinyl pyrrolidone) (PVP) have
proved particularly effective, although organic systems have also been
explored, based on polystyrene (PS), ultra-high molecular weight
polyethylene (UHMNVPE), and polypropylene (PP). A range of surfactants have
been used, most commonly SDS, SDBS, and bile salts. These non-covalent
strategies are moderately effective at low concentrations, but all require
intense sonication, and intrinsically contaminate the sample. Bundles of
nanotubes typically remain in addition to or instead of individual
nanotubes, which can only be removed by ultracentrifugation.  Direct
covalent chemical functionalisation either with polymers or charged
function groups has also been used, but is particularly damaging to the
intrinsic properties of the nanotubes. 



The most promising methods of dissolving individual nanotubes rely on
chemically charging the nanotubes under aggressive redox conditions, either
protonating in superacids (Ramesh, S., et al., Journal of Physical
Chemistry B, 2004. 108(26): p. 8794- 8798) or reducing using sodium
napthalide in DMF (Penieaud, A" et al., Journal of the American Chemical
Society, 2005. 127(1): p. 8-9).  At present there are a number of different
techniques used to separate nanotubes by their electronic properties with
varying degrees of success. All require the preparation of individual
nanotube (usually SWNT) suspensions by sonication and ultracentrifugation,
as a prerequisite. Dielectrophoresis separates metallic and semiconducting
SWNTs based on their different polarisability (Krupke, R., et al., Science,
2003. 301(5631): p. 344-347). The method is reported to produce only an 80%
enrichment and is limited by the high cost of the microelectrode, the very
small sample size, and the problems associated with producing good quality
initial solutions.  4  Density gradient ultracentrifugation can be used to
sort minute quantities of carbon nanotubes by both their diameter and
electronic type (Arnold, M.S., et al., Nature Nanotechnology, 2006. 1(1):
p. 60-65), using the differences in the buoyant densities. However,
multiple cycles of ultracentrifugation are required hindering the
commercial viability of this process due to its costly nature. Simpler
methods are based on a combination of dispersion and centrifugation,
commonly involving a solution of amines (Maeda, Y., et al., Journal of the
American Chemical Society, 2005. 127(29): p. 10287-10290) but yield only
modest enrichment rather than full separation.  Anion exchange
chromatography has been used to separate SWNTs wrapped in DNA (Zheng, M.
and E.D. Semke, Journal of the American Chemical Society, 2007. 129(19): p.
6084 onwards). Although this technique is good for producing small
quantifies of separated tubes, this approach is severely limited by the
high cost of the DNA used in the wrapping process and of the anion exchange
chromatography. The need to completely remove the DNA for many potential
applications is an additional drawback.  A variety of chemical techniques
have also been developed to separate SWNTs. Peng, X., et al., Nature
Nanotecluiology, 2007. 2(6): p. 361-365 describes the use of diporphyrins
or 'nano tweezers' to separate SWNTs of different helicities. Kim, W.J. et
aL Chemistry of Materials, 2007. 19(7): p. 1571-1576 describes the use of
diazonium salts to selectively functionalise metallic nanotube after which
they could be separated by electrophoretic means. Ozonolysis can also by
employed to separate nanotubes by diameter as described in Banedee, S. et
aL Nano Letters, 2004. 4(8): p. 1445-1450. Wunderlich, D., et al. Journal
of Materials Chemistry, 2008 describes that alkylation in liquid ammonia
selectively function alises metallic tubes. Although some of these
techniques are more effective than others, they all involve batch
processes, very small quantities, and inherently damage the structure of
the nanotubes by functionalisation. 



5 Therefore, it is apparent that there is a need for a simple and effective
method, which can be run in a continuous manner, for separating
nanomaterials and which does not suffer from the disadvantages identified
above. In this regard, the present inventors have surprisingly found that
effective dissolution and separation of nanomaterials, in particular,
nanotubes can be achieved by use of an electrochemical process. By far the
most common electrochemical uses of nanotubes are as inert electrodes in
electrochemical devices such as capacitors and fuel cells or as
microelectrodes. In these contexts, the redox characteristics of the
nanotubes are ignored. The redox electrochemistry of nanotubes attached to
solid supports has been studied previously as described in Kavan, L., et
al., Journal of Physical Chemistry B, 2001. 105(44): p. 10764- 10771, but
never for the purposes of dissolution or separation. On the other hand,
redox purification is well known for atomic species and is used in large
industrial processes, for example for the purification of copper as
described in Pletcher, D. and D Walsh, Industrial Electrochemistry. 1993:
Blackie Academic and Professional. The application of redox
electrochemistry to the purification of discrete nanomaterials is a
surprising development. In a first aspect, the present invention provides a
method for dispersing nanomaterial comprising an electrochemical process.
Advantageously, it has been found that where such a process is employed, it
is possible to disperse nanomaterials effectively while avoiding causing
damage to the nanomaterial. In particular, the present invention provides a
scalable, cheap and potentially continuous method for separating large
quantities of nanomaterials. Furthermore, by controlling the conditions
under which the electrochemical process is performed, it is possible to
selectively disperse the nanomaterial. For example, where the nanomaterial
comprises nanotubes, by controlling the conditions under which th
electrochemical process is performed, it is possible to selectively
disperse nanotubes having different properties. In this regard, it is
possible to separate, nanotubes on the  6 



basis of their electronic characteristics, e.g. semi-conducting nanotubes
from metallic nanotubes, by size or by helicity. In a further aspect, the
present invention provides a solution of dispersed nanomaterial, comprising
individual nanomaterial at a concentration of about 0.1mgmr1 or more and a
solvent. A high concentration of dispersed, individual nanomaterial is
desirable for further manipulation. Prior to the present invention, it had
not previously been possible to obtain solutions having such a high
concentration of nanomaterial, without needing to use additional
surfactants, surface modifiers, chemical functionalisation or protonation.
In one embodiment, the present invention provides a solution of dispersed
nanotubes, comprising individual charged nanotubes at a concentration of
about 0.1mgmr1 or more and a solvent. In a further aspect, the present
invention provides an electrochemical cell comprising a working electrode,
a plurality of counter electrodes and an electrolyte, wherein the working
electrode comprises nanomaterial. Preferably, in use, the potential between
each of the plurality of counter electrodes and the working electrode is
different. In the method of the present invention, a nanomaterial is
dispersed by an electrochemical process. The term "nanomatetial" as used
herein refers to materials having morphological features of about 0.1 gm or
less in at least one dimension. Accordingly, the term encompasses
nanotubes, nanofibres and nanoparticles. In some embodiments, the
nanomaterial is an assembly of nanotubes, nanofibers and/or nanoparticles.
The method of the present invention allows for the dispersion of such
assemblies, The term "nanopartiele" is used to refer to a particle which
has a discrete crystalline structure which can be oxidised or reduced
electrochemically as a whole without 



degrading the inherent atomic structure of the particle. Examples of
suitable  7 nanoparticles include nanoparticles comprised of noble metal
atoms, such as, for example, platinum or gold. The term "nanofibre" is used
to refer to a fibre having a diameter of about 0.1 um or less. In some
embodiments, the nanomaterial comprises nanotubes or nanofibres.
Preferably, the nonmaterial comprises nanotubes. Preferably the
nanomaterial comprises carbon nanotubes. In one embodiment, the carbon
nanotubes may be doped with boron and/or nitrogen in order to adjust the
electrical conductivity of the carbon nanotubes. Typically dopant
concentrations will be about I atomic% but may be significantly higher or
lower.  The nanotubes used in the method of the present invention may be
SWNTs or MWNTs, preferably SWNTs. Preferably, the nanotubes are carbon
nanotubes. The nanotubes may have a range of diameters. Typically, for
SWNTs, the nanotubes will have diameters in the range from about 0.4 to
about 3 run Where the nanotubes are MWNTs, the diameters will preferably be
in the range from about 1.4 to about 100 rim Preferably, the carbon
nanotubes are SWNTs. Suitable nanotubes can be obtained commercially from,
for example, SWeNT, Carbon Nanotechnologies, Inc., Carbolex, Inc. and
Thomas Swan Ltd.  While the details which follow herein focus on nanotubes,
the method of the invention applies to other nanomaterials where the redox
potentials may be controlled by size or composition, and selective
separation is required. Redox active particles of low intrinsic
conductivity may need to be supported on a porous conductive framework. 



The term "electrochemical process" as used herein refers to a process
wherein a chemical reaction takes place at the interface of an electron
conductor (an electrode) and an ionic conductor (an electrolyte) and is a
process which involves the transfer of a charged species between the
electrode and the electrolyte.  8  In one embodiment, the method of the
present invention comprises applying a potential between a working
electrode and a counter electrode, wherein the working electrode comprises
nanomaterial, such as nanotubes, and the working electrode and counter
electrode form part of an electrochemical cell which further comprises an
electrolyte. The term "working electrode" as used herein refers to an
electrode at the interface of which an electrochemical process of interest
takes place. The working electrode used in the method of the present
invention comprises nanomaterial. In one embodiment, the working electrode
may consist essentially of nanomaterial 0. the electrode contains no other
components which will materially affect the behaviour of the electrode.
This purity is advantageous for several reasons. Firstly it allows for the
dispersion of a large quantity of nanomaterial through a single simple
process which can be easily controlled- Secondly, it makes it
straightforward to monitor for the end point of the process because it will
be marked by the required degree of dissolution of the working electrode.
Thirdly, the system is maintained free of unwanted additional contaminants.
Electrodes which comprise nanomaterial are known in the art. For example,
"bucky paper" or other film carbon nanotube electrodes have been used
previously as inert electrodes in an electrochemical cell as described in J
Phys Chem B, 108 (52) 19960- 19966, 2004. "Bucky paper" may be obtained
commercially from Nanolab, Inc., MA, USA. Electrodes which comprise
nanomaterial may be produced by conventional techniques with which the
person skilled in the art will be familiar. For example, such electrodes
may be produced by filtration/dispersion of nanomaterial-containing
solutions as described in Wang et al., Composites Part A: Applied Science
and Manufacturing, (35) 10, 1225-1232 (2004). The underlying principle of
the electrochemical technique of the present invention is to apply a
relatively large potential between a working electrode which comprises
nanomaterial and a counter electrode until the nanomaterial becomes
sufficiently highly charged that it spontaneously dissolves. The process
may either use a large positive voltage to remove electrons from (oxidise)
the nanomaterial, leading to a solution of  



9 positively charged nanomaterial, or use a large negative voltage to add
electrons to (reduce) the nanomaterial, providing a solution of negatively
charged nanomaterial. Where the working electrode comprises nanotubes,
preferably a large negative potential is applied such that the nanotubes
are reduced. The reduction is preferred, as the required potential is more
easily accessed in standard solvent windows, and the resulting carbon
nanotubide ions are more easily solvated. Where the nanotubes are reduced,
the working electrode is a cathode and the counter electrode is an anode.
As indicated above, in the method of the present invention, a large
potential is applied between the working electrode and the counter
electrode. The potential applied between the working electrode and the
counter electrode may be adjusted depending on the ionisation energy of the
nanomaterial. Where a negative potential is applied, preferably the
potential applied is about -0.6 V or a more negative potential, about -0.8
V or a more negative potential, preferably about -1.0 V or a more negative
potential, preferably about -1.5 V or a more negative potential, preferably
about -2.0 V Or a more negative potential, preferably about -2.5 V or a
more negative potential as measured relative to a standard hydrogen
electrode. Preferably the potential applied is in the range from about -1
to about -2 V as measured relative to a standard hydrogen electrode. Where
a positive potential is applied, preferably the potential applied is about
1.0 V or more, preferably about 1.1 V or more, preferably about 1.2 V or
more, preferably about 1.3 V or more, preferably about 1.5 V or more as
measured relative to a standard hydrogen electrode. Preferably the voltage
applied is about 3 V or less, about 2,5 V or less, about 2.0 V or less as
measured relative to a standard hydrogen electrode. The steady state
current correlates with the rate of dissolution of the nanomaterials, and
may be maximised by adjusting the composition of the electrolyte and the
surface area of the working electrode, as well as the applied potential.
The time for which a potential is applied between the working electrode and
the counter electrode is not particularly limited, other than by
consumption of the working electrode,  



10 which may be replenished. In one embodiment, the potential may be
applied for a time in the range from about 1 to about 16 hours. The
dimensions of the working electrode are not particularly limited. In some
embodiments, the working electrode may have a surface area in the range
from about 0.2 to about 1.0 cm2. In other embodiments, the surface area may
be significantly larger, particularly where the method is being operated on
a conunercial scale. The electrolyte is one that stabilises charged
nanomaterials. The electrolyte may be formed in situ in the electrochemical
cell by addition of a suitable salt to a solvent. Standard, wide stability
salts used for dry organic electrolyte systems can be used, including
sodium tetraphenyl borate, tetrabutylammonium hexafluorophosphate and
lithium perchlorate. The person skilled in the art will be familiar with
suitable solvents. In particular, polar, aprotic dry solvents are
preferred. Suitable solvents for charged nanomaterials include but are not
limited to dry (water-free) and oxygen-free dimethyl formamide (DMF),
dimethylacetamide (DMA) and N-methylpyrolidone (NMP). Alternatively, a
nanomaterial-based electrolyte, such as a nanotube-based electrolyte can be
used, for example, an alkali metal nanotubide salt, either prepared ex
silt, by direct reaction or in situ by the addition of alkali metal. In one
embodiment, the nanotube-based electrolyte may be prepared ex situ by
contacting nanotubes, which may be obtained commercially, with an
electronic liquid comprising a metal and an amine solvent The term
"electronic liquid" is used herein to describe the liquids which are formed
when a metal, such as an alkaline earth metal or an alkali metal, for
example, sodium, dissolves without chemical reaction into a polar solvent -
the prototypical example being ammonia. This process releases electrons
into the solvent forming a highly reducing solution. Without wishing to be
bound by theory, these solutions dissolve nanotubes, based on two factors.
First, the electron of the carbon species means that they form  



11 negatively charged anions. Second, these negatively charged anions are
stably dispersed due to electrostatic repulsion.  The metal used is a metal
which dissolves in an amine to form an electronic liquid. The person
skilled in the art will be familiar with appropriate metals. Preferably,
the metal is selected from the group consisting of alkali metals and
alkaline earth metals. Preferably, the metal is an alkali metal, in
particular, lithium, sodium or potassium. Preferably, the metal is sodium.
It is advantageous to control carefully the amount of metal included in the
solution. Too much metal present in the electronic liquid washes out
(saturates) the possibility of selective charging and prevents dispersion
of the nanotubes to form a nanotube-based electrolyte by screening the
electrostatic repulsions between the carbon species. Therefore, preferably
the metal is present in an amount such that the ratio of metal atoms in the
electronic liquid to carbon atoms in the carbon nanotubes with which the
electronic liquid is contacted is about 1:4 or less, preferably about 1:6
or less, preferably about 1:8 or less, preferably about 1:10 or less,
preferably about 1:15 or less, preferably about 1:20 or less. In some
embodiments, the metal is present in an amount such that the ratio of metal
atoms in the electronic liquid to carbon atoms in the carbon nanotubes with
which the electronic liquid is contacted is in the range from about 1:3 to
about 1:10, about 1:3 to about 1:8, about 1:3 to about 1:6, about 1:3 to
about 1:5, preferably about 1:4. The number of carbon atoms in the
nanotubes can be determined by simple calculations with which the person
skilled in the art will be familiar. The electronic liquid is formed by
dissolving the metal in an amine solvent. In some embodiments, the amine
solvent may be a C1 to C12 amine, a C1 to Cto amine, a C1 to C5 amine, a C,
to C6 amine, a C1 to C4 amine. The amine solvent is preferably selected
from ammonia, methylamine or ethylamine. Preferably, the amine solvent is
ammonia. In one embodiment, the metal is sodium and the amine solvent is
ammonia. It is preferred to exclude air and moisture from the system by
ensuring that all materials are dry and oxygen-free. In principle, a small
concentration of contaminant can be  12 



removed by electrochemical reaction, but it is preferable to remove
contaminants in advance.  In the method of the present invention,
nanomaterial is dissolved from the working electrode by applying a
potential between the working electrode and the counter electrode. The
electrochemical cell may contain a plurality of counter electrodes. The
counter electrode used in the method of the present invention is not
particularly limited, but is preferably electrochemically inert under the
conditions employed. In this regard, the person skilled in the art will be
familiar with appropriate counter electrodes. Examples of suitable counter
electrodes include glassy carbon, graphite, platinum and nanotube papers.
In one embodiment, the electrochemical cell may further comprise a
reference electrode or pseudo reference electrode. This addition is
advantageous because it allows for maximum control, particularly in small
scale experiments. In the solvent/electrolyte systems used in the method of
the present invention, standard reference electrodes, most usually designed
for or containing aqueous systems, are not always readily available, so a
pseudo-reference electrode, such as a platinum wire, can be used. Some
reference electrode systems such Ag/AgNO3.are also available.  In one
embodiment of the present invention, the working and counter electrodes are
arranged in separate compartments linked by a suitable electrochemical
membrane or separator. Suitable electrochemical membranes and separators
include porous, for example, fluorinated polymer films, and glass or other
inert fibre mats. In such an arrangement, the electrolyte salt or counter
electrode material is oxidised (or reduced) at the counter electrode to
balance the reduction (or oxidation) of nanomaterial at the working
electrode. The solution of charged, dispersed nanomaterial can be collected
from the working electrode compartment. Where the process is to be run in a
continuous fashion, it may be necessary to add further additions of
electrolyte or counter electrode material. In an alternative embodiment,
the working and counter electrodes are contained in a single compartment.
In this arrangement, the nanomaterial is dissolved from the  13 working
electrode and subsequently deposited onto the counter electrode(s). The
process can continue until the nanomaterial provided in the working
electrode is exhausted, or until a selected fraction of the nanomaterial
provided in the working electrode is exhausted. The proportion of
nanomaterial which has been dissolved from the working electrode can be
detennined by monitoring the weight of the working electrode as the
electrochemical reaction progresses or by measuring the total charge which
has passed through the electrochemical cell by integrating current over
time. The deposited nanomaterial can be collected from the counter
electrode, for example, by mechanical means to produce a powder or by
further electrochemical processing to produce a dispersion. 



Preferably, the electrochemical cell used in the method of the present
invention is arranged such that the working and counter electrode(s) are
contained in the same compartment.  As noted above, nanomaterials such as
nanotubes are heterogeneous, and the various components have different
redox potentials as described in Okazaki, K. et al. Physical Review B,
2003, 68(3). Accordingly, by selecting the potential of the working
electrode, different fractions of nanotube-containing material may be
dissolved in the method of the present invention. The invention thus
provides a mechanism for separating and purifying nanomaterials, in
particular, nanotube-containing materials. This selectivity may be achieved
in one of two ways. In one embodiment, separation and purification may be
achieved by controlling the dissolution of the nanomaterial-containing
working electrode. This can be done by controlling the potential applied
between the working electrode and the counter electrode. For example,
nanopartieulate carbons may be charged first and dissolved away, leaving an
enriched (purified) nanotube working electrode. Similarly, metallic or
diameter-dependent semiconducting nanotubes may be dissolved separately,
optionally in a sequence of applied potential steps of gradually increasing
magnitude. Where separation is achieved by controlling dissolution of the
working electrode, preferably the potential applied between the working
electrode and the counter electrode is sufficient to dissolve at least
about 1%, at least about 5%, at least about 10%, at least about 15%, at
least about 20%, at least about 25%, at least about 30%, at least about
35%, at least about 40%, at least about 45%,at least about 50%, at  14
least about 60%, at least about 70%, at least about 80%, at least about
85%, at least about 90%, at least about 95%, at least about 98%, at least
about 99% of the nanomaterial of the working electrode. In this embodiment,
the product obtained is a solution of dispersed, individual, charged
nanomaterial which has optionally been separated on the basis of size,
helicity and/or electronic character by adjusting the potential applied
between the working electrode and counter electrode so as to control
dissolution of the nanomaterial-containing working electrode. In an
alternative embodiment, separation and purification of the nanomaterial may
he achieved by controlling the deposition of the dissolved nanomaterial
onto the counter electrode. In this embodiment, preferably, a sufficiently
large potential is applied between the working electrode and the counter
electrode in order to dissolve at least about 50%, at least about 60%, at
least about 70%, at least about 80%, at least about 85%, at least about
90%, at least about 95%, at least about 98%, about 100% of the nanomatcrial
of the working electrode. The electrochemical cell may comprise a plurality
of counter electrodes, such that the potential between the working
electrode and each subsequent counter electrode is different. The differing
redox potentials of the charged species will cause them to be selectively
deposited at different counter electrodes, allowing for separation and
purification of the nanomaterial from which the working electrode is
comprised. Preferably, the counter electrodes are spatially arranged in
sequence in terms of distance from the working electrode, such that the
dissolved species move sequentially from smallest to greatest magnitude
potential. This arrangement allows for the deposition of a pure species at
each counter electrode as it reaches the potential required for deposition.
The invention thus provides a scalable, cheap and potentially continuous
method for separating large quantities of nanomaterial. The purified
nanomaterial produced by the method of the present invention has immediate
application in such fields as solar cells, transistors and sensing. In
particular, the nanomaterial dispersion can be used for variety of
purposes, including preparation of coatings, composites, and synthesis of
functionalised nanotubes using reactions developed for nanotubes charged by
chemical means.  15 



By using the method of the present invention it is possible to obtain a
solution of dispersed, individual, charged nanomaterial. Where the working
electrode comprises nanotubes, the product of the method of the present
invention may be a solution of dispersed, charged, individual nanotubes.
The person skilled in the art will be familiar with techniques which may be
used to confirm the presence of individualised (debundled) nanotubes. An
example of a suitable technique is small angle neutron scattering (SANS) as
described in J. A. Fagan et al. J Phys Chem B., (2006), 110, 23801.  SANS
is a powerful technique for probing the structure of SWNTs in solution.
More specifically, SANS can be used to determine whether the SWNTs are
present as isolated species or in bundles or clusters. SANS provides
information of the structure of large particles in solution (in the range
from 1 to 1000 nn). The SANS intensity I(Q) is proportional to QD, where D
is the fractal dimension of the tube. Thus, the expected SANS pattern for
fully dispersed rod-like objects (Le. D -I behaviour. Otherwise,
non-mono-dispersions of SWNTs, i.e. those consisting of aggregates or
networks of rods exhibit a larger fractal dimensions, typically from 2 to
4.  It has been found that, where the method of the present invention is
employed, it is possible to obtain surprisingly high concentrations of
nanomaterials, in particular nanotubes. More specifically, prior to the
present invention it was believed that, due to thermal equilibrium being
reached, the highest concentration of individual nanotubes which could be
obtained in solution, in the absence of surface modifiers chemical
functionalisation, or protonation, is 0.01mgml-I. However, the present
inventors have achieved concentrations of greater than about 0.01mgm1-1. In
some embodiments, the concentration of individual nanotubes is about 0.1
mgm1-1 or more, about 0.5 mgrnI-1 or more, about 1 mgm1-1 or more, about 5
mgmll or more, about 10 mgm1-1 or more, about 50 mgmfi or more, about 100
mgrnii or more. A further advantage associated with the present invention
is that selectivity is achieved by controlling the conditions under which
the electrochemical process is performed. More specifically, the nature of
the method is such that metallic carbon nanotubes are  16 



charged in preference to semi-conducting nanotubes. The effect is due to
the variable electron affinity of SWNTs which depends on type, diameter,
and helicity. The types of nanotubcs which are present in the solution can
be determined by Raman scattering techniques (Dcsselhaus et al Physics
Reports (2005), 40A). Raman scattering is a powerful technique for the
determination of specific types of SWNT present in a sample consisting of
mixed tubes. Raman scattering is the process of inelastic light scattering
via an intermediate electron with energy lost or gained from a vibronic
mode (phonon) of the sample. As only a very few photons are scattered in
this way (1 in 107), Raman spectroscopy typically uses a laser for a high
intensity beam of monochromatic light. SWNTs are rolled up sheets of
graphite mid due to this tubular nature their electrons are confined in the
radial direction of the tube. This quantisation leads to large spikes,
called van Hove singularities, in their electronic Density of States
(eDOS). If the incoming light matches the difference between these spikes,
the Raman scattering is resonant. The Raman spectrum at any given
wavelength is then dominated by the specific tubes which have transitions
matching that wavelength in their eDOS. To predict which tubes will be in
resonance with the light, a Kataura plot is often used. This graph is a
plot of calculations of the transitions of different SWNTs as a function of
their diameter. Below 400cm-1, the Raman spectra of SWNTs are dominated by
the Radial Breathing Modes (RBM). The energy of this phonon is inversely
proportional to the diameter of the SWNT. The Raman spectra of a sample of
a mixture of tubes will show a sum of the peaks from all the RBMs from the
SWNTs that are resonant with the light. Therefore, knowing the laser
wavelength, one can read off from the Kataura plot which tubes are present
in a given sample. If one takes a sample of SWNTs and processes it
chemically, then by comparing its Raman spectrum with that of the untreated
tubes, the relative population increase or decrease in the RBIVIs provides
strong evidence of the relative increase or decrease of the specific type
of SWNT in the sample. Furthermore, as can be seen in the plot, transitions
from metallic and semi-conducting tubes are typically well separated for
given energies. Thus, typically a spectrum contains reasonably clear  17
regions of peaks corresponding to metallic and semiconducting SWNTs. In
this way Raman Spectroscopy is a powerful technique in determining the
extent of separation of SlYNTs based on electronic character (Dresselhaus
M.S. et al. Physics Reports (2005) 40). After producing a dispersion of
individual nanomaterial, preferably nanotubes, one or more further steps
may be carried out in order to further separate the nanomaterial, e.g. on
the basis of electronic character, size and/or helicity. In one embodiment,
the dispersed material(s) may be further separated by gradual quenching of
the charge using a suitable quenching agent, including but not limited to
02, H20, I2, protic organic solvents and alcohols (or other protic
species). As the quenching agent is added, the species with the highest
energy electrons will be deposited first. By adding appropriate
stoichiometric quantities, the desired fractions may be separated. For
example, the fractions precipitated after neutralising predetermined
amounts of the total charge may be collected. 



Alternatively or in addition to chemical quenching. electrochemical methods
can be used. In this case, the addition charge on the nanotube-based anions
is removed by applying a small voltage to an (otherwise inert) electrode
placed in the dispersion of nanotubes. By controlling the potential of the
electrode, nanotabes of different electron affinities can be oxidised and
precipitated onto the electrode. The electrode (or series) of working
electrodes are held at fixed potential(s), in potentiostatic mode; a
counter electrode may also be provided, preferably in a remote, though
ionically-linked compartment at which the alkali metal ion is reduced and
recovered. A reference electrode may be used to control the potential at
the working electrode accurately. Alternately, or in an additional step,
the solvent (electrolyte) may gradually be removed, causing the heaviest /
least charged species to deposit first. These two mechanisms allow
separation by, for example, nanotube length on the one hand, and nanotube
electronic character (semiconducting band gap) on the other.  18
Optionally, quenching agents including but not limited to RI, wherein R is
a hydrocarbon group, can be used to chemically modify the carbon species.
By carrying out the reaction on dispersions of individual nanotubes, an
ideally uniform functionalisation is achieved over the nanotube surface
(typical functionalisations occur only on the surface of nanotube bundles).
Optionally, a solution of (previously separated) carbon species can be
destabilised slowly (by quenching or solvent removal) to crystallise the
carbon species. Optionally, where the nanomaterial comprises nanotubes, the
partially sorted, individual dispersed nanotubes, can be further separated
according to size by chomatography in a dry environment.  Optionally, the
charged nanotubes can be transferred to other dry organic solvents, such as
dimethyl formamide (DMF), dimethylacetamide (DMA) and N-methylpyrolidone
(NMP), for further processing. The present invention will now be described
further by reference to the following figures and examples which are in no
way intended to limit the scope of the invention. 



Figures Figures lA and 18 are schematic representations of two different
arrangements of an electrochemical cell which may be used in the method of
the present invention; and Figure 2 shows Raman spectra of CoMoCAT SWNTs
before and Mier applying the method of the present invention. In figure 1A,
a working electrode (2) comprising nanomaterial and a reference electrode
(4) are positioned in one compartment (8), while a counter electrode (6) is
positioned in a separate compartment (10) which is linked to the first
compartment by an electrochemical membrane (12). Upon application of a
potential between the working electrode and the counter electrode,
nanomaterial (14) is dispersed in the electrolyte (16).  19 In figure 1B, a
working electrode (18) and a series of counter electrodes (20) are arranged
within the same compartment (22). Upon application of a potential between
the working electrode and the counter electrode, nanomaterial is deposited
on the counter electrodes. Example In this example, an electrochemical cell
comprising a bucky paper working electrode, a Highly Ordered Pyrolytic
Graphite counter electrode, a platinum pseudo-reference electrode and
sodium tetraphenyl borate in N,N-dimethylmethanamide as an electrolyte was
used. The electrochemical cell was held at negative potentials to cause the
SWNTs to be reduced, repel one another, overcome the Van der Waals forces
that hold them together and therefore leave the bucky paper as individual
nanotubes dispersed in the electrolyte. The reduced nanotubes were then
deposited on the counter electrode as a thin carbon nanotube film. 



The electrochemical cell was prepared and operated as follows. 10mg of
sodium tetraphenyl borate was added to a clean, dry, 25m1, 3-neck round
bottom flask containing a 6min glass encased magnetic stirrer bar. Using
standard Schlenk line techniques the flask was placed under a nitrogen
atmosphere by pump filling 3 times whilst heating the flask and contents
using a high temperature heat gun. After the flask had cooled, 7m1 of
pre-dried N,N-dimethylmethanamide was transferred into the flask under
nitrogen and the solution stirred for 2 minutes. A piece of 6cin by 8cm
bucky paper, made previously by dispersing nanotubes in dichlorobenzene by
sonication then filtering through a 0.2ttm PTFR filter membrane at reduced
pressure was attached to a piece of platinum wire. This bucky paper working
electrode was inserted through a subaseal, dried using a heat gun and
whilst maintaining a positive pressure of nitrogen in the cell, inserted
into the reaction vessel. This working electrode was lowered so that the
bucky paper was  20  partially-submerged into the electrolyte without the
electrolyte directly touching the platinum wire. The counter electrode,
consisting of a piece of 5mm by 9mm highly ordered pyrolytic graphite
attached to a platinum wire was inserted into a second subaseak a piece of
platinum wire was inserted adjacently to act as the reference electrode.
Both electrodes were heated using the heat gun and then inserted into the
remaining side arm of the flask. Both electrodes were then dipped into the
electrolyte. All electrodes were then attached to the corresponding
electrode clamps of the potentiostat avoiding shorting contacts. The
complete cell is illustrated schematically in Figure 1A. 



Whilst stirring, the cell was held at -2V for 30 minutes. During this time
nanotubes were seen to stream from the bucky paper working electrode and
into the electrolyte to produce a grey solution. Some of these nanotubes
were deposited onto the counter electrode and others remained in solution.
The ease by which certain nanotubes are initially reduced and subsequently
deposited depends on their electronic character. Using Raman spectroscopy,
as illustrated in Figure 2, it was shown that, as expected, metallic tubes
are reduced most easily and deposited first from the solution. Without
wishing to be bound by theory, one interpretation is that this behaviour
correlates with the availability of unoccupied molecular states close to
the Fermi level, which is self is seen to be lower in energy for metallic
tubes.  21  5 Claims   
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4.  20   5.  25   A solution of dispersed nanomaterial, comprising
individual charged nanomatcrial at a concentration of 0.1mgmll or more and
a solvent, wherein the nanomaterial comprises carbon nanotubes and the
solution comprises individual, charged, carbon nanotubes at a concentration
of greater than 0.1mgml1 and a solvent. 



A solution according to claim 1, wherein the carbon nanotubes are single
walled nanotubes. An electrochemical cell comprising a working electrode, a
plurality of counter electrodes and an electrolyte, wherein the working
electrode comprises nanomaterial, wherein the nanomaterial comprises carbon
nanotubes. An electrochemical cell according to claim 3, wherein the
working electrode and counter electrodes are contained within a single
compartment. An electrochemical cell according to claim 3, wherein the
working electrode is contained within a first compartment and the counter
electrodes are contained within a second compartment, wherein the first and
second compartments are linked by an electrochemical membrane. 


