1 Method for separating nanomaterials The present invention relates to

nmet hods for dispersing and separating nanomaterials, in particular

nanot ubes. In particular, the present invention provides nethods wherein
nanonat eri al nmay be di spersed and separated using an el ectrochem cal
process. Carbon nanotubes are an inportant material system providing

uni que properties including the highest known thermal conductivity, the

hi ghest mechani cal strength, the large current density capacity, and a
range of inportant (opto)el BethodTbEsephatingmandmpitedsls As wel | as fundanental
scientific interest, nanotubes are proposed for an enornous range of
applications, ranging from high performnce conposite materials, to
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nanot ubes can be subdivided into two groups: single walled carbon nanot ubes
(SWNTs) and multiwal |l ed carbon nanotubes (MANTs). SWNTs are pure carbon
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i mpurities, rinsic rent nanotube species. The
el ectronic afuidp@epmahal propertl es of car bon nanot ubes depend on their
di aneter and helicity (the angle between the graphite lattice and the
nanot ube axis). In this regard, with reference to SWNITs, each species can
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and the angle at which they ate 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,



The inportance of being able to separate the two different SWNT types in
the future of the material should not be underestinated. For exanple,

sem conducti ng tubes nust al one be used to produce good field-effect
transistors and only netallic nanotubes nmust be present if |owresistance
materials are to be produced, for exanple for transparent filnms (Kim WJ.
et al. Chemstry of Materials, 2007. 19(¥): p. 1571-1576). It is therefore
clear that, before the optoelectronic properties of carbon nanotubes can be
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expl ored, b&d&¥yon pol ystyrene (PS), ultra-high ol ecul ar wei ght

pol yet hyI ene (UHMNVPE), and pol ypropyl ene (PP). A range of surfactants have
been used, nost commonly SDS, SDBS, and bile salts. These non-coval ent
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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. NMP, DMA, etc) and at
extremely low concentrations (<0.01 mg/ml, roughly <0.001wt%) (Giordani, S., et al.,

Physica Status Solidi B-Basic Solid State Physics, 2006. 243(13): p. 3058-3062).



The nost prom sing nethods of dissolving individual nanotubes rely on
chem cal Iy charging the nanotubes under aggressive redox conditions, either

protonating in superacids (Ranesh, S., et al., Journal of Physical
Chem stry B, 2004. 108(26): p. 8794- 8798) or reducing using sodium
napt halide in DMF (Peni eaud, A" et al., Journal of the Anerican Chem cal

Soci ety, 2005. 127(1): p. 8-9). At present there are a nunber of different
t echni ques used to separate nanotubes by their electronic properties with
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techni gues  aferdIchofldhPSIlebdiamRIPEIBo). Lhey al | | nvol ve batch
processes, very small quantities, I nherently damage the structure of

t he nanot ubes by functionalisati on.
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.



5 Therefore, it is apparent that there is a need for a sinple and effective
nmet hod, which can be run in a continuous manner, for separating

nanonmat eri al s and whi ch does not suffer fromthe di sadvantages identified
above. In this regard, the present inventors have surprisingly found that
effective dissolution and separation of nanomaterials, in particular,

nanot ubes can be achi eved by use of an ehectrochem cal process. By far the
nost conmon el ectrochem cal uses of nanotubes are as inert electrodes in

el ectrochem cal devi ces such as capacitors and fuel cells or as
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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 Nanotechnology, 2007. 2(6): p. 361-365 describes the use of
diporphyrins or ‘nano tweezers’ to separate SWNTs of different helicities. Kim, W.J. er
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 Banerjee, S. et al. Nano Letters, 2004. 4(8): p. 1445-1450.
Wunderlich, D., ef al. Journal of Materials Chemistry, 2008 describes that alkylation in

liquid ammonia selectively functionalises 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.



basis of their electronic characteristics, e.g. sem -conducting nanot ubes
fromnetallic nanotubes, by size or by helicity. In a further aspect, the
present invention provides a solution of dispersed nanomaterial, conprising
i ndi vi dual nanomaterial at a concentration of about 0.1ngnrl or nore and a
solvent. A high concentration of dispersed, individual nanomaterial is
desirable for further manipulation. Prigr to the present invention, it had
not previously been possible to obtain solutions having such a high

concentr at i omheRford)@nofmiend tadt thant ishaetd foeesdnply ahd eliwt vandihod,orfadh can
surfactants, surface nodifiers, chemcal functi I i r_pr nati on.
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nanot ubes, GREPhE Skagadtindh idetiftdd abdvar ged nanot ubes at a concentration of
about 0.1nmgnrl or nore and a solvent. In a further aspect, the present

i nvention provides an el ectrochem cal cell conprising a working el ectrode,
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di fferent. lRchdrBenieilpostesf the present invention, a nanomaterial is

di spersed by an el ectrochem cal process. The term "nanomatetial"” as used
herein refers to materials havi ng norphol ogi cal features of about 0.1 gm or
| ess in at IBgafat thomesttamemei elactradbauicaliusefl of, nanpigbeserreree HSHAlReyades in

nanot ubes, nanofibres and nanoparticl ¢ LiTeRd
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e Crys ine's can be oxidised or reduced

has a discre
el ect r ochenidesatibed imEKawmnnwhokbtel wiaubrglief 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



degrading the inherent atomc structure of the particle. Exanples of
suitable 7 nanoparticles include nanoparticles conprised of noble netal
atons, such as, for exanple, platinumor gold. The term "nanofibre" is used
torefer to a fibre having a dianeter of about 0.1 umor |less. In sone
enbodi nents, the nanomaterial conprises nanotubes or nanofi bres.
Preferably, the nonmaterial conprises na@&notubes. Preferably the
nanonat eri al conpri ses carbon nanotubes. In one enbodi nent, the carbon
nanot ubes maypsibef d]@inezdhcmbﬂih choaaoistienl @r sqmitoondysiing nenofudes fivm melpllist t he
el ectrical cane %t%vkﬁ O eIﬁeltcarbon nanot ubes. Typically dopant
concentrati 0hs MAFbe J% 9%t omi c% but may be significantly higher or
| ower. The nanot ubes used in the nethod of the present invention may be
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separation is required. Redox active particles of low intrinsic
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comprising individual charged nanotubes at a concentration of about 0.1mgm!™ 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 “nanomaterial” as used herein refers to materials having morphological
features of about 0.1 um 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 “nanoparticle” 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



The term "el ectrochem cal process" as used herein refers to a process
wherein a chem cal 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

el ectrode and the electrolyte. 8 1In one enbodinent, the nethod of the
present invention conprises applying a pgtential between a worKking

el ectrode and a counter el ectrode, wherein the working el ectrode conprises
nanomat eri al nandi&iticias iAot daRGM iRl dednl}fisMO bK inbBle &h&slt hRdR andh couRt er

el ectrode formpart of an el ectrochem cal cell which further conprises an
el ectrol yt e. *PH®le Bptigunhpsigeldag el ectrode” as used herein refers to an

el ectrode at the interface of which an el ectrochem cal process of interest
takes place._The working el ectrode used in the method of the present

i nvention comd ’ie’é’éanli‘ﬁﬁ’ﬁg?ﬁaisést‘éFQ refey 1o AdibENRIHEfetitmetehel Wj’idkg-ﬁgmépéct rode
may consi st ggsentially of nanomaterial 0. the el ectrode contains no other
conmponents which will materially affect the behaviour of the el ectrode.
This purity is advantageous for several reasons. Firstly it allows for the

di spersi on Of s8mb SiB&IALAS thd danGhatBd 0oBERES AdnotuBés# GBndFiveds) Hh&esbyp! €
process which can be easily controlled- Secondly, it nmakes it

strai ght f or Wit 298 ¢HR} FO8IPrisesy nappigbesn PTpETaRY 1BF DER@2srigh exarses sarkea it wi |l |
be marked bynahdrebgsequi red degree of dissolution of the working el ectrode.
Thirdly, the systemis maintained free of unwanted additional contam nants.
El ectrodes which conprise nanonaterial are known in the art. For exanple,

"bucky paperli oo¢ eibdimherdt) théncabsbRmoMBAOhAbE: @ped Wit defmnl@ver BRRRelsed

previously as.inert electrodes in an .electrochem cal .cell as described in J
Bhys. Chor BOE pbss GoskEEc sorytlufod e SOR nERBER hepenl S ned
comer ci al | yofideatmtiNanellictie, abburd. atorhlés tubAay T wgHifi@adshivhdroRle@Apr i se
nanonmat eri al nay be produced by conventional techniques with which the
person skilled in the art will be famliar. For exanple, such el ectrodes
may be proddbedardoyubbs tied &t the nlediod pé tieippsseafinveativanmiyeld SWNIQ i 3/ WNTg,

sol utions as_desgGri in ng.,et. al ., osites Part, A plied Science
and Manuf ac ﬁ%?%%¥S?§§$&18¥§ﬁ%§%fT§§§mF§%g%fFa%ﬂ%nﬁ%@@?ﬁy(ﬁgIBPWH@FpIe of
t he el ect r ochgnazala taeghnf glikenetdrs.t HEyppnbg efot SWINENttho manstubed @blphyvea
relatively | _ ent i al. betwe rkin ectrode ich i ses
nanonateriaﬁggﬁgmggggﬁﬁggﬁkb %@Pﬁg%§)%ﬁ¥$%m%h§%ﬁgﬁgﬁh gP|%z“%§§gﬁé§

suf fi ci ent | thehdighétyrschalr gedergtiintbei in gponhgn dous ljouldi k4 abvasut THe ngar.ocess

my el ther PRk, 302808 el Okl 89RO SEIRYCASLASL! AP ol 'BHRLAX! ol se)
the nanomaterial,”’l eading to a solution of
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.



9 positively charged nanomaterial, or use a | arge negative voltage to add
el ectrons to (reduce) the nanomaterial, providing a solution of negatively
charged nanonmaterial. Were the working el ectrode conpri ses nanot ubes,
preferably a | arge negative potential is applied such that the nanotubes
are reduced. The reduction is preferred, as the required potential is nore
easily accessed in standard sol vent wi ngows, and the resulting carbon
nanot ubi de ions are nore easily solvated. Were the nanotubes are reduced,
t he wor ki ng Iebscénitadendng the maihhcbdﬁhapﬂsdnhmvemi@ntcmmp@dee@ppiyidgaipsteaimalanode.

As di cat b f t

A5 L CoU e 80 ok NEIRLDRH o hE RESREL b DS i g

el ect rode. Thepie: eatdnadieralplutieds hnemom;rem dodethnordeking ebkeoder ade camtkrt he
counter el ec} fvﬁg If m a%goégg Jelea}*oggeinglg{fer]fjwﬂgh %rth%:r c%anpp %L?tefegtml per gy of the

nanonat eri al°. rve I's applie
potential applied is about -0.6 V or a nore negative potent| al , about -0.8

Vor a nor e e%atl e %ou?t{”()%l » gsoref %rer%lbnl Qéfe‘%‘sb%m ?léctrgdevatot'he%:tgﬁﬁig @egatl ve

potenti al, &raBl%y Veor®a nore negative preferably
about -2.0 \xfh(ahaaelﬁmc&hamgatpmcesspxﬁhmwak@smaoef erably about -2.5Vor a
nore negative potential as neasured relative to a standard hydrogen

el ectrode. Preferably the potential applied is in the range from about -1
to about -2Tke azsorhiagsﬂcoetdder glsat iivethe onethat arfdtée dorpspuly (i'jg/@nﬁ@ll gsompose. \Were

t t bout
T 6%V or ol SLAHIR, Lo BPRbRngRr G Stk cBfodBdp B drkle BRBIAY o, 2001
nore, pref enaloingtedidguat thg el:ectkbdg comtgneno Qhasfcempdyieyts abébitwil H@tﬂvlali}’ affgste as
measured ref gguﬁa@ bfpns 1@&%@5 dgﬂﬁe/gx gpg@d@n@a%&m% se\Pe&ﬁfr@Js@IQI bt Vol t age

applied is out or ess | ess, about 2.0 V or less as
measur ed r etllswisvier the dispstsiondiradlarapdienén of neeamaiis] twhsat @aﬁy SgRRle e

current Cor%%se d@g]cm%ﬁ%ééasw @R, @E&:%Qﬂyuﬁhﬁﬁescﬁ sthaBeOANSIRIASLRL S, and

may be maxi ustin e conposi tion of the el ectrolﬂyte and the
surface arefr e Qﬂd@q}mr%th@P@P@étbF%@ it 2611 e | markesd bhihe gppiited dlegrse okt i al .

The tine f Oﬁlss\ﬁﬁ'tl&lﬂofathp%ﬁm% Abctloge. @RIy EMe Q}%Eéﬁ?ﬁ@ne{nﬁﬁné’@ﬁé@ N9n&hAed r ode and
the counter electrode is not particulafly ITmted, other than by

consunpt i onrdgftiopH soxigmiptiy el ect r ode,

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



10 which may be replenished. In one enbodi nent, the potential may be
applied for atine in the range fromabout 1 to about 16 hours. The

di rensi ons of the working electrode are not particularly limted. In sone
enbodi ments, the working el ectrode may have a surface area in the range
fromabout 0.2 to about 1.0 cnR. In other enbodinents, the surface area may
be significantly larger, particularly where the nethod is being operated on
a conunercial scale. The electrolyte is one that stabilises charged

nanonat er i alpgitidle cRirest ﬁa@xbﬁlh&rxﬁﬂakér he & ([Hrg’@degaﬂvcs bltage no taé ekkeatsriochemni cal

cell byaddltlon f a suitaple salt t S tnard w.de stability
salts used AU (e SppaRiEiae PEM E‘“ g*}t) W@an Be*u useamate’ﬁgl udi ng

sodi um tetraphenyl borate, tetrabut yI anmoni um hexaf | uorophosphat e and
l'ithium perchlorate. The person skilled fam lenfaal W th

the_.ar i
suitabl e sol Wiswg &e V‘foﬁk%?lf"ft@&F SPPSET %ﬁnomgﬁr BIiefeéabé’f %’/\ﬁag% §atfve are
preferred. %“aé;ﬂﬂ@ﬂ%u&pﬂdéﬁMn&ﬁfubééﬁ&é@@ﬁcéthnmtreddc’ad)m id pmfamdé, puthear e not
limted to dry. (water en- f ),
di net hyl acetr%r&gg‘(tmgls o ?\arsﬁ’é 8 aflgga(’i(géoq%ﬁ% ndo ’taé“?]tnhaetr?sve 'Y a
nanomat er i alcmba@@gjmﬁbﬁleﬁcﬁr@ayd @oreseaﬂlsr sakatad.nSietathestrabbes @t eclical, ttee can be

used, for exa an .al kal | net nanot u e,salt ther prepared ex
silt, by di W@%@ﬂ%ﬁ@?%ﬁ a&FtIhPﬁe lﬁfcﬂﬁ}nt? hgecgaddg 1t FH8 3 alkali metal. In one

enbodi ment, the nanotube-based el ectrolyte nay be prepared ex situ by

contacting nano whi.ch ma t ai ne r I L :
el ectronic | Sdﬁﬁﬁl‘&‘lge oTRBYS 47 Iﬁﬁ é/tﬁ%cfﬁ é %rgsegﬁmg%l% eggﬁ%ﬁoite%lelgta@ o

"el ectronic bbmenﬂﬂ wloﬂmt@c&ebtdoée aidnh¢ oudiesdedtivde.t Fee potaptiplcbppligsl tehvegne f or med
when a met al CI? éa arl&? lt e(iu%% eﬁc c\[e% e}g be 38 Ju@tleéf‘%llef)engﬁ adn’ theOr

exampl e, sodfi%u Wlor{ﬁ*lgs ves A t hém ca ction into a polar solvent -
t he pr ot ot ypintsatiorestangyloé thesiangmatenipdn Wiere Thiegatequtestal ie prpdisé preftrably r ons

o the soluenlo.f L Bh0g LN LEHEKIGLa0L uLiam, oY Wiasilhgg o be

bound by t heorm 1 Ut I'ons dI'sso Bano based on two factors.
First, the eémtfermmermﬁl plh&udm Hont 4H¢ ple%mnﬂ@aﬁgattvhat)fe@fkﬁéypﬁff@ﬂhlﬁ’ 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,



11 negatively charged anions. Second, these negatively charged anions are
stably dispersed due to electrostatic repulsion. The netal used is a netal
whi ch dissolves in an amine to forman electronic |iquid. The person
skilled in the art wll be famliar with appropriate netals. Preferably,
the netal is selected fromthe group consisting of alkali nmetals and

al kaline earth netals. Preferably, the nmetal is an alkali nmetal, in
particular, lithium sodiumor potassium Preferably, the netal is sodium
It i s advantwageousy meglemrreal Ii¢ arieadnHobiynehty ehegrotpntisl rafy tveppliedi fach tioed i n t he
solution. Tqo _nuch ta resent the electronic |iquid washes out
(sat ur at es) l?ﬂjér‘ﬁ’@gge P‘g tBFbOélé@%(fuirﬁ/e chargi ng and prevents di spersion
of the nanotubes to form a nanotube based el ectrol yte by screening the

el ectrostati uI Si ons etvve rbon s f.or ferably
t he net al sﬁ’ﬁ‘g PO RO ‘gu‘g %? Hat nto é’ 'tl%t%arc?;r hﬁmﬁeélt a?ﬁ asfglrélr%rs in the
el ectroni ¢ leingudighetitd, tH@W&Qﬁg&Ie@mmdelmhytHaee carfacnarermindiicubes fvn kboshf.2h t he

electronic Liquid.is Go ate sabut14orl r ut 1:6
or less, préf g?oé‘f)llﬁ é’bo[}{' 316‘%’0‘1“8% 5, Se‘?%?ea%rf§%%%ggt ’g&v &8& aﬁggs
preferably apheidilarly \ﬂzﬁeré)t‘helneﬂﬁ)d 1sphieafgerpaﬂateyl caboommgrcROs®le. | ess. I n sone
enbodi nents, the netal is present in an anount such that the ratio of netal

atons in the electronic liquid to carbon atons in the carbon nanotubes wth
whi ch t he elTaeteteotblgtel ib qué dhdt stabiistsadtaegdd irsnomaterfads. T gpéectrelyin mbobe 1:3 to

about 1:10, abo t 1t31r}§1 e{?e%%%%nen%@ll Qgpﬁ%a&dl ntgfggﬁﬁltgblels'aﬁ’toaabgﬂf{]en&: 3 to

about 1:5, 6 era carbon atons in
nanot ubes c&tnireddetde rsmabﬂeﬁ shijs siefigbe duyabrgaia eleond yigi ke iceh beHseder son

skilled in thﬁdi’;}ggt schY& ) tQFapﬂ&”] lbofaaEe] téita%m@iaﬁﬁﬁanﬂm qlekafﬁlufogihb@hé@ramd by

di ssol vi ng th mne solfvent. "I'n sone enbodi nents, the am ne
sol vent nayhtmlnap@hldmtemz amine, aCl to Co amne, a Clto CS am ne, a C
to C6 amine, a Cl to C4 amine. The am ne solvent is preferably selected
from ammoni a, nmethyl am ne or ethylam ne. Preferably, the am ne solvent is
anmoni a. |nTbmere:mts&sdﬁemme agthvall e fatilisrovigoiteile rlenih dn aattiRdas gplent s

anmmoni a. aér§t1<10§r§fsglrvérﬁg %&r@fé&é&ldﬁn%% sQChtdTR: Shath & ﬁéh@ﬁhﬁehﬁs Bakem by

ensuri ng th materitals are dry and oxygen-free. pri nci a snall
concentrat i b a¢ neohmied tafty Cwerice) agl oxygen-fiee it Tolamide [DNED)

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 situ 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



removed by el ectrochem cal reaction, but it is preferable to renove
contam nants in advance. In the nethod of the present invention,
nanonaterial is dissolved fromthe working el ectrode by applying a
potential between the working el ectrode and the counter el ectrode. The

el ectrochem cal cell may contain a plurality of counter el ectrodes. The
counter electrode used in the nethod of jthe present invention is not
particularly limted, but is preferably electrochemcally inert under the
condi ti ons eppltieyledharkdl dnktins. $&@Rd, thesd fegatpelyshargskadidmcird siatihdisgrtedwi | 1 be
famliar with ropriate counter electrodes. Exanples of suitable counter
el ectrodes @H&%ﬁ%ﬁ“@ﬁﬂ%@ﬁmgé?bon graphite, platinum and nanotube papers.

I n one enbodi nent, the el ectrochem cal cell may further conprise a
reference el ectr seudo, refer ce electro . Thi,s_addi,tion
advantageougiﬁgF § E gwgw?8¥“> %%@aneh?“% lﬁrﬁ Ibﬁ smal |

scal e exper ipa®Rod §<,1Heﬁrin thbeﬂsﬂll %emﬂlhﬂrenmrapprypmtsmksn@raﬁ@eldy; the mhtel iret hod of

th t i t andar. t d d
For or - cont aFIsHG o este BBt e S 0 S UG RAF Bupghs BiR, 1o0 000

pseudo- r ef ettenagald$ ectikdiaptal Gichartislaa, ljphiati mdmnvwxrwtas&am Feclasbld, thsone

ref erence eleg rod systens such Ag/ AgNQ3. are al so available. In one
enbodi ment 8 °B'%%ent invention, the wor ki ng and counter el ectrodes are
arranged in separate conpartnments Ilnked by a suitable el ectrochem ca

menbr ane or tor ui I Ghd 8 ators

i ncl ude porousg?ﬁgagxMS()$£?g' ﬁ%%?naléé?%ﬂ?é%%udm? ea?¥§ﬁ§QMJ§§§§ér ot her
inert fibremmmsl metall preerghinghe alectamie gnd Wab‘hﬁe ogt Eaturaitsy tthe sailsl:bﬂé}’ ofount er
electrode MBh&HElud: %é},&’g 51 Qe o8 UG nitlondeBE LR LRarBhBERLREE L O

bal ance the reduct!o or n nanomat eri al at e wor ki ng

el ectrode. Fherodot Ubi @We@ﬁng:h@r glectrostitis prepwsionsn Apiyneit dhe émb@arﬁps‘éescol | ected
fromthe wo f)t@f\e'fe{bggtﬁ Q&Pér k@&ﬁ!‘iu anvyﬁ%ugt stubi?thgﬁﬂgﬁa%% oT&e{apatpﬁs run in a
cont i nuous e necessary to add further additions of

el ectrol yt emothec@@nmoenc Ieflmz‘tttfr @g@om@pq &1 thel parbgn BanoEDLARMYIle WBITh 08¢ nent |

the wor ki ngel@tgl%nﬁ(?fdmdqf]cﬂtﬁ%tdrl@%ﬁt Al %r fe%nﬁl%fe%@y éH&ufil §'0f‘9:|sse p&%t ”ent :

In this arrangenent e nanomat er| al di ssol ved fromt wor Ki ng

el ectrode a&rh@ufshsgel?a%mquxa@emr {:ée OD}W%Pﬁf?éa%b@h?Pe* Ieloe@f;sra é’ff@f(f%l}ly The

process canLonfbH8eddNtyi shmb BEpABROIRLRS hah 1an‘%¥én@|§10lml athouREu¥Pihki B9
el ectrode is exhausted, or until a selected fraction of the nanonmateri al

provi ded i nratief mstak iaivgsan dbg plednicsliaichip rarhen. atomeingie SELPT Sanogibes

nanomat er i a%klt%ﬁﬂtﬂ%%c&@lﬁ@h@l& %Qt)ﬂt@geci irs(?zmhte %E%Enlﬁ' aBButal %tab@tﬂﬁ l@an be
detenni ned by nonitori nggt e wei i ng el ectrode as

el ect rocherﬁb@&q 1:3 &mehoub ke 8piheyt b%g‘eéb%‘F 11§yah?éh§§rt‘i’ ARPut he- Prstestd %ﬁl?ﬁ“be whi ch

has passed t.hr opghyhiR: @ etbbRGRENS GAthe GRhbtubd dalt RO HSEMNLICHY Rkl OVer
time. The degﬁgm ted nanomaterial can be collected fromthe counter

el ectrode, PisHlaisumpitevhisy heseramiktin! hBaAs Wobpiedite a powder or by
further electrochem cal processing to produce a dispersion.

The electronic liquid is formed by dissolving the metal in an amine solvent. In some
embodiments, the amine solvent may be a C; to Cj; amine, a C; to Cio amine, a C; to Cg
amine, a C; to Cg amine, a C; 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



Preferably, the electrochem cal cell used in the nethod of the present
invention is arranged such that the working and counter el ectrode(s) are
contained in the sane conpartnment. As noted above, nanonaterials such as
nanot ubes are heterogeneous, and the various conponents 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

el ectrode, different fractions of nanotube-containing material my be

di ssol ved i nrenfegedrey hdtrafheinltal pa@Banbuti i0vLpicanle bhvmony ethBRak Us

provi des a Cghanl sm for separating and purifying nanonaterials, in
particul ar, faAtube- cont ai ni ng materials. This selectivity may be achieved
in one of two ways. I n one enbodi nent, separation and purification may be
achi eved by fo trolﬂﬁﬁngf rtchhe di ssol ut.ion of the na ter| al - contai ni ng
wor ki ng el ectr §5&met SPTHENGBYRERR, BRI ith lsf dpigte ks Aotkipml i ed
bet ween t he Mmdédmg)yedi@mmg)depcaﬂﬂalt baw@@umeematr@ctaleaﬂﬁe a%arths&%uﬂclae

nanoparti eul at ar hon ed first | sol ved away, |eaving an

enri ched (pu(;jl C%Oéed){'ﬁ %%“E‘Bg}émﬁif‘? ﬁ%%?%‘? BHET foypiey cleghadas. | The or

di anet er - depenstentleser: mﬂdumblm@oﬂam%qﬁ@smmn@@ idinsskticahr] ?Q@rﬁfe@t ely,
radual ly |ncreaS|ng

magn tude. Vs P SRR 2B PBRal el et Sl B s db R Mool ¢ he
wor ki ng el echs peson pkﬁécénmhhey atthwillpoé Efﬁthihazl vafpigpasbribet srerr heryme ki ng

el ectrode a h n ctro ficient to dissolve at |east
about 1% at eglgf of ul% E feg@ St IS g‘zggefs 1&%8%?[ glgssy carkon, |%%P§t aF\éﬁH’fm‘l@ at

| east about nambeaiapetreast about 25% at | east about 30% at |east about

35% at | east about 40% at |east about 45%at | east about 50% at 14

| east about 60% at | east about 70% at |east about 80% at |east about

85% at | eadt orhaeiiod 094, that cléatasiternadab tdll @5;@/@@& doemsite aateﬁanénc%%tr@ie | east
about 99% o eLl f ki ng, ctro odi ment,
the pr oductfof)%gkgldﬁg {égéea&go OS?I olgnso &Plo%l Bracda Gf\agieoﬁ; 6‘?%‘{?&1% g‘ﬁ‘?isr d
nanonat er i alagimiveh chilopariicvalyl p dm@énscsbpfaqpamredamrintthe shlasitgleofolgicze,
helicity angfs%s%s&ﬁtnrtg&h&h%hgf tﬁé:&%genp vgncHo SSE A8, r&gregc%te? c%roge E%l I ed

bet ween t he wor k el ectrode and coun er el’ectrode so F6oCEnt

di ssol ut i onupllt ﬁ@lgﬂaﬁﬁ)mt efmtfalllm@mamsrﬂystgmmrwqtglveab'ewadmdwaﬂdMe an

al ternative, eohadidfERhce é@oﬂ@{l}@t AN 2Rl [ifatLhope Qleqt he nanematerial  may
he achi eved by controlling t eposition of the di ssold nanonateri al
onto the cotifftiiede giskarruhelrs/AeNDhius abpbediablent , pref er abI y, a sufficiently

| arge potential is applied between the working el ectrode and the counter

el ectrode in order to dissolve at | east about 50% at |east about 60% at

| east about 708, cmhodingsat of Hisorresegiomyendion, tha srorkibg and 889er atlectredest arabout

90% at l eaaif‘ax@é@l%&tsegéa@ Caﬁ’l Jllgﬁélrts E'I%th Qﬁﬁl aﬂl@%?gctrc]&grﬁcgf mregxﬁraﬂggpnat Crl al
of the working el ectrode. Re el ect rochdm ca conprise a plurality
of count er EPEYP} odEable wlgsirpehgmiceh mepbrasag jand SBI@FWérianh@ notoks, rigr

el ectrode aﬂﬁlnﬁécﬂu&liﬁt%@%ﬁmer GOMALBH BASCh AL ht AbFEHENt, 5181 offi TTering

redox potentials of the charged species will cause themto be sel ectively
deposi t ed &f™efereRb QWtGIeGBHIMFéﬁIt &1 guniep glegrods magaiahig okigised &parduredat and

purificati e efuntdd eadaaa&m&)t Bkt the RMMYNCHr IRRIMAY) KirNGnSh 6L 0d8qnd S
conprised. Preferably, the counter electrodes are spatially arranged in

sequence i WVoERsElegirods; skhenvolitior gfchaisedadineiyl pnearicidecanhactellediet t he

di ssol ved $@Qﬂh@$/ofmigeel§c@ﬁ@@dbtrﬂpaﬁﬂn¥ntf PR SB biesk id 8 bd EL@P&E%%BH’[HEQ&H tude
potential . |s arrag}gerrent al l'ows for the deposition of pure ;&SCI es at

each count 18%‘6{% ngeesyary fogld Hagher H@h%@%séﬁleie&imlk’@qﬁﬁ?‘éﬂmf%m osi tion.
The i nvent materibhus provi des a scal abl e, cheap and potentially continuous
met hod for separating |arge quantities of nanomaterial. The purified
nanomat eri al produced by the nethod of the present invention has inmmediate

appl i cati om &m aﬁdﬁﬁehwfaleﬁibd&miéﬁt 3R RbrkER! Al cuhRP SleStRES aRNDBERTING. I N
particul ar,. the nanonmat erk di spersi on can be used for variety of

pur poses, THEF FOIRE U alatlis ﬁﬂmgewa% i they ARG 1§ dléssolypi ﬁ@yﬂnt}l‘?em s of
functionallsed nanot ubes using reacti ons devel oped for nanotubes charged by
chem cal neans. 15



By using the nethod of the present invention it is possible to obtain a

sol ution of dispersed, individual, charged nanomaterial. Were the working
el ectrode conprises nanotubes, the product of the nethod of the present
invention may be a solution of dispersed, charged, individual nanotubes.
The person skilled in the art will be famliar with techni ques which may be
used to confirmthe presence of individgalised (debundl ed) nanotubes. An
exanple of a suitable technique is snmall angle neutron scattering (SANS) as
descri bed i RvodkingAeleb@@RnNarglt sxﬁalsequénﬂl?h{j@oﬁ&émlﬁ) jthe( Q@m&)r elébﬂr@de(9380‘lle SANS

is a powerful technigue for i ruct ure ion.
More speci f PESFT a0 %n‘i:eaﬂntﬁet% s"&gm?agm&thé?vﬁé ok ﬁw el ;&E are
present as lemha&cﬁd)ramac hesleckd iffactnundl &s rmnomdmm qxrcstdeSANShp vovkides
information of the s rue e.particle range
from1l to 16 g)tr%lﬁ)w expgus I@e pﬁctpgﬁ;ggto§ %??o&ﬁagenalsw%,ugh g%)sltb%%xlh g{gso(lve%&&g where D
is the fractmal w&kﬂignsswnﬂd@fcaﬂ he dbmﬁﬁ'nedrhymonttbnm@wpemxgd SANS wekingr n f or
fully dispersed rod- e L

non- mono- di §HEFYF 5ﬁ§h ‘lfi %ﬂﬂﬁ#’@mcﬁ? %acs?%grgéreﬁsg?lgf s ing o&glg{:]w&gapegeor

net wor ks of whiztl haepdisddithroagH e gbctrcfchambailcekﬂmeﬂ@r@m curgrpyiovaltinge. flhom 2 to

4. It h f dt t
enpl oyed?si B%%%tesggag?zgftgmaﬁo o8 (flo Irllecgegir%% ts%? gty el&lt%?eﬁtpcc%?slgde?netx %‘g%{ ll%ghsogfl >

nanomat er i ah®chahicalp@edns ol pedunan atowders or Mmfmlsp@bpﬁm(b@micyl, pipedsging tto t he
present i nvenhl Qn At vas bel i eved that, due to thermal equilibrium being

reached, th&® |Cgeﬁ‘e §PEShcent ration of |ndi vi dual nanot ubes which coul d be

obtained in solution, in the absence of surface nodifiers chem cal

functionali §rae%erz%? Ry e%%t?éc%%ltc%lo&ll hsda 9n QA0 Ehok- om%\f%'ént ﬁlb&tl@fl Q§ ent

i nventors have a |eve ncentrations of greater than about O. -1. In
sone emnbodi mggl sichethatothe emirkiag iaod cofntemelpsiiodelal ali@a%?@tamﬁésmltée éﬁ@@lt 0.1
ngnil-1 or % gut 0.5 ngrnl-1 or nore, about 1 ngmil-1 or nore, about 5
mgm | or rmre about 10 ngnl-1 or nore, about 50 ngnfi or nore, about 100
mgrnii or nore. A further advantage associated with the present invention

s that sel gehikh LiosSnAERLRYEY i SORKEALLS 9 HeRRcoRE Lhons: Hages whi ch

the el ectrochem cal process is perfornmed. Mre speci |call}/ t he nature of
the method ¢ospevesks havadiffisenaiidor petsntmbnasianoitghés Okpaki. Kg ef 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, nanoparticulate 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



charged in preference to sem -conducting nanotubes. The effect is due to
the variable electron affinity of SWNTs whi ch depends on type, dianeter,
and helicity. The types of nanotubcs which are present in the solution can
be determ ned by Raman scattering techni ques (Dcssel haus et al Physics
Reports (2005), 40A). Raman scattering is a powerful technique for the
determ nation of specific types of SWNT1present in a sanple consisting of
m xed tubes. Ranman scattering is the process of inelastic |light scattering
via an inteﬂasdﬂaMe6@meaﬂmmnaumnh@%naﬂgytwﬂwt8@% galease dbdut @AY avlebstoni ¢

mode (phonon%ﬂg Weat;%%u%guﬁg N a%/ 1&stY rOYIt 9%% a?%é%?%b ’c(:"99':°/cattI fil ed in

this way (11 pec roscopy y uses a laser tor a high
intensity belamnnm‘terﬂbnbthb mmang eled:ttogb.t In mecaiureem,dh¢ eddup cdheetiss of
graphite md thls e f din the
Polr ol di rect T of detodiath Hae el dIG bl PEAEE TRy YR80 BARC

call ed van Iskpaetsi mgltﬂeabasim @”ssxza rhehchen acndénlrea(tetctrgtmc @h@eﬁm by ad}ﬁlstStgaﬁles

(eDOS). If the ano s;.1.he f e spi kes,

the Raman sE@RFTE| %I;gp efqgetrwees nan E“i‘% eleﬁéOde%é C@E: %r?%%cg?&e% L tB Qg&%l

wavel engt h dssctlvhtem o(ﬂdmnammriayothwusg)wcﬂdng@ldctym whi ch have tr an5| tions

mat chi ng that wavel ength in their eDOS. To predict which tubes will be in

resonance wth the light, a Kataura plot is often used. This graph is a

pl ot of cal éuharitomgivembhdimentaseprtalignandofuridicationr frthe SyrIsteniel way bact i on of

their diane g dpitipat ed by
eveﬁ%k %%gl%wégﬁécﬂﬁﬁz em &%%5 %a&ima%%r@ntg tﬁe e

the Radial BFeat energy of phonon 1s I nversely
proport i onakletipdehé diiarvebedimeft, toer8WKT 2 Suffemqnﬂwdﬁrgg peeantial &f applisdnpl e of

a mxture of.tHbescWdi m%\ﬂ@fgﬁvrcﬁlesaﬂﬁ]tﬁg cJulH%r @ﬁ:@tlf&ie ih %Fde@'t$ disgtﬁvﬁgll\’féasft romthe

SWNTs that are resonant Therefore, know ng the |aser
wavel engt h, e S¢anatrleastialoht 69%borh ltﬁﬂﬁéa‘w&t Apantgrast abet 80Vot pibleast &bt pr esent

in a given §§“)§p&tQCas ];bogpgo%,agte@as@ A5IR5S, of (e Sut 536k, F&E&ﬁe@@‘%soﬂ the
chemical ly, then by conparing its Raman spectrumwi th that of the untreated
t ubes, the n@p@@ievé oohal werking ¢lertioeas elhsr cladropkeatienl i G5!l Ry REPVIES Hrovi des

strong evi d}?ﬁﬁﬁtycgfc&t]@er efel:@&dey%u&ﬂﬁéiﬁﬁesﬁ)t&ha%ﬁﬁe%ﬁ% »Qi&ki‘h@%le@tﬂ%@'aﬁd c type
of SWNT in the sa . Furthernore, as can be seen in |l ot, transitions

from net al | §agh éﬁ@e%‘ﬁi cuitasiociody s bEenr dhe 3?5?661&gll§/d%ﬂ’qte“§él|§d’r dted for

gi ven ener gifased Thbdes WP G@le! Yo &PBEJl0URBNUBpdRTed aa&@m&kyccﬁlh@ar 17
regi ons of peaks corresponding to netallic¢c and sem conduc

|
this way Rafieso éﬁﬁeé%%%@pyenagaﬂan Bt FgRt ed T %‘@miaﬁnﬂle‘{“é{; by 1r'fbest hen

extent of sgRamateleodfis InmhEsd. b’?&%l?ﬂh@b&&i@? exrabtﬁod@meaﬁdt@ny tRxgssel haus
MS. et al. Phy5|cs Reports (2005 After ersion of

i ndi vi dual AaRdratel gms of dftarcsHam H&nﬁ?’&fﬁ’@ CBﬁ Pahﬁ’f“é%fs PR¥FL st eps

may be car rdpé‘éiesokﬁovb NscQlich@Allst GrofnblsirABEst Stﬁpgﬂ’e@t%ﬁ ﬁlﬁ@nﬂﬁ@é’lmﬁﬁu al Thie. g. on
t he basi s el ect rogH c character, size and/or helici 33 enbodi nent ,
T ke

the di sper SE@EREIE PV ELPr Wﬁfeb%“t’foﬁrotfﬁéim%3’6&‘?%1?%‘?5‘%?0 uBrthi ng of
t he char ge righighap&ithpll@redyanzpostepnagent , including but not limted to
02, H20, 12, protic organic solvents and al cohols (or other protic
species). As the quenching agent is added, the species with the highest
ener g% el ectheafgentibr thub@rdledesi sfjc&liblfej tizbp afdy padliatlg c@ﬁﬁkﬁt@pf ngthed for

stoi chionetric ntities, e desire actions m 1 Sepa

exanpl e, tﬁ%paf‘?i’g‘é? f%%%“aﬂ}?*éeé|°gn?%%aaef tﬁ; lfo ?é’ﬁlo tedl Pege ectegtb ch?1‘)’ed
anmount s of nidigdt dittRd predear @ecmidy hbeingoddiee hﬁﬂhsatmn 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.



Alternatively or in addition to chem cal quenching. electrochem cal nethods
can be used. In this case, the addition charge on the nanot ube-based ani ons
is renoved by applying a small voltage to an (otherwi se inert) el ectrode

pl aced in the dispersion of nanotubes. By controlling the potential of the
el ectrode, nanotabes of different electron affinities can be oxidi sed and
precipitated onto the electrode. The el egsrode (or series) of working

el ectrodes are held at fixed potential (s), in potentiostatic node; a

counter el ecByosagniy nadi®d diehg pevind étheniiing fiteisalokyible no dbta@MPtsBlutibh @Egh
the alkali nmetal ion is reduced and

ionically-1li ked whi c
recover ed. Agr lﬁ@gduge%ﬂ%%’émmpﬁﬁl used to control the potential at

t he worki ng el ect rode accurately. Alternately, or in an additional step,

t he sol vent Iec e raduall ved, t he heaviest /
| east charge srﬁetm es "c‘)2 81”3%/’3 COPPYEE &ﬁ@ﬁg’ rrtg ) ‘3 gﬁl‘%%? thofl | dvipe
separation byﬁ&mbnwexaanelmnanmnmbafHE@gtalemnghenﬂnahﬁaﬂﬂmu@aﬁ manot ube
el ectronic c C on, t other. 18

Optional Iy, %%ﬁcElnglﬁﬁ%ﬁg“ﬂﬁﬁ% Eﬁ?gW@%BﬁWﬂ$€8ﬁy g upgd ogARiEl n R i s
a hydr ocar bothe groape cfamdbiluaked (ﬂebm&lem ﬁﬁiombegmdékrf }exzirhlﬂeC(ﬁTbQﬁlt&[&eCi es.
By carrying n_on dIS er si i ndi.vi. du not ubes, an

i deal Iy uni ftgérﬁrﬁqﬁlgﬁsc n?agi(r:la gsngf‘ﬁr%‘nscf‘sené] fglg‘g@ 8‘%“*’?5%8‘ ﬁa{}tg:‘taag%e ¥ ace
(typical fursEhahBs42G06nd1®E88N1.only on the surface of nanot ube bundl es).
Optionally, a solution of (previously separated) carbon species can be

destabilised slowy (by quenching or solvent renoval) to crystallise the
car bon speciSedNS G paoreaful echniinerfer prlobing dmostacerd off SWoOTpin sastiomansbitbes, t he

partially S%ﬁéc%all% %‘KN@ &H%L: uggcﬁﬁ ﬂgtgr?rgngﬁﬂ&ﬂe'f Ql?eSSWﬁ%n %eprgsu rttars1 gs:?é%ﬁ%par at ed

according to size homat ogr ap envi'r onnen y, the
char ged nandépasisesr erahww&s tor alnsifrsy rSé&N& prowdbﬁemfcuhmytmmrcg?am s:trts:mm/efﬂa&e such as

direthyl. 1 opaRikds: GAMER (IWISLN RGE1A AR (YN rAndu NS TRLINL QY6 ol done

(NWP), for further roc§SS| ng e present 1 nvéntion w )dESCI‘I bed
further by PEPetiertdoQ tVﬂlélefBIwﬁwagiai digensign afthegrlzmplles, thhiegbectde in no

way intendedahg bitdd h&SCORRRE LAl rb\éféa{s' 88: o 1 behaviour.

Otherwise, non-mono-dispersions of SWNTs, ie. 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”. However, the present inventors have
achieved concentrations of greater than about 0.01mgml™. In some embodiments, the
concentration of individual nanotubes is about 0.1 mgml™ or more, about 0.5 mgml™ or
more, about 1 mgml'1 or more, about 5 mgml'1 or more, about 10 mgml~l or more, about

50 mgml™ or more, about 100 mgml” 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



Figures Figures | A and 18 are schematic representations of two different
arrangenents of an el ectrochem cal cell which nay be used in the nethod of
the present invention; and Figure 2 shows Raman spectra of CoMoCAT SWNTs
before and M er applying the nethod of the present invention. In figure 1A,
a working electrode (2) conprising nanomaterial and a reference el ectrode
(4) are positioned in one conpartnent (8§6’ while a counter electrode (6) is
positioned in a separate conpartrment (10) which is linked to the first

conpart ment . 1 £ ﬁgﬁ;g r 2)7 . | Cat i oF a
potenti al be‘%ﬂér eﬁ lfhlg?e\%\%}?i:fbﬁ%&g?é%tro eﬁgﬁﬁg%hemégﬂﬁg?é@% {gc@%g%&b?ef
nanonat er i al el¢ctgh affipity pEPYNTe avhich depradedreiyps, dlagetsr, adhelicity.g I n figure 1B, a
wor ki ng el ectrode (18) and a series of counter electrodes (20) are arranged
wi thin the sane conpartnent (22). Upon application of a potential between

t he wor ki ng Blecupasod eamtbes Wéicb@mreﬂenteitné& sobidion cam o Ageraring by Bargeposi t ed

on the count i e m.cal cell
conpri si ng aﬁﬁﬁe?}égg%g‘g r%\%%ﬁéﬁlﬁ%g grl Aelc@)th %gé Z?e%g@[hj?gﬁ)y@%)dg{%g%ﬁ %%?%Fﬂﬁ iC
G aphi t e counearwetfelceeioime for thé determination ef dpecHisf wpas é S ENE arreseuteinand

di um tet tg ] i amds.as: ar ighaat nehyt
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used. The el ectrochem C I d at negative potentials to cause the
SWNTs to be se&itiegdia apdpeimediaie eesbphsiith cagray bsher aahed am aleipropipanedsf or ces

that hold t R‘E}Y@n%ﬁ’ﬁﬁttﬁla%ramgﬂd Ashalyed &é&fféueﬁ}}x\é%né B sbiekeN iPAREKyAG ith PG, Vvi dual
nanot ubes di spersed in the electrolyte. The reduced nanotub€s were’then
deposi t ed orRase spestratcery el v adasenfor pibighdaiendly bsam of mpaoshromgtic

light.

SWNTs are rolled up sheets of graphite and 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 SWNTSs as a function of their

diameter.

Below 400cm'], 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 RBMs 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



The el ectrochem cal cell was prepared and operated as follows. 10ng of
sodi umtetraphenyl borate was added to a clean, dry, 25ml, 3-neck round
bottom fl ask containing a 6m n glass encased magnetic stirrer bar. Using
standard Schl enk |ine techniques the flask was placed under a nitrogen
at nosphere by punp filling 3 tinmes whilst heating the flask and contents
using a high tenperature heat gun. After,jhe flask had cooled, 7nl of
pre-dried N, N-di net hyl met hananm de was transferred into the flask under

ni trogen andish@s $0bski 0Rr@bdddtto ffialde MdMfsonadbiRE SHANES AL Ry 8cm
bucky paper, made previously by dispersing nanotubes in dichlorobenzene by
soni cati on t R&P PRecEesEoRy it Botgiuldechnigee i dotoorining) the pxtens ob sepaestian of educed

pressure wasswiNIBEHRd dnQlRuwBhie ¢RarerRDadidMANY W6 Gt all PhPsiUCkN D iRy Wor Ki ng
el ectrode was inserted through a subaseal, dried using a heat gun and

whi | st mai nt#ning a positive pressure of nitrogen in the cell, inserted
into the reaction vessel. This working el ectrode was | owered so that the

bucky paper was 20  partially-subnmerged into the electrolyte without the
el ectrol yt e i aEequFing udipneripn Hendividis! fanymsieeal preferablyispetubes) ees pode,

consi sting oho fRHURE el mBNKY QBiriNom H Ghdrito Girtef efadi iR ¥nbma@HAPRLL €

attached to a platinumwire was inserted into a second subaseak a pi ece of
pl ati num wi r@& Hakasis 98 elretimcLapacentiFgAndEr Beltcitis t he reference el ectrode.
Bot h el ectrodes were heated using the heat gun and then inserted into the

remai ni ng side armof_ the flask. Both el ectrodes re then dipped into the
el ectrol yt e. B A WQEMIBY etge APt wASE by SUTie SEFASs Bo gl

el ectrode clqaemaingfof tifechak aBing @sduliblay@incthing ageng iddligheCan hackmited e
conpl ete Celdz, IH%O! Ll lf)?(}tir(:a(;[rgegics (s:o \?egtast ;n%aélﬁz%oi n(orF iogn%; %ro]‘ffg" 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, nanotubes 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
clectrode may also be provided, preferably in a remote, though ionically-linked
compartment at which the alkali metal jon 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.



Whi | st stirring, the cell was held at -2V for 30 mnutes. During this tine
nanot ubes were seen to streamfromthe bucky paper working el ectrode and

into the electrolyte to produce a grey solution. Sone of these nanotubes

wer e deposited onto the counter el ectrode and others remained in solution.
The ease by which certain nanotubes are initially reduced and subsequently
deposi ted depends on their electronic chgracter. Using Raman spectroscopy,
as illustrated in Figure 2, it was shown that, as expected, netallic tubes

are reduced gpstal$agidith@pdadBROmich@es fbut Shotf afied he Biol wikdran. R Wit hout
wi shing to be bound by theory, one interprehggion s that this behaviour

y
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tubes. 21 5 Clains . . e e .
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 1A and 1B 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 after 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).
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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, 25ml, 3-neck round bottom flask containing
a 6mm 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, 7ml of

pre-dried N,N-dimethylmethanamide was transferred into the flask under nitrogen and the

solution stirred for 2 minutes.

A piece of 6ecm by 8cm bucky paper, made previously by dispersing nanotubes in

dichlorobenzene by sonication then filtering through a 0.2um 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



4. 20 5. 25 A sol ution of dispersed nanomaterial, conprising

I ndi vi dual charged nanomatcrial at a concentration of 0.1lngm | or nore and
a solvent, wherein the nanomaterial conprises carbon nanotubes and the
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partially-submerged into the electrolyte without the electrolyte directly touching the

platinum wire.

The counter electrode, consisting of a piece of 5Smm by 9mm highly ordered pyrolytic
graphite attached to a platinum wire was inserted into a second subaseal; 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 comrelates 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.



A solution according to claim1, wherein the carbon

nanot ubes are single

wal | ed nanot ubes. An el ectrochem cal cell conprising a working electrode, a

plurality of counter el ectrodes and an el ectrol yte,

wherein the working

el ectrode conprises nanomaterial, wherein the nanomaterial conprises carbon
nanot ubes. An el ectrochem cal cell according to claim3, wherein the
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nts are linked by an el ectrochem cal nenbrane.

A solution of dispersed nanomaterial, comprising individual charged
nanomaterial at a concentration of O.lmgml'1 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 0.1mgml ™ 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.

s are contained within a single
An el ectrochem cal cell according to claim3, wherein the
wor king el ectrode is contained within a first conmpartnent and the counter
el ectrodes_are contained within a second conpartnent,

wherein the first and



