| 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
nanonmat 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)elMehs®irGeadmtibmatara. AS well as fundanent al
scientific interest, nanotubes are proposed for an enornous range of
applications, ranging from high perfotmnce conposite materials, to
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nanot ubes can be subd|V|deg into two groups: single walled carbon nanot ubes
(SWNTs) and nmul tiwal |l ed carbon nanotubes (MANTs). S WNTs are pure carbon
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nanot ube spédi@sntidlhe el ectroni ¢ and opti cal propertles of carbon nanot ubes

depend on their dianeter and helicity (the angle between the graphite

| atti ce and the nanotube axis). In this regard, with reference to SWNTs, 2
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 1-1.5nm 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 (mn) index. In typical SWNT sanpl es,
approximately one third are netallic and two thirds are sem conducti ng as
described in Meyyappan, M, 2005: CRC Press. Wile progress has been nade
in synthesising materials with nore of one type than another, to date, no
pure syntheses are known. The inportance of being able to separate the two
different SWNT types in the future of the material should not be

underesti nat ed. For exanple, sem conducting tubes nust al one be used to
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present if |owresjstance yaterials are e produ for_ ex l.e for
transpar ent 2" P)F&nate et Ja.‘reé‘tetaifc.a %tlgfcfg)?‘eoﬁﬁ%f“g‘f‘”% as des g)anHiQU): p.
1571- 1576) . l\]/cldy&appgn kg rzef)mreRclmaers L Walle phetas aﬁst b@n?afc}zeinegmeﬂmlﬁg ]
properties o Qn nano ¢an be use to their fu tential, a cheap
B Scal abl SRERITGARSFThSh e (e TE8 BEAEh Bty e B PORIeE “BRATHEt or | o
required. In addition, m)st nanotube sanples are contam nated with netal
catal ysts, t al upparts r ot her t hous, i cul ate,
o ar aphi 11 ATE APHEAMERR BEBE 81 e e P A e SOTAT AR nah G Bbes i <
difficult, thepinatalidlyshoubd abtvbernghdaithiirhandde Eom dampmnsenﬁmdﬁamgaﬁbesmhl ng, and

pr oper 1 65 8P0T R NPT EORhACBEHEH Bro 1 erpa PRy i BT 1 cul 1y

i n separ at i ba peicht pxmowﬁmnﬁztncemnatalalsl aik @dbd produaat! dfer exnmqbé &mntrasgpaeint i cal |y

t hat nanot ubes v ry i n conmon

sol vent sys?lgnrlrsgs&all od,?‘ai“é mfs f@g{m#&@@%ﬁﬁ zﬂb g%);re hi ghl y
desirable for introducing nanotubes into specific appllcatlons for

exanpl e, depQ nanot.ube coat i ngs rmn elegtr de
assenbl i es, i §(§le]fegcger ?%g?&?i%% T ¢ %160 to?lgcgr?ﬁlr(fcpmpeﬂ% bfc s’ naﬁftsp r$toh in | ow
viscosity sotedtiboher il P%l@lhalalal gheaxn: Iancbvcathblmmm@odjlof ma:mmedsepdmroal by t he high
intensity u p b s d, ev e

However .t hE SRR ARALESTANRLE f, AR A0 SR S

unadul t er at wah inreghl wtduast catalmsttsunws,acne)thenms ofdmyorplpus, r@n@jattlcnlawberr of

sol vents (e I <0.01
ng/ m, rougﬁtlg hﬂ\!%/?%%%%% gs?‘%% i a%hal%éu,;tggfpu}éﬁ Aa%wﬁ%%qgg%@ﬁ {tygga ol i di

B- Basi ¢ Sol lndolStnatIeulmysqxabtwm@@@catm,?,m@ng, pnd F068icB0BA) . that3art ingr der t o
prevent rea i l. I nto the
exposed nan%&%ﬂg‘ﬁéﬁ%@g@ % &gﬁétcgg%%iggpgrp %C%?Jlg&r%o\({)mc gln %%g?:‘flgi%%d?smf fer,
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ultracentrifugation.
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).



Direct coval ent chem cal functionalisation either with pol yners or charged
function groups has al so been used, but is particularly damaging to the
intrinsic properties of the nanotubes. The npbst prom sing nethods of

di ssol vi ng i ndi vi dual nanotubes rely on chem cally chargi ng the nanotubes
under aggressive redox conditions, either protonating in superacids
(Ramesh, S., et al., Journal of Physical; Chem stry B, 2004. 108(26): p.
8794- 8798) or reducing using sodium napthalide in DMF (Penicaud, A" et

al ., Jour nalinQkdet BRI it @orthRMBnCAbol PG &tsﬁpfac%&%hicﬂgzl{ AdsorbPontPme) - Al

present there are a nunber, of different techniques used to separate
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applications i's an additional drawback. A variety of chem cal techniques
have al so been devel oped to separate SWNTs. Peng, X., et al., Nature
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selectively functionalises netallic tubes.

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.



Al t hough sonme of these techniques are nore effective than others, they al

i nvol ve batch processes, very snmall quantities, and inherently damage the
structure of the nanotubes by functionalisation. 5 Therefore, it is
apparent that there is a need for a sinple and effective nethod, which can
be run in a continuous manner, for separating nanomaterials and which 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, nanotubes can be achi eved by
use of an el ectrochem cal process. By far the nost common el ectrochem ca
uses of nandP¥sis sxdisntuliraseaiifugshien e3mobe gsddntoetorcmingehesnéies ofeviboas such
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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. 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 Banerjee, S. er 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 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.



6 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. Pripr to the present invention, it had
not previously been possible to obtain solutions having such a high

concentr at i @Rer&hreNRRAPFLAL: kiRt thetdiid el fRreeHhMgaddeiidsite attiod] whiah can
surfactants, surface podifiers, chem cal functiopalisation or protonation
In one enbolf PSR 2 COMMUPHSTRANES TR ERAHHE APURAITRS d Sy OSSnmgfsuﬁfrs per sed
nanot ubes, GEMRK BlaBehntaBeN Mé@EN aphar ged nanot ubes at a concentration of
about 0.1ngnrl 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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d!fferent. LiBctiobeeni®ll pedesef the present invention, a nanomaterial is

di spersed by an el ectrochem cal process. The term "nanomaterial” as used
herein refers to materials having norphol ogi cal features of about 0.1 um or
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nanot ubes, nanofj br.es and nanoparticles. . In sone enbodi nents, th
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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



structure which can be oxidised or reduced el ectrochemcally as a whole

w t hout 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 conprisess nanotubes or nanofi bres.

Preferably, the nanomaterial conprises nanotubes. Preferably the
nanonateriahmﬁoﬁnh&semaﬁmmhﬂ@mmaﬁﬂkuba§smhhannmxmghmdﬂmmsﬁﬁmthemﬁarbon

nanot ubes may be dope boron and/or nitrogen in order to adjust the
el ectri cal %‘ﬁ@g%st?g?l%vm% Eft']H:étycar bon nanot ubes. Typically dopant

concent rati ons will be about 1 atom c% but nay be significantly higher or

| t ub d in the method
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nanot ubes. a'dm@nmg mmbdam mymbmiﬂ aBa t@geration off dmetOeisemiTypinoad dng,a f or
SWNTs, the na e ers e ran rom.about: 0.4 to
about 3t un? g lﬁlé Cﬂ%ﬁ’étf Sé)e%'f‘ndl fhha? g ane e! 50 r%qe %%f erably
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nanot ubes are ui tabl anot ube e obt ai .cially from
for exanpl e °§§V3 %&‘és 8ng§fé Aol %%If{ezosn © nﬁlclzo.n,lattelf%? gngh%%m?%%é %and
Thomas S\Nanudetadkhtlonal surfactants, surface modlﬁers, 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 0.1mgml™ 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 clectrochemically as a whole without

degrading the inherent atomic structure of the particle.  Examples of suitable



Wil e the details which follow herein focus on nanotubes, the nethod of the
invention applies to other nanonmaterials where the redox potentials may be
controlled by size or conposition, and sel ective separation is required.
Redox active particles of lowintrinsic conductivity nmay need to be
supported on a porous conductive framework. 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 el ectron conductor (an electrode) and an
i oni ¢ conduGl,f,aRfks %@lﬁ&ef Qé%bﬁ)ml@@%h@ls%d pc{f"&o%?es Whi Cagbdl%; %§ ke
transfer of a 3) ? speci es between the el ectrode an ectrolyte 8
| n one enbodkfeple, Platiempeedidd of the present invention conprises applying a
potential between a working electrode and a counter electrode, wherein the
wor ki ng el ectrode conprises nanomaterial, such as nanotubes, and the

wor ki ng el eclhedera ‘aaaoftering apedep eefer @d%ﬁlﬁleﬂlﬁ’vlp&ﬂtdw@fetea@f ebat Orlocher cal

cell which fijugther conprises an electrolyte. The term "working el ectrode”
as used herein refers to an electrode at the interface of which an

el ectrochem cal process of interest takes place. The working el ectrode used
in the methoggfe &ﬁ%di?ﬁéﬁ%eﬂx% na&m@@rfap&nﬁoﬁ%uaﬁme@@pﬁmweg Bprofeldb] Hone

ermbodi nent, the working el ectrode may consist essenti al of nanorfat eri al

i .e. the el éltetwa@afé%tcamﬁgseﬁ@amtmﬁ Porpae mesnamn@hnw qompma@ epibah | y
affect the bghaweour 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 sinple process which can be easily

control | ed. SE&OHEMMimdnt, thB&SSonl ﬂan@tﬁﬁ@'n@?tge(?fol’)@f With Borb®Bhd/Q nif:Hentiie end
poi nt of the rocess because it wil|l be marked by the reﬁylred degree of

di ssol ut i on OBer {hadiygb e ﬂ@ctréqabe?qd@ﬁéﬂtymtk@dwbowWO@W ehniglygepanii ned

free of unvasicestradel will®Babout @ RlcRIIIY BiliiSay UalsBaidcadRThiMt GhowaNpr i se
nanonmat erial are known in the art. For exanple, "bucky paper"” or other film

carbon nanot ube el ectrodes have been used previously as inert electrodes in

an el ect r oclreshgatubeLlskd aSthélBSEbi BEGe pRessht iRBYHn GO SBYNTOS NS Ts19960-

19966, 2004. "B be obtai ned comrercially from Nanol ab, Inc.
MA, USA. El Bk?feﬁ%@éé“&iﬁpchl’leg% b e PARAG RS BF |°€P°‘hﬁ%7105%’ei)r dbE dEptbys

convent i onakay aghai |aquﬁ§e WF bt h Ttybﬂalgerfb‘xo gwakrs, bedndddnivbe van thavé | | be
famliar. For exa electrode may roduced b

h
filtration/ JPEFERd Hﬁrﬁﬁeﬁﬁﬁﬁpﬂﬁt Vﬁﬂ0%3ﬁ?hfWﬁﬁﬁt?dﬁﬂﬁW%ﬁ@“ﬁ@“@@§cribed in
Wang et al . theCainmasist @8] Bardably bAPRI thedraSel ebmeasvnd IMaRdIfB6itUTGoNgm. (35) 10,

1225-1232 (g % He u derl pri Qhﬁg ére el ectrochem cal techni que
of the preseNtimGd m?§acﬁﬁgb S Ia&PW' ympgpéﬁ 56t Bnebarehet ween a
wor ki ng el ecdniadeialvhifioh, @‘@fnaa;ramglas sm&m;rmaﬁfohaﬁana@dnﬁlo@mntner Rtk ode
until the nfnongggrlal nes sufficiently highly charged that it
spont aneousl'y 8@@%% & process may either use a |arge positive
voltage to renmove el ectrons from (oxidise) the nanornaterial, leading to a
sol ution of 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 nanornaterial, 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 w ngdows, and the resulting carbon

nanot ubi de ions are nore easily solvated. Were the nanotubes are reduced,
t he wor ki nginejne @imbodigentstha neéiod ad heqpndeititveatandoaipriedsepplymge gosndsl anode.

As indicated above, in the thod of the esent inventio a, |l arge

Sotenti ol Eran Bt TS Aot ngpiig BIER PhgE e roREne Sisfed

el ectrode. dhgripat enbmakridppiched bavwean abd ehewdodkinggeladtiedt nodlecane t he
counter electrode.may be_. adjusted depending on the ionisation energy of the
nanonat er | a"gri?‘:h\'ﬂgeef"gnﬁa'a%%aé’térle\?éo 8‘?%{) © IWhiwg‘ f&%ﬁf PR P & ercgﬁnﬁy%' t he
potential applied is about -0.6 V or a nore negative potential, about -0.8
V or a nore.negative potential, preferably about -1.0 V qgr .a re nhegative
potenti al , eBPee o a\ﬁ’?’)lfglgb%‘t?%m%l.% u?fdol?e“_‘én r‘r%f?rét%%glbglteét\rloge p%g’é:rﬂﬂieglﬁ)c,e ‘fr}!r]ef erably
about - 2. 0 Which areelévbehensgiproveds piitertt tales plaeef erabl y about -2.5 V or 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 - 2T asrkirasiccedier etedt inv ¢het methodt ahdar drebondriogatioe| @otprisge. \Wher e

a positive potential .is applied r.eferably.the t I al . ied 4 s about
1.0 V or nor%él?m%?r &te rI%b njc/ eg%j(%%fl ie_nLtl.? ihe\/wc())rr%n erleec,go%r g]fag Eg% S3t/ e%%géﬁatlgl@z V or
mor e, pref ermathaterddh datthelel@tvdocontmsep ofeefcamabénys wibouwilllmBerallyraiigr e as

el 1,150 400N AISSER,ShgsLog B aga s, vo e
measur ed r ellaw V& the depetian @éadalﬂy QH@@mO%h@omawdé.tmﬁh@ gtsaglysigplat e

current con- t i the.r i i f..1. ,als, and
o on ot RSP Ssael shar o bEaanaTLEikg 5 o
surface ar éar tt enf@oind ok ihegpredest bacaabe it wil beeiarkad by Hee rgapirddedegpwtant i al .

The time fchiss h(ﬁ{l%fgh(p&&%& ie?elctri)c?e, ‘?ﬁF&lﬁ/ﬁﬁje %%M? aﬁ%tsﬁWeg bf‘@wﬁely?eﬁt rode and

the counter elec elsn particularly IFimte er than
consunpt i orrdgitionsheonfrikinty 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 repl enished. In one enbodi nent, the potential may be
applied for atinme 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 comercial scale. The electrolyte is one that stabilises charged

nanomat er i al iivilecnilets bhRnyi@iallty (BE of I0fzFBdadiive Sioltapel 10 dddecle@treqt toocheni cal
cell by addition of a suitable salt to a ZOl vent. Standard, wde stability

salts used frefucelile wpeapipiialdrreddingp saluiont pegatlvelnehassd ganogatetigl| udi ng

sodi um t etraphenyl borate, tetrabutyl ammoni um hexafl uorophosphate and
l'ithium perch! orate. The Ferson skilled  in the alrt will be fam I.ilar with
sui tabl e soMpestthe wotking glecireds copupripn papotubss, Pegipiably AJargs PRRaH TSP O Ea
preferred. Suidadl QichahMent hahdibes hay gatcenanvimtadndtiah Ss ipadtide abttie are not
limted to dry (water-free) and oxygen-free di{’reth .Idforr%%de DVF) ,

di net hyl acetedii@eoremimys apg eﬂlwwegy?%ﬁdﬁr&% "E‘W\‘%ﬁ lowR) PG HETNEEy, a
nanomat er i alahAsRAEheCiondh¥ e sS40 s, NHRGE URenhased aelredicedlilet e can be
used, for exanple, an_alkalj netal nanotubide salt, either prepared ex situ
by direct r@ﬁ’t’:‘fqg(‘?}?"’é?deilﬁa%ﬁt}ﬁwelﬂ?d?‘ﬁéo‘ﬁffa%??tf?ﬁebsfanﬁ ti metal. In one
enbodi ment, the nanotube-based el ectrolyte nay be prepared ex situ by
contacti ng nanotubes, whjch m e .qQbt ai ned copmerci al | ith a

el ectronic £F isicaied sho & e WYWBtogﬁ’eé’ﬁ?fergdn‘é?m“% a?%ﬁ%@%qt?nt%g atpgﬁ i

"el ect r oni Cphdtivesditkk' whrking dtrbRrQl thetcoui@ticirbi. tihe pbienfisil eisplintbatvear e f or med
when a netal, such as an al kaline earth tal or anp alkali petal ., for
exanpl e, sotidhysige §§’6§r?ﬂ§sa’@ Wﬁo"ﬁ?ﬂtﬁrh‘é?ﬁ“g% Medatt ?%W?ﬁdn$ege%£§§of%Fhesol vent -
t he pr ot ot yphialon@Xappbethb @hm@natsniad MWaere 1hbgatipe patesil isebpladesefetablt r ons

into the solvent formng. a highly, reducing solution Wthau W shing to be
bound by t h@ﬁpgt?m{aﬂ@g}@e&ﬂ aﬁ?‘i‘tdﬂgxfd?rélsr?ﬂl%8%%';%60?0&%%@ ; a%)élfs rea%u\é r(?wf1 \%’gh:’f actors.
First, the ggaglerporentidl, jrhferabBrddoit -5p&cir@snore asgstivdyattentible prefepabip 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 will be famliar with appropriate netals. Preferably,
the netal is selected fromthe group consisting of alkali nmetals and

al kaline earth netals. Preferably, the tal is an alkali netal, in
particular, lithium sodiumor potassium Preferably, the netal is sodium

It is advaniageaus wt er@é?xﬁhécpl InGRE hbbdieritBe BHBURL maf bé‘ﬁgﬂ%d tdcldaged in the

sol ution. Too much netal present in the electronic Iiquid washes out

(sat ur at es)lqth@rapggfgq%pbqut Y togooufdibdewsve chargi ng and prevents di spersion
of the nanotubes to form a nanot ube-based el ectrol yte by screening the

el ectrostati c repul sions between the carbon species. Therefore, preferably

the metal | 3hpidésenions nf dhe arrking casender Ast nqthearicarly ittt o0 $4M5hs i n t he

CISeTon c [t b, sl e cocken e s, e,

el ectronic Ilgg ont a q

or |less, prEf@peabl.§ caboln 0@618@3@3?“}%“5%3 hﬁrséllf@reé‘bqayn%?b’b%ilgrf ‘?L?(‘}t% AgEsss,
preferably gheufadd: véhére%e hBH8d isPeRf 8phtyob@tmdkeidege. | ess. In some
enbodi nents, the netal is present In an anount such that the ratio of netal

atons in the electronic liquid to carbon atonms in the carbon nanotubes with

whi ch the ehgctiamife lid Gt that StabiQsk 2686 hinohiatetihie. Tflﬁ?d’lglectfdlﬁénnai?%bt 1:3 to
about 1:10, about 1:3 to about 1:8, abaut t 1:6, about 1:3 to

about 1:5, fﬂ“@?‘bF”aﬁf“ymatb%GFCtiachem”PﬂeceHLm‘b@l]‘]“’(?fl ng'r Lot 18?61%0 O Pl

nanot ubes cg@ndey, d@iﬂ@rsﬁbﬂﬁ@d s &b&ﬁdredxﬁiair@dlcaélbmwmﬁslthtmhbd hﬁd,per son
skilled in the art will be famglar The Iectronlg b%h&?@‘ d by

di ssol vi ng PREURE: 9P, tefaphenyl Boral) (RAPUYRTOBHE BHE ? t?f am ne
sol vent mayifaRindpddhld@eC 2 amne, a C to Cmamne, a Cl to C5 amne, a C
to C6 amine, a Cl to C4 anmne. The am ne solvent is preferably sel ected

from ammoni a, nmethyl am ne or ethylam ne. Preferably, the am ne solvent is
amoni a. | nTeNgrerRdedRNhe ait Rl befadlilidr svithaditdbia ehanthé pariicubarsglarent i s

ammonia. It is preferred to excl.u from semby

ensuring t h3Tote 4o ey ey ﬂFé’r% léedd%“tgﬁlﬁlsog Efgp L ‘fﬁf' Irllonbart?nr‘lags’l lﬁ%ﬁué a snal |

concentrati vl Hf n6ONhAd wady (©arr-Ree) and oxygen-free dlmethyl 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 sifu 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



12 renoved by el ectrochem cal reaction, but it is preferable to renove
contam nants in advance. In the nethod of the present invention,
nanonmaterial 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 nmethod ofyithe present invention is not
particularly limted, but is preferably electrochemcally inert under the
condi tions ﬁ‘é’@ﬂl\fb%eglargk:ﬂ' ahiBisS SeQAA[ tHese hbIPEY SiRiRzed khioheate kiably ABpatdd wi | | be
famliar wth appropriate counter el ectrodes. Exanples of suitable counter
el ectrodes WﬁﬁPﬁ§€“§P8%§¥m%€Pbon graphite, platinum and nanotube papers.

I n one enbodi nent, the el ectrochem cal cell may farther conprise a
reference el ectrode seydo . reference el ectrode s addj.ti. i S

advant ageous® %@@%U?%?FF’ gt ‘%?OHﬁVPﬁﬁWFwﬁﬁf&HPanﬁ FY?T&H%#?nnFn snal |
Sﬁal e exper pdiRlsgilled  thd&t s/gi aegﬁﬁqﬂlfai REH ﬁ@llc)qm@te%&dldﬁrmeﬁ&e@ ihe rﬁelhaiﬁlsﬁgt hod o;
the present invention, standard reference. e rodes a esi gne
for or cont%lei‘ifeﬁg‘ 3%{8%6‘8%? %‘Sf’élﬁté‘}gs"fag L g agﬁ eeé%laf“ﬁ? aééﬁ e, so a
pseudo- r ef ethe Reel @ BCAaldeotal Sid Ghrtiaslag i, sodiinwir Hetasshamn bﬁfmgd theSome

ref erence elec{rode systens such Ag/ AgNQ3. are al so available. In one
enbodi nent BFPHREDFRSent i nvention, the working and counter el ectrodes are
arranged in separate conpartnents Ilnked by a suitable el ectrochem ca

menbrane or_separator. Suitable e trochem.c n ar at or s

i ncl ude por%&%V%?geg‘%&ﬁﬁP%wPf"}fﬁ%X 8133818‘] FW’E{? "E%"Jﬁ?%@n%g%%ﬁ’?ug 1°’4s5°%r ot her
inert fibremn®i detal Presane hin e aédhamgeltmm wasdhbe owl (eﬂhna&ls))/the wadibiliyr ofcount er

el ectrode na? éla| i S OX|d|sed red ue ﬁg)zi u% untermgmmqﬁ&%de to

bal ance t he ISt FEPe B¢ BRARS SSFF)SIOBfO EHEYRE 3

el ectrode. ahmnaﬁiw&lﬁmxmmgcﬁﬁrgeﬂMSMMqumﬁﬁmsmamawntéwlahhnanwbescolIected

fromthe npar t ment 0ces e run in a
cont i nuou\évo? %&&Preﬁc ‘ia{)lo%gfee ﬁ%@%%%‘a‘rn antao aga S}rqu fla e dc1“j rﬁ?t%l%tso
electrolytanmme&mmnbmclemeburodbmnamemrmlmecmﬂmmowhmngmewabUMDdeﬂand

sub sequent ! ec?r%{x) ﬁ?l(.llllgclls é)o%acte& abox?c"ini % l%lsesl pereftelﬁglqr aggl%g 1; 6T(}>}qfsg qgf%%%lycan

continue unti STRANORRLErT a1 pr ovi
exhaust ed, aoutung bt less, slefeesd)ﬂyed)oﬁtrlatﬁ mdassojﬁleﬁefa@lyrvéznmdaﬁemlaﬂs, peforablded in t he

wor ki ng el o dtoldﬁ) m% )ﬁﬂ%&ﬁiggbodm&t {h(ggrgrte% 1S %s%Ifc dH%H%ﬂB&xﬁ é\!tcgilthMeC h has

been di ssol V& e Wor a eterm ne y nonitoring
t he wei ght mfio bhaetab aﬂomﬂgn dieeqiwronie ligsidttheasdbeetorochdld erabonr mactubesn

progresses ok, Mlcgﬁ%%ﬁelétll 5}9% ﬂ%?d 11:3 %Slﬁllcte%n?‘[ngcﬁe Wﬂ% Cf?otr%;' %@oup ?ﬁ 28“ gbeotug g?({)’,gg the

el ectrochem ca curren
nanomat er i aboetain3 treakooil 1:8ctbedr .3 tsmttomal émbntltelrff &1 &out baegreferp Y@ballifpl e, by

mechani cal nEanﬁle JQJHR}%IO g%‘ &&béh B&Meﬁ] e QXO’[% L the rbeec!le‘?&fnfngﬁ l'kﬁnén%

processi ng ce a dispersion. Prefera the electro cel |
used in the:alvsl:ahw vgith wlhehtpc pgequskillad exthé @mwnl eafﬁméﬁged such t hat the
wor ki ng and counter el ectrode(s) are contained in the sanme conpartnent.

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 Cyo 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



As noted above, nanomaterials such as nanotubes are heterogeneous, and the
vari ous 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 electrode, different fractions of
nanot ube-contai ning material may be dissolved in the nethod of the present
i nvention. The invention thus provides qznechanisn1for separating and
purifying nanomaterials, in particular, nanotube-containing materials. This
sel ectivity BRyvdaaRRUR LN 1o ot W05 Wbk By O R RAALIRRL 1y
separation and purification may be achieved by controlling the dissolution
of the nanoﬁﬁY%F?al-containing wor ki ng el ectrode. This can be done by
controlling the potential applied between the working el ectrode and the
counter electrode. For exanple, nanoparticulate carbons nmay be charged
first and dif@dl psthodwhyhe pissspt inyertione parogtaseial( isudisspived fromathotwiskingwor ki ng
el ectrode. SidirbRS by,ap?l%gl 4 Ip6tefiial HeBRh Ghe ARRERY &ML SRTLEPLRAUCT Y

ve

nanot ubes may be_ di sso separately, optionally in a sequence of applied
potential stlpéedst e slgaeqhgmicalcsell arayrgnigiaghpliighily. of wpetes ekspedeat iTon | s

achi eved by ce@Mrle@chbdithsel SR MbihONoOhe Eﬂ%@en‘t’\ﬁr\f&{-tﬂg ie\R ﬁgﬁiglgﬁiy %ﬁéc\?r abl'y
the potential applied between the working el ectrode and the counter

el ect rode i SUSPFEERRIRElegtpchimaisainiaerhpndenths condiings employedt Indhisresatdout 5%

at | east abaut pdQp slalied BRSle APOHN EOMniRk WERShpBRH 29%%: atcl.gast about
25% at | east about 30% at | east about 35% at 1east about 40% at | east

about 45% at**{BRISt ohtiifatle spupfer slectrades jinclpde glasvucarBoygraphite elarumpsadit 70%
at | east abamior®@%aperd. | east about 85% at |east about 90% at |east about
95% at | east about 98% at |east about 99% of the nanonmaterial of the

wor ki ng el ectrode. In this enbodi nent, the product obtained is a solution

of di sper seth orereglibsiligheat, theGtrg@emRanel Radyetitih c¥pish Nesr-aRt iQnakd y been
separated on the basfj s of |icity and/or electronic _character by

] si ze, h i h
ad) ust i ng t REPRRICRIFEIeaiFipd domaddionrs “dBmierys deetes dcaloandoount er
el ectrode smagisuiD camt, rtticdiaf$ ah WiaDclé KP@INRAROIRURS i enBaRkAlyA NY
wor ki ng eleg%éode. l.n an a%ter.atLve enbodi ment %eparation and
purificati on "GP e RARIRERUSLare R HBYeREnm avadrrdiFieaite Fispiradey mase
deposi ti on wdualishéesitnssht vecnmaiommiuesis abstan, arctldealcawteanilyeh8eblose. 1 n
this enmbodi rent @Riefer%$|§ a s fficHentI Large $otential is, applied
bet ween t he” WOrKT Ag 18 B0 SHY PPl gireefalce Had iSRmsratErenes
di ssol ve atelbaradt syateostuchQ%y AgitiO].fasko abiluble. 60% at | east about 70% at
| east about 80% at |east about 85% at |east about 90% at |east about
95% at | east about 98% about 100% of the nanonaaterial of the working
el ect rode. Iheeeandotinmeohefritegireses! inveidiyn, charprobldgr andptaimal icleytretfes GRUNT er

el ectr odes, that the potential .between.the rki ng. el ectrode and each
subsequent %%%%%%%:%P%% f%ﬁ% ﬁ%mhﬁfﬁﬁféﬁfﬁm$ﬂ£e8¥$W%$?gﬁ5HEHW%mﬁb@éntials
of the charsgedatapedugsblavieldctredhumealt henmbtaned end eéraetdry éhduddepasust g6k at

different c r rodes | owl for separation and purification of

t he nanonaf%%?gg’Pg%ﬁgkﬁﬁ@ﬁmpﬁgﬁa%fﬁ?%&mépégﬁgﬁﬁgni g ?igbﬂphﬁpeferably,

t he count erarghg@otent deslairelyspalt batduyteaslearnde chaierialsie grieRed(or Fredi@xing: of

di stance fr (l el ectrode, such that. the di.ssol ved. speci es nove

sequentialﬁ@y}%gﬁ¥§%%FP%%F)F%mﬁ?g%iggygﬁﬁg ffﬁgg“ﬁ%fgﬁ??%T§%'ﬁ?E%w

ar r angenentwakihgwec - e géposiof ichagwlf dap@sadenaspeaatedd cat beachecedunt er
kihgwisctiale. tThe shepiosiof i ol i e

el ectrode ' tial .equired for deposi.tion.. The

i nventi on ?ﬁﬂ%&ﬁ&%@%%%%ﬂégg%gﬁgﬁﬁgéabNggbt %E°8%?5ﬁ?5§FPyn88ﬁFPﬁﬂ8us met hod
f or separ atfishipn] nge bguasessary wsaddfluntien odditi @siodlkelectTdigte puronice dlctiasiamat er i al
pr oduced g method of the present invention has inmediate application
in such s as solar cells, transistors and sensing. In particular, the
nanomat eri al di spersion can be used for variety of purposes, including

preparation, of .69aLdR i tes,.and synthesi f functionalised

nanot ubes usi ng reébt%%ggglg@%ﬁ%bggkygﬁmﬁd%g¥ﬁ%ggagﬁg?8§dm8§”%§§HFca
means. 15 sBgleuginmgrimiel. mit Wod apbngehenipries eatonatrahtis dissolidd frsmpossi bl e to
obtain a solution of dispersed, individual, charged nanonaterial.
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Where the working el ectrode conpri ses nanotubes, the product of the nethod
of the present invention nmay be a solution of dispersed, charged,

i ndi vi dual nanotubes. The person skilled in the art will be famliar with
t echni ques which nmay be used to confirmthe presence of individualised
(debundl ed) nanotubes. An exanple of a suitable technique is small angle
neutron scattering (SANS) as described hn J. A Fagan et al. J Phys Chem
B., (2006), 110, 23801. SANS is a powerful technique for probing the

structure of, SN TSedBds Qhd! siRBaucMdy QeRR& bhts ahé YoutdN\Seamdc®r used to
determ ne whether the SWNTs are present as isolated aggcl esiegt;ﬁ%n, bundl es

or cl ust er sproGSANSAp coRtinge <nfih fher pavematsigs PKded i} (o GoEdRF © Barticles

in sol uti on,phichng: LANGE s fackibn LOAR HidinatediNESANG ihieNSeddng! (Q i's
proportional to G D, where Dis the fractal dlrrgg;lon of fhe t&J e. Thus,
I gt gf’me.

t he expect edecgpfeSssukausied Ty Prppariisn of napepalerp hek Besgpsiisseye D -1

behavi our. &t RRJMES GlectRQR- JIRMR- A SRBES I NSoQToriBY WIS weigheof tHROSEkBENSI Sti ng
of aggregates or networks of rods exhibit a |arger fractéle di mensi ons,

typical |y felespde psothg elecirpchpmicalyrsation PuReaesssialr, DYWREASH e Be At TY 85t ¢ he
present i nvgRti O phsse® IRRK S eldchrod B mRAB &l yanteGratit @irRnistteptikeiTigl y hi gh
concentrations _of "nanomaterials, in (ﬁartl ul ar naﬁot ugesf Mor e b

speci fi cal |9eposyes arnomstarik car s eqllecte fiamt 108 ForRieh,eC gt i 8% EF Pa®Y due to
ther mal equhbdnBitdimdagd RO pfoBakhedowddier Niyohesér deneetivhial ipesteaing adi vi dual
nanot ubes which coul d be obtained in solution, in the absence of surface
nodi fi ers cHeficeafispeifed i onal i sati on, or protonation, is 0.0lngnt-1.
However, the present inventors have achi eved concentrations of greater than
about 0.0 Inmgml-1. In sone enbodi pents, the concentration of individual
nanot ubes i =eEEBl: s, depraeC rceﬂgﬂs@? l%ﬂ’(‘fu‘ir‘e‘g‘?‘go PSS MRSPHON Bpout 1
mgml- 1 or npfaBgedadiobltthd tHE Mbridng bndTosdier alitibdeld) aigrlntdinat inrdreesam@bout 50
ngnil-1 or nore, about 100 ngml-1 or nore. A further advantage associ ated
with the pre¥@at™vention is that selectivity is achieved by controlling
t he conditions under which the el ectrochem cal process is perfornmed. Mre

anot Ubes. e no B E HEATFATT B AR TS SHoAEr: MY Salibes. The
effect is duepbgentshavy aificadt edet patiatan afdsaibed inoOkBWNTS. whi/.cthydegends on
type, di anEfEe%l;ew &%%OQ%'S%T kgdordingly, 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



The types of nanotubes which are present in the solution can be determ ned
by Raman scattering techni ques (Dessel haus et al Physics Reports (2005),
40A) . Ranan scattering is a powerful technique for the determnation of
specific types of SWNT present in a sanple consisting of m xed tubes. Raman
scattering is the process of inelastic light scattering via an internediate
el ectron with energy lost or gained froma vibronic node (phonon) of the
sanple. As only a very few photons are scattered in this way (1 in 107),

Raman spect (.8 ca@&h( 6@%%%541:)&&@%% ol RERLbEAISOs, i Ghstiabb@rssi4, ut haam of
nmonochromatic |i

are rolled up sheet hi t nd. due to this
t ubul ar nat dheat ?gér @t é‘faéfcfﬂ?%‘ﬁs%e{% &t deast 2R ?8n/°$’t Tfeleg O&QW g? eth qlﬁn of the
tube. This ﬁﬂﬂ%ﬁ&ﬁﬁto‘f% WERAS ARurbR! da B ickB®SdimeR] Uﬁdm\/cﬁxﬂt dfd@aiﬁed isa
singularities, in their electronjc DenS|tI%l’/‘aél%:‘t‘3 SLé‘é] $ }éﬁ I fbthe
i nconing | |§’I1ﬁ“°ﬁfa‘ffc‘lii&ersteﬁeméivf@é¥ ¢huged 8¢ fth S8 Sk‘é%t 0n3llye P¢88man
scattering deparhte® QNant -bask8f RREBRISRE Ghd/biTEIB oIty clgiaeRn bwﬁisex@tm | s then
dom nated by the specjfic tubes which haye transitions match |n

wavel engt h Pqiie“f“ﬁ]e?fpﬁ’h"éjlj@”ee?dhep?véﬁf’@tel%FfP and, gguaterpleqirofle, sq 5 fogs B‘i’i nce with
the light, @sdationbBhPhBbmbErificbeniniagedrkidhélsctgdaph is a plot of
calculations of the transitions of different SWNTs as a function of their
di aneter. Bel ow 400cm 1, the Raman spectra of SWNTs are domi nated by the
Radi al Br ealfnmnnagtemd\ébserﬁﬁahﬁent ]jél@parx]@mﬁrag& pOfifidakibs oﬁﬂﬁl’tﬂﬂoﬂ}ﬂerﬁaﬂl]\fx&ﬂy%l y | f
roportiona Iote i anet er t.he ctra,of a sanple o
g mpxt ure ofhEYHRYY Gantpliog &by pgﬂﬂ‘f’b‘?fvgréhsﬁ‘g&igsnap?lgﬁﬁe aﬁ n{(’ht ¢ f?gm t he
SWNTs t hat amoﬂ@smnmt ernbddli}n&rh,epﬂefe@my, aTbﬁlﬁelfsmfye 1a1 e QUi tmapblaﬁer

wavel engt h,, one c ad ff fro he ich.tu pr esent
in a given Eﬁé‘?ﬁﬂléﬁ © PPr 3?%1]?8% é“ﬁ én al 8”&(8 Rgeg?eagc

chemi cal | y, abohesoohyat tanpdbut @A, tas ldaarmnutsm@tat leastvabbin §0B@tat Gbsttdbeutunt r eat ed
tubes, the yelative popul gfi i NGr decreaseqd, n it rovides
strong evi a%srz&eattcBeraStteﬁ?Baréeq}&ta}?seeas‘i ?ﬁb@}“agsgyé’ Frioae re'gg%%’o?bofl ﬁ‘e&?&%}é?’fe. c type
of SWNT i n dahemateigd| . tthvdrheg rebeceodeas Thareldogodemival nelt merypdootpris¢ ransi ti ons
fromnetallic and_.se ctin es are i | ed for
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extent of sé?ﬁ%? at P on ot g\?\%ﬁs %Igeta\Ag ceﬁté/t(g Onélpgk%ﬁa%ag?feeek Hg)@st%e | haus
MS. et al.eldhydiscaloRépoiot sepé@ﬁélsanmylﬁca&fon@tfﬂprMQmﬂwléllom whelr dicon of

i ndi vi dual Jnapoma erl l. refe ot r steps
may be car e m%u{ecl r?é cl)srC e to ? %?%%bef (%Q&%li eelgct[arﬁg&nm gal%%}argerd :

t he basi s oh sequeater mrtemscdffahamcerfxorrsthzevmlmdé ofechiedej gydhythat|the dﬁ@l‘éﬁbodl rrent

t he di sperse y r.s t Mdeg @QH@JI qugpchi ng of
t he charge Sﬁsﬁlerr%mma%sagegé% idlB Slteaﬁlch%ﬂéﬁégg t%n%qp&gsﬁc % ut not limted to
02, H20, | Zj,rrapgammtalm“gafm ﬂ:le Sb}baxémn $>f anpdleailpemﬁoa@a(lwoumehélﬁct}iﬂd@taﬁ &

speci es). t ded, the species with the highest
energy el e?f%ar%gsgthgﬁ(ﬁ%]ﬁ% Ig%lel%gz(lﬂde tl|%gst By addi ng appropriate

st oi chi orretrl c quantities, the desired fractions nay be separated. For
exanpl e, f A REPLERLIF I BRiRbRIBEREREd

anount s of eelk\?egl%lgf%ﬁ%oggdeﬁa &%%gggﬁe%{:a po atzrcna%l vely or in addition
to cheni caISemémgﬂarggquaetle@tqf@@mﬂﬁwal mmd @@mr@é@n@b@adu@?%br Hies case,
the addi ti gp.chasdas. %@sehpﬁv%ﬂgthgpﬁn?éﬁﬁi? aﬁn’ﬁhé?ﬁﬁ 11'1 §udh%'£&é%§' sO¥: @RR! Ying a
smal | voltage to an erw se inert ectrode placed in the dispersion of
nanot ubes. tBysigtorntandidniing hlh?@l’twbllﬁﬂeﬁtelranmmteftahélsﬁqr%@% s UssidpotaiBEs of

di fferent af; RoRe Mogﬁ ed BRdoREECHR L ShBLioNgfo the

el ectrode. %‘th&éﬁeét r%ﬂ {lefgl ﬁﬁ eri 85 ° vvonr% |r$g goectrodesﬁarelhel d at
fixed pot erftucaibpaised manetpmselﬁtﬂgdsftcapmscd%d@d far pwgHbey chargsd oy shenisdly al so be
provi ded, Hf% %erabl y in a renote, though ionically-Ilinked conpartnent at
which the al'ka metal ion is reduced and recovered. A reference el ectrode
may be used to control the potential at the working el ectrode accurately.




Al'ternately, or in an additional step, the solvent (electrolyte) may
gradual |y be renmoved, causing the heaviest / |east charged species to
deposit first. These 'two mechanisns allow separation by, for exanple,
nanot ube length on the one hand, and nanotube el ectronic character

(sem conducting band gap) on the other. 18 Optionally, quenching agents
including but not limted to R, whereinsR is a hydrocarbon group, can be
used to chemcally nmodify the car bon species. By carrying out the reaction

on di spersi oBs usthg ltﬂ’édﬂn&‘théﬂl@f tHaaRekktPRSentioN  dEBbdsibleldl S14iMa solution of
functionalisation, i s a | eved over the nanotube surface (typi cal

functi onal i <H¥PEEFE siddhel ghargeddanqmrdenialr f ace of nanot ube bundl es).
Optionally, a soluti on of (previously separated) carbon species can be
destabili sec\g enching or sol vent rermvalé to crystallise the
carbon speci Eere\gft é‘?fé’ig CtrWe?‘@Ptrﬁ%“ Ak e pipduebapiieseehadapiothabes, t he
partial |y sqidsed,invendén/ ingi8é 2 GboASH 5?%5@4&@%&&%& iEARARA daibAer Taepar at ed

according to siz chomat ography in a environnment. Optionally, the
char ged %and‘?ﬁﬁ%g‘ﬁ ke art willdhedpiiigr t"’Bh&Cﬁ‘@ﬂuedf“‘jf“@rr@%)’nbecuséwwﬁm such as

di rnethyl f areprisehec (BDNRvideiRELE k%b&ﬁﬂéd@maﬂ&uﬁe@lm)ﬁna&ﬁmple‘mﬁ hydupysiol i done
(NVMP), for further. progessing. The present invention w now be descri bed

further by r Ehissmap ap %n%qoweaﬁﬁ@n& gurR s dpigrisddrpt 8sFanehalafe in no
way i nt ende®hyoChenBY (20b®, BlpPRB0o0f the invention. Figures

SANS is a powerful technique for probing the structure of SWNTs in solution. More
specifically, SANS can be used to determine whether the SWNTSs 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 nm). The SANS intensity (Q) is
proportional to Q, where D is the fractal dimension of the tube. Thus, the expected
SANS pattern for fully dispersed rod-like objects (ie. D ! 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 0.0lmgml”. In some embodiments, the
concentration of individual nanotubes is about 0.1 mgml™ or more, about 0.5 mgml™ or
more, about 1 mgml"‘ 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 1 A and 1B 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 after applying the nethod of the present invention. In figure

| A, a working el ectrode (2) conprising nanomaterial and a reference

el ectrode (4) are positioned in one conggrtnent (8), while a counter

el ectrode (6) is positioned in a separate conpartnent (10) which is |inked
to the first, conpart roche I

appl 1 cat | on BFER Barancioa® sePRal e TR o I SRE OBt Kb B8 Ly o

el ect rode, reoweBtBnityadf S(\XM‘yswlscldd@gdssect'pemlmﬁﬂeerﬂlné@bhcmﬂyyt e (16). 19 In
figure 1B, a working electrode (18) and a series of counter el ectrodes (20)
are arranged within the sanme conpartnent (22). Upon application of a
potenti al b&hegers diwenwobdsi \mgc}eireptesmﬂéal mﬂdoltuﬁml colatdeerminet by 8dman

nanomat erl al Ittgl’llde I tugsd q%gse e(f‘O}Jﬂ; ICS O?t%é %5405%{%21% E e;lgé S

exanpl e, conp |S|n er wor

el ectr ode as aHpgquérﬁul @cﬁmqwdfoPylreodej;Qmma@ramspt@ﬁ@ tmvm eﬁSchmmimn a

pl ati num ps ud e d n t n

N Nl ot hy PR h So e e S5 el i R, SR B AR BB B D
cell was hels@ttamngrmgan mmmpdmte nleptainswntfoelwegyslestmheal&ﬂ%ﬁ@l 'a(yﬂin@mr addced,
repel one a ,

toget her - andiPAZD gf BY SLAET A8 By YRR Uek chiBhAn. QRRRRh B0 pRTL L DT

di spersed i Ramhe smekbectoml typieallyThes kgﬁhy(fetth high ottensiéss beser ef mbrerhdeposi t ed on
the counter .gl.ectrode as a thin carbon nanotube film The el ectrochen cal
cell was pregafed and operated as follows. 10ng of sodiumtetraphenyl
borate was added to a clean, dry, 25ml, 3-neck round bottom flask

containin I Schl enk
g guﬁmeﬁé RES &;E&éaggf@ggﬁ éeteo thi€ FubBBf natllS bl Al-ABHaLd

| ine techni ques t a nitrogen atnosphere by punp
filling 3 tFrendigedi thgtramlacﬂquq@ort h%thﬁlta@( ?.ﬁhl@l qeavisdiondeadsitpdarge Apilgls.

t enper at ur ec;ﬂ@@tvag Lf@ove'b.’:flﬁg%farﬁl&e llfl ltl?eﬁkelg%nﬁoﬁérﬁgy o? "Sq‘at%f (PO, d rl'f%ﬁe

N, N-di met hyl met hanam de was transferred into the flask under "nitrogen and
t he sol uti ofcemingrlight fmetches i liffasence 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™, 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



A piece of 6cm by 8cm bucky paper, made previously by dispersing nanot ubes
i n di chl orobenzene by sonication then filtering through a 0.2i nn PTFR
filter menbrane at reduced pressure was attached to a piece of platinum
wire. This bucky paper working el ectrode was inserted through a subaseal,
dried using a heat gun and whilst maintaining a positive pressure of
nitrogen in the cell, inserted into the1 eaction vessel. This working

el ectrode was | owered so that the bucky Zaper was 20 partially-submerged

into the el ergél&gl&f %alw &he Bn&lgéatqellngtgﬁlc%l ts&ngbr{dﬁgt}nl S lilghlhp id Ov% pl ati num
iy 15 i 1o

wire. The counter el ectro consisting o I ece ighly
ordered pyr dlayan Speptaplpy & Bamqmﬁtlb‘@cmua npﬂmrmmum thﬁreetew;xs” sppmn@d into a

second subaseplr, gusbi 86 e1calonRl ALILBUMILLAMSISELT A0k aReAthis) 0 act as
TEC'[I’O e. r Ohe

the reference e Bot ect es were eate usi ng eat gun and
then insertéf-into the renalnlng side armof the flask. Both el ectrodes
were then dipped into the electrolyte. Al electrodes were then attached to
t he correspondi ng el ectrode clanps of the potentiostat avoi ding shorting
contacts. THele orpgheingea dispérsios of lindivduehnadmststelmprefasdly yanonibsy, gue er 1A,

Wi | st sti r Lid@adhless Irrlay‘ﬁ@%anjﬁgall dutdh ou%ytofﬂfthe?g FRHRE SiandiidrAg i S tinme

nanot ubes were seen to streamfromthe bucky mnrklng el ectréde and
into the eI@éﬂwdpyﬁ@ﬁﬂﬁﬂﬂmédWW@ﬁaSgﬁévﬂ@ﬂwhﬂbbn Sorme of these nanot ubes
wer e deposited onto the counter electrode and others remained in solution.

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
O;, Hy0, I,, 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, 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 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.



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, netallic tubes
are reduced nost easily and deposited first fromthe solution. Wthout

wi shing to be bound by theory, one interpretation is that this behaviour
correlates with the availability of unq%cupied nol ecul ar states close to
the Ferm |evel, which is self is seento be lower in energy for netallic

tubes. 21 i 1 ; f ol AhSPeLS hHd 1inaee Bt &f | #her¥hi RhiC@NPri ses
an assenblygﬁgmgghd?ﬁﬁggggH%%%?%%fgg%hggloggggﬁgpartiéleémconpr;sing an
el ect r ocheniscladcaboogess, cat be psedde ceenzicadly|ndify ihofaripnspeiicse By @HAGed

i ndi vi dual Qu%n%gmte%{:tiio | oG gr%jignst he TREARL CRIDLBRE SRRy NehifrROt ent i al

between a worki'ng el'ectrode and a counter el ectrode, wherein the worKking
el ectrode chngongistiante ardevedraves ticalaneiner sniaca/drkiahfnewalvtens %Ad count er

el ectrode f&ﬁgﬁgﬁé1uﬁ&e§ﬂwﬁ&ﬁ&ﬁﬂﬁﬁgﬁnical cell which further conprises an

el ectrol yte, erein the electrochem cal cell conprises a plurality of
counter electrodes and a different potential is applied between the working

el ectrode aPGidn acg)c;ﬁﬂfo%l‘:o &/&Juggesepg'ate@ @@Ecgp%/:@&@‘%&dibggiegtﬁbiﬁ&eﬂi m1,

wherein the hanormaterial conprises nanotubes. 3. met hod according to
claim 2, wheewly byt dvenainzot stieent samoveld iorsrsialiss diespden 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).



4. A nethod according to any preceding claim wherein a positive potenti al
I's applied between the working el ectrode and the counter electrode. 5. A
nmet hod according to claim4, wherein the positive potential applied is
about 1 V or nore. 22 7. A method according to claim6, wherein the
negative potential applied is about -1 V or a nore negative potential. 8. A
nmet hod according to any precedi ng clai wherein the electrolyte is forned
by adding a salt to a solvent. 9. A nepk%d according to claim8, wherein
the electrolyte is a dry polar, aprotic solvent. 10. A nethod according to
claim9, wherein the solvent is selected fromthe group consisting of dry
and oxygen- fii eguei Mt Hylofigmgratattetele (DB and alisemds hyfl @asktaniecdedeORA) and

N- et hyl pyrolidone . (NVP). 11. A nethogd.according t.o apy one. claims 8 to
0 whar o) n ATHES B B S et BatPROPhel B ot e PEE PR TET beSsPhim
t et raphenyl towvaikéng tledufodd uhy | thenzoumitdas nelévexéd, | naasropéis ph alegosaat ohithdii um

erchl or at e.
P 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 6cm 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



12. A method according to any preceding claim wherein the electrolyte is a
nanot ube- based el ectrolyte. 13. A nethod according to any preceding claim
wherein the el ectrochem cal cell further conprises a reference el ectrode.
14. A method according to any preceding claim wherein the working

el ectrode and counter electrode are contained within a single conpartnent.
15. A nethod according to any one of clajnms 1 to 13 wherein the working

el ectrode is contained within a first c artment and the counter el ectrode

is contai ned w thi cond co nmen r e second
conpar t ment §>art1aﬁ -Flll% bmtoatll]le éa ? Scxﬁéhr%ut & e?ecﬁglltyp dlrecﬁg 3;0 @mg A‘Eﬁc%re t hod

accordi ng t@kmnwnpﬁﬁcedlng claim mhereln the nanomaterial is selectively
di spersed by controlling the potential applied between the working

el ectrode and the counter el ectrode.
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 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.



17. A nethod according to claim116, wherein the nanomateri al
di spersed on the basis of electronic character, size and/or helicity. 18.
met hod according to any preceding claim conprising a further step of
separating the dispersed nanomaterial. 19. A nethod according to claim 18,
IS separated on the basis of electronic

I n one enbodi nment byzghronatographic t echni ques, and/or

wherein the di spersed materi al

character, size,

helicity. 20. A nethod according to cl
nanomaterial is separated by sel ective el ectrochem cal
21. A nethod according to claim18, wherein the dispersed

nore el ectrodes.

i m18, wherein the dispersed

nanonat er i@hinms sel ectively quenched.

A method for dispersing nanomaterial which comprises an assembly of
nanotubes, nanofibres and/or nanoparticles comprising an electrochemical
process, to produce a solution of dispersed, charged individual

nanomaterial,

wherein the method comprises applying a potential between a working
electrode and a counter electrode, wherein the working electrode
comprises the nanomaterial and the working electrode and counter
electrode form part of an electrochemical cell which further comprises an
electrolyte, and

wherein the electrochemical cell comprises a plurality of counter
electrodes and a different potential is applied between the working

electrode and each counter electrode.

A method according to claim 1, wherein the nanomaterial comprises

nanotubes.

A method according to claim 2, wherein the nanotubes are carbon

nanotubes.

A method according to any preceding claim, wherein a positive potential is

applied between the working electrode and the counter electrode.

A method according to claim 4, wherein the positive potential applied is

about 1 V or more.

A method according to any preceding claim, wherein a negative potential

is applied between the working electrode and the counter electrode.

Is selectively

A

deposition on to one
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A method according to claim 6, wherein the negative potential applied is

about -1 V or a more negative potential.

A method according to any preceding claim, wherein the electrolyte is

formed by adding a salt to a solvent.

A method according to claim 8, wherein the electrolyte is a dry polar,

aprotic solvent.

A method according to claim 9, wherein the solvent is selected from the
group consisting of dry and oxygen-free dimethylformamide (DMF),
dimethylacetamide (DMA) and N-methylpyrolidone (NMP).

A method according to any one of claims 8 to 10, wherein the salt is
selected from the group consisting of sodium tetraphenyl borate,

tetrabutylammonium hexafluorophosphate and lithium perchlorate.

A method according to any preceding claim, wherein the electrolyte is a

nanotube-based electrolyte.

A method according to any preceding claim, wherein the electrochemical

cell further comprises a reference electrode.

A method according to any preceding claim, wherein the working

electrode and counter electrode are contained within a single compartment.

A method according to any one of claims 1 to 13 wherein the working
electrode is contained within a first compartment and the counter electrode
is contained within a second compartment, wherein the first and second

compartments are linked by an electrochemical membrane.



16.

17.

18.

19.

20.

21.

23

A method according to any preceding claim, wherein the nanomaterial is
selectively dispersed by controlling the potential applied between the

working electrode and the counter electrode.

A method according to claim 16, wherein the nanomaterial is selectively

dispersed on the basis of electronic character, size and/or helicity.

A method according to any preceding claim, comprising a further step of

separating the dispersed nanomaterial.

A method according to claim 18, wherein the dispersed material is
separated on the basis of electronic character, size, in one embodiment by

chromatographic techniques, and/or helicity.

A method according to claim 18, wherein the dispersed nanomaterial is
separated by selective electrochemical deposition on to one more

electrodes.

A method according to claim 18, wherein the dispersed nanomaterial is

selectively quenched.



