Met hod for separating nanomaterials The present
invention relates to nethods for dispersing and
W@ epanetizhg nanomaterials, in particular nanot PGGEEB2009/001657
particul ar, the present invention provides methods
wherei n nanomaterial may be di spersed and separated
usi ng an el ectrocheni cal prlocess. Carbon nanotubes are
an inmportant material system providing unique
properties i nMethiochfprisepatatipgammokaterialsher mal
conductivity, the highest mechanical strength, the
| arge current density capacity, and a range of
The prBRAF indBiitidnORIxRdsetb @Rthedy for BRPErRIERMISEASting SanoBlaterals, in
fundanmental scientific interest, nanotubes are )
partiqutes prswetibenr arpasioiar (ke Prasert wverp proxtdes facthods wherein
[ ' eHAll rf - [ rq to
nanos A R Bt B P CBA IR 16in SRR By LA e
nanoel ectroni cs as described in Baughman, R H., A A
Zakhi doy, and WA. de Heer, .Science, 2002, 297#558%): .
Carbpn npgqibe argsiRe JBPOTANh eMateEple SYSIHRINTEPYIHIE: FPAGNE gproperties
inclu@ﬁgttﬁé?hfggegrt%g%ng}i&?@ BndREE, REMREHEBES ORI AL strength, the
expl ol t to their full potential. rbon nanot ubes
largecarnehtedensityl capadity, dndtorange of iropggant {optgledecivahicediaracteristics.

e L LA B oo
rangd '8 PPHERDNS, Nakgik@RoREhi bR pLhinMite BSmPosiictBiterials, @b h@fparent
et QKT i

up' “graphene sheet. s are typically about |-1.5nm
condiigiondi seter eells,aand ninsiclecppnipe rasi eesciiegse iyl Bangeman.r R-H., AA.

di anet n e an j I
2 GTEAEY 805 05 SORhS PSR P 257 202 AR e e
a nuriybdrtof\eeitita dbbeacleo v haowiredins beforshaiondfes saybe atploited to their
concentric layers of SWNTS. The definitions of
full peiwbelubes can be extended to include a number of
variants or derivatives famliar to those skilled in
the art including, for exanple, the presence of
Carboe hemdtsbesvaaarecsubdividet ingr two ggsipsusihglaswilbedt Gaglmmsnanotubes

altered vjia h i di [ d terial
SRR Bl S b S AR SN PELEL B caron
tubulaP§idleeales fii ehd 8O BlougRE 4O a Hhd1OFroRed Yip MBiapBeHeisBRet. ZWINTS
more conpl ex topol ogires. As grown, nanotube materials

are tppieallyettonbdensonsn deometer, nhdghaopteperisa depsnsson ghedr diameter
and JqqtharnIg{é:%cf &%Jﬁ?{ é[ﬁleafnmai?égr%:lllg% gjlfp f‘ljcl)r];lft% %%ph%ﬁg gﬁé‘é@ ?th% P 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,
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into specific applications, for example, depositing homogeneous nanotube coatings,

forming electrode assemblies, and fabricating high performance composites.

Dispersion in low viscosity solutions is typically achieved using ultrasound wherein the
high intensity used separates nanotube aggregates and even SWCNT bundles. However,
this technique can also cause damage. Stable dispersions of unadulterated individual
nanotubes are known only in ;cl 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).
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(Gordani, S., et al, Physica Status Solidi B-Basic
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order to prevent reaggloneration, a polyner or
surfactant which can adsorb onto the exposed nanot ube

In order fogquesend reaigglommatgmahtm@fmmeartsmﬁttanmw]sich sai adsorb onto the

affer, M. et al, Edito Advani.. . 2006, I
expolgd] %%Pﬁhecsubfacef G jecorpe P JHealgdin i Qetlen o, ef ol
EditA® i dhinl. | 0BOWHRS Sclindigie L&e(ﬂ -39 1¥Va1ts§£11y a4 ﬁ‘)sthe solutlon
pgoly hydroxyan1noether) (P , pol yvinyl al cohol)

plird)c pelsimhersvdissnbyad( ir wter,psuchoa& oyl d(oryRpineather) (PHAE),

prs Y oL Y00 e STh N BRI SRS, g groved

partlétﬁ’ﬁ)y elifiettive; VHltgbug‘be@@hh(arsy%&hQ Havalide bl efslored, based on
Il and pal ypr opyl ene (PP). A rangie of
poly%qefl%lcﬁa?)s sufmdughealersdd, weight qwhrashylnesEHIBERE), and

ol B SrEPL 0l S3° AR BhOTke S LALCRISE oy s,

SDBBgeajul bike dalty.ense soni cation, and intrinsically
contam nate the sanple. Bundl es of nanotubes typically
remain in addition to or instead of individual
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At present there are a nunber of different techniques
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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.
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onwards).” Al though this technique is good for

produci ng small quantities of separated tubes, this
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the DNA for many potential applications is an
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functionalise nmetallic nanotube after which they could
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diporphins & ‘ndddHbrdedQ: to separate SWNTS of different hehcltles. 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. et al. Nano Letters, 2004. 4(8): p. 1445-1450.
Wunderlich, D., et al. Journal of Materials Chemistry, 2008 describes that alkylation in

liquid ammonia selectively 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.
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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



quantities of nanomaterials. Furthernore, by
controlling the conditions under which the

web@omoaeheni cal process is performed, it is pPCEEGBR@®9I/001657
to selectively disperse the nanomaterial. For exanple,
where the nanomaterial conprises nanotubes, by
controlling the condi ti ons®under which th

el ectrochem cal process is performed, it is pos
basis p thea elestrany phapiBEIics, A&nsTTbENIHEINE BaRAtEYcE ré‘?ﬂ‘ metallic
e S regard, it is possible to
nmnﬁ@%@a a keé¥2¥ EE%S on t hebasis of their electronic
characterlstlcs sem - conducti ng nanot ubes from

netallic n notubes b si ze by .helicity. In, a )
Ina f@l&l}qr Répech dhe Efeserttﬁgv lgg &R Vlgm%ql}l%(ﬂl B}; é%pgéesd %anomaterlal

compﬁﬁl&ﬁ‘ﬂd?ﬂd&ﬁ ndh SRSt RARAEBI@bRbT ak P! In8drAld or more and a

nanomaterial at a concentration of about
solverm | Agigh looprentmtien axfodispesssidy emdmdwalhmegnnm@mmé nt dasifabie for
e PR it 1 42y OO S0 nd B B g
to obthin sjaﬁﬂloﬁé)haxﬁﬁg?‘s’lhdh%h hRegdEnpessH bt Iﬁhnbmacﬁi’iaﬁlvmhout needing to
sol utions having such a_high concentration_ of

use addatienahsusfactants, sirfase modiiers, dgmics! fistiorpdisatiozhe protonation.
surfactants, surface nodifiers, chem cal
functi onal i sation or protonation. In one enbodi nent,

In oné kebpdiesemnt the Prewhi mvepiay paeiiea assallutidnoof difSpdise;ipm:rmedaes,

nanot ubes, npri sin ndi vi dual char d ubes; a
compysipg ﬁ@éﬂfi%ltq%éﬁgeéma 5bes 32 GPPRFRTRLER %FerﬁP Qﬂ%}nls or more
and aSQh¥gNt. In a further aspect, the present invention

prOV|des an el ectrochem cal cell conprising a working

electrode a plurality of counter el ectrodes and an

In o b G PRBFRS BPaiey, PPRCESE CoRE  JBTarE Cay coltprsing a

Worklﬁgt é’l‘&ﬁﬂ‘)d@ ag fblﬁ&falﬁ}h 8f Rbitet ielektrOliesCAN bR el &t@TftE, 0dBSrein the
he morklng electrode is different. In the nethod

workmg et1¢cér0§¢ sompris¢snuanemaseriala Rrafesbdy.eini e, ithe HP@bfﬁrlsf@@W@en
each (%ythe glu&alh\égf goﬁg‘teép ?e% ro?és a%%stﬁe w-gpg %glreg?rodéqg ﬁ{ﬁaetrgft' al ™"

ers
nmor phol ogi cal features of about 0.1 mmor less in at

| east one di mension., Accordin the term enc
In thefaeibedipEthe PRARMINBFEIONaH aa!wa??g%&i 5 %ﬁl&sedrgéf thC etnical
odi nents, the nanomaterial is an assenbly of

TOCLSS. i
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The term “nanomaterial” as used herein refers to materials having morphological
features of about 0.1 pum 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
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el ectrical conductivity of the carbon nanotubes.
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conmercial ly from for exanple, SWeNT, Carbon
Nanot echnol ogi es, Inc., Carbolex, Inc. and Thomas Swan
The nangtubgippsed inkke wethaid|of thihprekent divietipharagibe SWRTs s WNTs,
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separation is required. Redox active artl cles of |ow
diametgtsip il range Framaaboyt 04 taahor Seumy Wfﬁée thepepetubes ¥a MWNTs,

the BRLOHS GANIHCH My TEATRYRE Krange from about 1.4 to about 100 nm.
Preferably, the carbon nanotubes are SWNTs. Suitable nanotubes can be obtained
commercially from, for example, SWeNT, Carbon Nanotechnologies, Inc., Carbolex,

Inc. and Thomas Swan Ltd.

While the details which follow herein focus on nanotubes, the method of the invention
applies to other nanomaterials where the redox potentials may be controlled by size or
composition, and selective separation is required. Redox active particles of low intrinsic

conductivity may need to be supported on a porous conductive framework.

The term “electrochemical process” as used herein refers to a process wherein a
chemical reaction takes place at the interface of an electron conductor (an electrode) and
an ionic conductor (an electrolyte) and is a process which involves the transfer of a

charged species between the electrode and the electrolyte.



The term "el ectrochem cal process” as used herein
refers to a process wherein a chem cal reaction takes
w@baomorest he interface of an el ectron conductPCT/GBR009/001657
el ectrode) and an ionic conductor (an electrolyte) and
IS a process which involveg the transfer of a charged
speci es between the electr8de and the electrolyte.In
In onegmne equrgggtl gﬁzpqnnem 9hﬁg ogr%)?rggﬁq?%}vtegg@ ese}g&qﬁggﬁ ?fﬂt@l a? Sotentlal
betwe@xlr %C\tv&@%% BREr AL AN E Houfifef %Ierc’&g@e M@Elﬁ' e tv{?&kﬁfgr Hkdtthde
el ectrode conprises nanomaterial, such as nanot ubes,
comprised ranematerikl, nopck| aschanotibesnand dhentverkinp edtatode dndr pounter

of an eIe tro [ ch further
electrify gt ped O n BEERTBIPTL e REPUPRVRS T @ detiodde:
as used herein refers to an electrode at the interface
of which an el ectrochem cal process of interest -takes

The tméworkﬁt&elﬂmm igseaised herstte refersdoian qlpiradetadle siterfags of
which eient %%’f?: | 8‘\?\& §f‘ﬁ'@er§‘?? e?ggl@@t erial. I'n one

I'ng &l € may consi st
essentially of nanomaterial i.e. the el ectrode
contai ns no other conponents which will naterial
The wplfk@ag al¢rarogenasedoint e mRdod| ek tthe deesenhi EVeRiion: yov@ﬂses

nanon?agér/r It ageQis elfx&[)dﬁ?e\’lf rgb \f/&ﬁﬁl%%ﬁ%tﬁi&%h? cohsi& és@@i’ﬁmlly of

he di'spersion o | 'ar ge “quant nanomat eri a
nanonidt¢rinlgl. the :elengbdae sonmhsenqootheewnydnenis vdach bl maariajly affect

e RO B SECE St A TR UL ol gl Lo rend
allowé’\"fér th@%lé”fﬁt‘féi&g ob¥ LhiR (ﬁlﬁlﬂﬁ% 8ﬂné}ﬁ%a@@r1él’fth1‘$u§§ @l gthb1ensimple

he wor ki ng el ectrode irdly, the systemis
procemwlmcla carebe easely cohtroltndarfieeondydi makerit staghtipnvashtosmonitor

for th? ﬁgﬁt I%es é%{g‘ﬁ%? crau%ffeJ &t‘kngﬂggm At 9(,][ b ﬁ Q%%%d cﬂ:gree of
dlssolﬁ@dirbgﬂthe aﬁtﬁkiﬁ@%l&h@ﬂé raaRsy, iy syseae ik m&mthuﬁérdeﬁ/ee%ﬁhwanted
as inert electrodes in an electrochem cal cell as
ad&hq@%@@m%@@%mﬁ J. Phys Chem B, 108 (52) 19960- 19966,
2004. "Bucky paper" may be obtained conmercially from
Nanol ab, Inc., MA, USA. El ectrodes which conprise
Electrodgsowhichr ¢cahprisaynanemptesidll eredkdaywic ondensri.orfolr example, “bucky

jechnjques with which the person skilled in the
paperyOF 0Ll RIgIoRTOAR. TAPHOE, SFAROSc DAt bETmb UEtBBHIHGY B inert

electr®lRdH GRE 1R obhd hicat LN JISREb&I BN Bhys Chem B 108 (52) 19960-
nanomat eri al - contai ni ng solutions as describ in n%&A

19966206k, “Bonipopitee’s nRgrie ghtaingp bommesualé/nﬁemaNe{nolab Inc.

USA. légt%:&es Wﬁi%h 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



(35) 10, 1225-1232 (2004). The underlying principle of
the el ectrochem cal technique of the present invention
WO 0mooapply a relatively large potential bet We€nGB2009/001657

wor ki ng el ectrode which conprises nanomaterial and a
counter electrode until the nanomaterial becones
sufficiently highly charged that it spontaneously

di ssol ves. The process may either use a | arge positive

positivedy tchged manemsiesiak| @ctseon $AIEe GRELHEI WI%)% tpprdd electrons to

t I
e RTER S, PERTARD o BL MBS HRARHS bl
to add el ectrons to (reduce) the nanonat eri al ,
providing a solution of negatlvely ch

Whernihromeikins decidreomRrRes WEPRIG R EEPROAEE) Apsaiyg potentia
is appg Ogu%g Chat ﬂ{ ﬁ%{ %?KL% e | BIREANEPRL VK gﬂ@ﬁ qgtﬁr@f’errb§ as the

suc e nanot ubes are reduced
requlr%@ @titéhtlﬂl‘is horpeadilgracedsedin stdmdaudexzptwmedurpimtwsnam(hthe |r@ult1ng
nore easily accessed in S#@Hﬁ' ent wi,ndows

carbop Ranqtulaige {415 B19BDAATHIG SRE Rl aé%%‘fidt‘%ed the
work1§1g le}é@frg% is\WMehRdt ARd %%ﬁﬂ@@@le@&&ieﬁ@gﬂﬁﬁﬂie t he wor ki ng

is a cathode and the counter electrode is an
anode. As indicated above, in the nethod of the

. present invention otent| |
As mg’&lﬂﬁg éi?o‘t’eh P it meﬂﬁ’%e?tg[ﬁ? Pf)eg dﬂtﬁert couE? bfelial is applied
betwe%h%l‘fé ¥B8ng diBEraRt Batthebombseldobet Wﬂepotéﬂﬁhl \applkedﬂhg:tween
el ectrode and the counter el ectrode may be adJ ed

the wielpgeadilenirodn andethieorrivater jedastiode ma3y e gdjsted dependlng on the
jonis fogf%g?%%hﬁ%%gw aeter ln%l?etré\r’l gé)ct\%rﬁdbéﬂtlal 32 Oﬁ%ﬁka gdi’eferably

the ptBiitexl BEPIAIdI i¥ eb@nt-emv at a n&b@ dégati@e Bodéntial, abavdr@8 V or a more

negative pot ent | al referably about.-1.0 V.
negatitegmiantiah pEERbIAbOubridt Yroapiorpsaet epaiengah prferzblvgebout

-1.5 \V‘%QQ o\fg n%‘ﬁ%@ ﬁ)b%}malpin%ge%tﬁ Lyo@houty bt’za GhoYe BEgaRivERERtial,

neg a ten erably about -2.5 V or a nore
prefe%gaﬁboue ~pbt\ent aanomsaegaa@moe@maé aamewwcbreéats»teatnceaﬁ@dard

LSRR LA HSIAT b Rl AR A 1 1
aboutr@a\s H¢ BdaduBl Pl t®a 3taBl A0 Ua D bY 91%@@@1% el ect r ode.

Where a positive potential is applied, preferably the
potentlal applied is about 1.0 V or nore, preferably

about I IO'V
Wher&ae]?cgrttgﬁal Igp\{%rgbau i ip]:gle eFeréaoq ¥he;$&?1gt}% bﬁ@l}/e is a%B te or
moreOFref@ﬂﬁy aboufeRs O efimog, @fdfMabltyQabau'sl aﬁd ar cholng,qlrefgmbly about
ectrode. Preferably t he vol tage applie ab?
1.3 bror|ragee, pagfeigblyp agouy by V or more as Basured relative 10 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,



| ess, about 2.0 V or less as neasured relative to a
standard hydrogen el ectrode. The steady state current
waeorwabates with the rate of dissolution of theCT/GB2009/001657

nanomateri al s, and may be maxi m sed by adjusting the

conposition of the electrolyte and the surface area of

the working el ectrode, as Well as the applied

potential. The time for which a potential is applied |
whichhetybe rerfidrashedr Kix pge ebodimsat thatotenidalgpunbeppplied for a time

. el ectyode, i ot rticularly limted, other than by
in the tafjee FPFS’FPB‘?F%&BOFRQH iy el ectrode, whi ch may be

repl eni shed. In one enbodi nent, the potential nmay be
applied for a time in the range from about 1 to abiﬁft
The diwensions.of The wionEng | derirode R engiopRitisylagy ebiitsde & sSome
not particular] s : enbeg) HoR€about 0.2
embo@&gﬁ% M hee‘f’%r%{nrgo%eeéulr?g%/hﬁagvhgbgaéur ‘Ace aglég@%%? he r %moél e
to abdutand akdutin Gtlzertedntidiréntd, . the cuifacel ared ey beesipuificansiyt kyger,
_the surface area may, be signjficantly larqger,
particplaly wheraibeynsihed s belie apst I}%C%Bﬂm%ffl%ﬁgﬁﬁ%‘c ed on a
commercial scale. The electrolyte is one that
stabilises charged nanomaterials. The el ectrolyte may
The dectfobyterds dnn that siabitis¢shehapgesl narontrserialanl The lectiglyte may be
ddi tjion qf suitable, s t o, .a.solvent. .Standard
formeg} hesit Mot Q5 ePiL Eq P RPToPh 8 M Sl B pevent
Stand3¥B LGB SAMitCsdlS Btked | fOF IdvfliongnsO dicdifolyed sppdiaachn be used,
borate, tetrabutyl anmoni um hexafl uorophosphate and
including hiodimnp decimhsnigl dorarh etepabuspamaxqmiya dhexaflpprophpsphate and
lithi Wil | }ﬁe ami liar with suitable solvents. In
HUURRITEARRr . pol ar, aprotic dry solvents are preferred.
Sui tabl e solvents for charged nanomaterial s include
but are not limted to dry (water-free) and

The R@W@éﬁﬂkﬁéé tle %ml} |beff@pﬂa§ﬁ]§w sclgﬂ}pl)e ,sol)vent.s. In particular, polar,
apro‘u%: ﬁtsGWeﬁ‘&%trél %&&Wﬁﬁ'ﬂ;ﬁ sa%%ﬁé B! dpvf bl HaDRate¥R)include

rnatively, a nanonateri ased el ectrolyte, such
but a8s nat tHimbiet ubeadrh asettrete) tand| oxtygercefive sémeth forhmmide (DMF),

aimeffy BpRraiip Ly b e e RBLEE PIRIEST | h Situ by the
addition of alkali metal. In one enbodi ment, the

nanot ube- based el ectrol yte nay be prepared ex situ by
Alterpasivielss Rinagomatetitlubased elghirelbitensichins agisngtubedpased electroljte can

be us:f:}g,t 'regi?]l%{) %h%ml%% rggﬁal\e/lg%%%tt&b?@é galL ie?tﬂgldpl%sgfgﬁ 151509 W 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



The term"electronic liquid" is used herein to
describe the |iquids which are forned when a netal,
wageoab/oed2sn al kaline earth nmetal or an al kal i Pet/aB2009/001657
for exanple, sodium dissolves w thout chem ca
reaction into a polar solvent - the prototypica
exanpl e bei ng ammoni a. Thiélprocess rel eases el ectrons
into the sol vent forn1ng a highly reduci.ng sol ution.
negatively isbangediesionngSecondathpws neaatively phesesd anippssae stably dignsesed
[ n es, based on two factors. First, the
duekg?%%¥§%ﬁcr$ﬁ@%e carbon speci es neans that they
formmegativel y charged anions. Second, these
atively charged ani ons_are st abl di spe sed .due to
The mefal aechsemrial b fst1cissglyes imen g o Yergyay slegiropie favid. The

persofl(\’glhﬁé}i g t%ﬁ V& te 'Talﬁ[;ha? Wﬁgxea.phﬂ)tﬁﬁi‘éfe%@tﬁlselﬁ%fa%w Ghe metal is

ur d. e person s e art will be f liar
selecwui frhmstpp gopipi cansisting fl AkaliPnethbsraal lajkaling eanthe tnztals. sPreferably,

the mEGl Sl Solah it Rty RS afit o Sl iRty e
metal ¥ d@kdmmetal , in particular, lithium sodium or

pot assium Preferably, the netal is sodium It is
advant ageous to control carefully the anmount of netal
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muchPAsE] ?fdsbﬁt}’lnoﬂlesﬁéc@ﬁiﬂd/ ﬁqﬁlhaﬁr@h@g oanh @sapurateentise poss1b111ty of
di spersion of the nanotubes to forma nanotube bas

selectéaee‘éwgsng/@@d BYeverts chfchyon RE the vanopubss 4¢ ity éprtﬂngT“gﬁ ased
electrﬁlge\é\ﬁ)‘fln s&]agmﬁé ?Qnelga?&tﬁﬁ re %@L%@m&%eﬁﬁf hoynt gkﬁsmes

res in an anmount” such that the ratio of
Therelimt ,qireﬁtam;s therméthleis ptegettrio ah @mlougiiudh tlot teerdatin ofitnstad atoms

in.the ca bo nanot ubes w t.h ich the eletron
in thg {efgiianice gUH: HeEEEOR SeBb T e gpon GeBoFL AR yen he

electr&P ll‘lhurh 8 c@ﬁta&t@§§s ab‘%ﬁ? f Qrcﬁb@é ReRWbI} a8l :6 85Ress, preferably
preferably about or | ess, preferably about 1715

aboutdr8 bekss, qub%faébafhﬁcjat éﬂ@utr lqsszprefﬂrablggb,ouulnléghbss preferably

i men t he '
aboutel@fortlﬁ%s %?‘?HBC gt ?ﬁé{ngp ) g %el egergl eCtf oﬁl“%‘?#ﬁ?g (e the
ratio bPnfedHl REFmALOMR électidhee Uaniaao daﬂmht atbes imithd ciddos hlahhlﬁbes
electronic liquid is contacted is in the range frao
with whighthelelertraniclipud isicontactedysin the rangedrogp gpeut il gio ahsutt 10,
u t { =€
about 1b§ t(% Qlicﬁ.ﬁq gF aJoogt 2? %})}?atcg?b%r?ﬁg?lg rrté)lc}bﬁut ES Egerﬁ”%?h about
1:4. Clae henbet ef nanbeﬂ dngmsilmhe rraabmhésatmm’ms geéteimingd bly s1mp1e

t he person Il ed i mliar.
calculagonspw{th whlcsh tlhe person S(II (? int e art wdl be%amﬁlar.

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 C¢ 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



The electronic liquid is formed by dissolving the
nmetal in an am ne solvent. In sonme enbodi nents, the
wapimneodet vent nmay be a Cl to C 2 anine, a Cl PGI/GBR009/001657
amine, a Cl to Camne, a Cl to C6 amine, a Cl to (4
am ne. The am ne solvent is preferably selected from
ammoni a, nmethyl anine or ethy2anine. Preferably, the
am ne solvent is anmonia. |In one enbodi nent, the netal
remoyved dydélesirashemidab reastion nudl iv enpréferablenonieamovkt cangaminants in
advaLgreferred to exclude air and noisture fromthe system
YV ensuring that all materials are dry and
oxygen-free. In principle, a small concentration of
cont am nant can berenoved by el ectrochemi cal reaction,
In thB unethod jof the gireseb invepton, arppomatesiat amiwa@it'@d ifiom the working

electQY al?b;eagpfyﬂ?é I%epgﬁ%}lmdbé% etrp %h trvﬁgr %Ngr \‘F{]tg&%el 88{1 tga counter

nano di ssol VE Fom

electﬂmyleaﬂ"ﬂie)ﬂl@oah@mbelrwllaha}b esmeRMn f)llﬂﬁdit@ bReteht@l @edtFidde The
t he_ cou ter el ect The el ectrochem cal  cel

d
Counﬁ?ﬁﬁle&tm@eaw mma&p@& She wig érveplier irnsueertioviagy limited,
but i€ PRR:EEly IRELERGG A ﬁlxeft QmHF&ethFF&)H@ﬁgﬁg %ﬁlpfopf&[ CRE s regard,

|nvent|on I'S not part |cular
the perssheskibed inl thet aroohilinbe afbinyharnwrth ap];ﬁiqmdt& eounter electrodes.

conditio ele.lthirard .
Exanfify ol AR, FRnHF P e e R ey oo BB platingm and
nmm@@gpm&ﬁselectrodes Exanpl es of suitable counter

el ectrodes include gl assy carbon, graphite, platinum

and nanot ube papers. |In one errbodl ment, the

i ong EREREHECSlshblen L ADERBOTBELS5.5% ELEHENS o

or psleﬁdc&d&fiafma@ W&OB&C aufe atlditioh! i VWRivhRhgdBRX | Hé'b'zﬁfﬂs@ aftalielvs for
parti cul in small scale experinments. In th

maxiggp, éﬂ‘i‘tf‘gi editicalaghy einsgraalk seale sxgeiimentpe Invghen @@lvgﬁt/edmolyte
systefs %§&f‘fn tS\Q YR d 08K the bARART A Bl e rs%h%grcﬁle?e%ﬂc% et(féc'c’troqo most

usual Il y designed for or contarnl ng
usuallyr desrgred iblvmy@nteemdg hyuavaisyathe, ars ﬁotaalways 1ead11y available, so

reference el ectrod such as a platinumwre,
2 pscl S el Glccite SHET 81 URtBI Gt dan Syores St roference
electrB@LAAMNs AicR B/ AgNeN ald AY Kailhleone enbodi ment of the

present invention, the working and counter el ectrodes
are arranged in separate conpartnents i nked by a

I T RIS A —
arrang i inu sk i Gbll&palftrﬁénts linked by a suitable electrochemical membrane or
separator. ~ Suitable electrochemical membranes and separators include porous, for
example, fluorinated polymer films, and glass or other inert fibre mats. In such an
arrangement, the electrolyte salt or counter electrode material is oxidised (or reduced) at
the counter electrode to balance the reduction (or oxidation) of nanomaterial at the
working electrode. The solution of charged, dispersed nanomaterial can be collected
from the working electrode compartment. Where the process is to be run in a continuous
fashion, it may be necessary to add further additions of electrolyte or counter electrode

material.

In an alternative embodiment, the working and counter electrodes are contained in a

single compartment. In this arrangement, the nanomaterial is dissolved from the



exanpl e, fluorinated polyner filnms, and glass or other

inert fibre mats. In such an arrangenent, the
web@aonoabyte salt or counter el ectrode materi aPCT/€B2009/001657

oxi di sed (or reduced) at the counter electrode to

bal ance the reduction (or oxidation) of nanomateri al

at the working el ectrode. The solution of charged,

di spersed nanomaterial can be collected fromthe
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or by neasuring the total charge which has passed
through the el ectrochem cal cell hy integrati
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%TE al neans %

ani c uce a t her
comp&@teitr ochem cal proceSS|ng to produce a dlsper3|on.
Preferably, the electrochem cal cell used in the
net hod of the present invention is arranged such that

As n&t{lﬂé e B8 ARG QO WAL hs %Eﬁﬁﬁﬁé%dﬁé DetedbEne O ahd@Ke hArious

samé conpartnent. As noted above, nanoinaterials
compenents ]aw/errhffoteub aslon rp@telnsa]@ rag g?@ﬁ@dm?é in a{NdiZﬁlﬁe Ky @t pbfhysical

Rev1egg€pﬂgeé§(‘32a& di ffley, eé?c% Xchgﬁétg nttag ag,vworkmg electrode,

dlfferarﬁ%cn@ﬁé 3F nafRGIRg- @Brﬁaﬁhfﬁg el @e¥ ibBalidsoBrepdh ehd nithod of
of the worki n%hel ectrode, different fractions of

the PWé@I@tlub@i@@nt qiilgniien dRusaprowidps e merkaiiny der pepagatise and
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Or separa
may be achleved in one of two ways. In one embod1ment 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



purifying nanomaterials, in particular,

nanot ube-containing materials. This selectivity nmay be
wa@ehbevads i n one of two ways. I n one enbodi menPCT/GB2009/001657

separation and purification my be achi eved by
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The invention thus provides a scalable, cheap and potentially continuous method for
separating large quantities of nanomaterial. The purified nanomaterial produced by the
method of the present invention has immediate application in such fields as solar cells,
transistors and sensing. In particular, the nanomaterial dispersion can be used for variety
of purposes, including preparation of coatings, composites, and synthesis of
functionalised nanotubes using reactions developed for nanotubes charged by chemical

means.



plurality of counter electrodes, such that the
potential between the working el ectrode and each
wagadismeouent counter electrode is different. ThBCT/GB2009/001657
differing redox potentials of the charged species wll
cause themto be selectively deposited at different
counter electrodes, allow ng>for separation and
purification of the nanomaterial from which the
By ugsiacthegmethed tafdbie nreseabimientien. it P ghesible| tp, olithie a solution of
n C tially arranged i n sequence
dlSpé}%ldf %en%gr\ggﬁaﬁ %5‘%%2??8@5‘%%%% he vvc);r ki ng el ectrode, such
that the dlssolved speci es nove sequentially from

| est .to greatest magnitude potential. This
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plicationin such fiel sass l'ar ce , transi §lors
PhyséiﬁsnsBaQQOé), 118, 3380t cul ar, the nanomateri al
di spersion can be used for variety of purposes,
i ncl uding preparation of coatings, conposites, and
SANS)ipahasia i fechuiyg ifen plobaRdthe %&ﬁ&tﬂ&eéf W 0Ds I@%ﬁtﬁ&ﬁSMom
evel oped for nanotubes charged by chem cal neans.
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I ndi vi dua char ge erial’.
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propqiFel e dd " WHEFJads LientICUmonHan o g ibeTistsefs rpected
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whi ch may be used to confirmthe presence of
Othenm&n,vm@u@lon@émp@a@mr@ S‘dx)NTmrm ubew. comigngnpl eggbgaes or

neut r.on Catterlng
netwc? g%{gfodg exle R &1? gsrdfr?%glglamgnm gg'ﬂ?l gTom y s Chem
B., (2006), 110, 23801. SANS is a powerful technique

for probing the structure of SWNTs in solution. Mre
It hag; Been fquad) thgt, whanstheamethed afethie truesgat errvnnmu whempleyed, it is
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nanotsbes. chorespetificallygerior to the present 1nvention 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™ or more, about 5 mgml™” or more, about 10 mgml™” 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



particles in solution (in the range from1 to 1000
nm . The SANS intensity I1(Q is proportional to Q D,
wobkeoeoni s the fractal dinension of the tube.PdhG82009/001657
t he expected SANS pattern for fully dispersed rod-I|ike
objects (i.e. D behaviour. Oherw se,
non- nono- di spersi ons of SWNI, i.e. those consisting
of aggregates or networks of rods exhibit a |arger
charged df tpadfeftinte i beamiscontygrgahdnytibe MTRe teffeét islduchashd eariable
found that, where the nethod of the present invention
electjos agumitodfetV N Is Whichhdependy en A T belidtingl y
hi gh concentrations of nanomaterials, in particular
nanot ubes. More specifically, prior to the present
The typeeof namotubes mﬁc}bﬁbipemdt inhiht ,sohitien tcan bheleteaiined by Raman
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or nore, about 1 ngni nore, about 5 mgml 1 or
Ram%mctramm tyracaiyrses adaserr&rea highdniensity bes of mepochromatic
llghtm)re about 100 ngm 1 or nore. A further advantage
‘associated with the present invention is that
selectivity is achieved by controlling the conditions

nder i.ch the el ect oche cal process is
ra&e gcam@ém #tp 9f et bite awLn e gy thisrubyles 1??661% téelg sléﬁ‘fmns are
conﬁhE@tm L &ldid CaifRADPTE Qﬁ@ Qlubeshar aehataed teis to lartc%e spikes,

preference to sem -conducti ng nanotubes. The ef
calledl yant dove eingalaritibd, dnetheirt ¢locnr<mﬁ<f iDn:m;lyy of miemﬁ&h If the

. de p net e and helicity. The types of. .
incorf{TR DAL S HORLS Lo (PRe DU PG pering s
resoraf. € 'MHeMREMAY s th 9f ahy &fidt0 whaElBidtH U ShéDas @l el by the
et al Physics Reports 2005}‘1 40A) . man scatterin
specifig tab?ﬁomércﬁluha\tee@mntwé mafe mﬁethatstw@wmﬁhulanth@tr eDOS.  To
. y
pred%?\%ﬁﬁc& gl.g:) %Eﬁﬁg%e? eﬁé}ggggg g\? :drqlé Hgﬂ‘? gKtSa@a[;EPA p@o?ﬁ%‘ﬂeﬁ#s&ﬂ This
graph zel g6t éfcal duiiions 68dht @ransigod @f diffetent SWARETH @taefunction of their
el ectron with energy |lost or gained froma vibronic
diamgise (phonon) of the sanple. As only a very few
photons are scattered in this way ( 1 in 107), Raman
spectroscopy typically uses a |laser for a high
Belowrt09asi 't yhebRBammo SpentracefhS WiNlisi 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 SWNTSs 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



light. SWNTs are rolled up sheets of graphite and due
to this tubular nature their electrons are confined in
wo b@aooedesl direction of the tube. This quantiBEL/GBR009/001657

| eads to | arge spikes, called van Hove singularities,
in their electronic Density of States (eDOS). If the
incom ng |ight matches the #i7fference between these
spi kes, the Raman scattering is resonant. The Raman

regiogp of tpeakn earrespynding ¢ netalkid endjtsbmiceondining ORNTat eld this way
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often used. This graph is a plot of cal cul ations’ of

40). the transitions of different SWNTs as a function of
their dianeter. Bel ow 400cm 1, the Raman spectra of
SWNTs are dom nated by the Radi al Breathing Mdes
After( fiBMicing hediggeesigy offindibidaalphedaiatdril,i préRES8 Yanotubes, one or
pr oporti onal go the diameter of the SWNT. The Raman
mores’%gg?fr Hersrmay B fpried ot @ ordgr tor Ririher sepprate (henenematarial, e.g.
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on thg}gg&'lggg%lggadth W t g({tﬁggl%% %Ihd?&enﬁ@er ef ore, knowi ng the
| aser wavel ength, one can read off fromthe Kataura
| ot ,which tubes are present in a given sanple. |If one
In o, @00 et 108 GpSestauTirmiom o Breds B ket cpipicd) by Eracual
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Oz, Hgerapeoticnongheic RREenty anvd disshelsr(Ongtleri pretic epafies) heAs the
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first. pIByt addii@nppiopeiae §toRMoMRiad Iquentand, SRMesoldHEtibAY may be

tubes are typjically well separated for given energies.
separgigis, Foy sxa@pley the dinstionsy arectmietadnatiterepeitialiping predetermined
j sponding to netallic and
mnm%%ﬁ?&%ﬁ%ﬁ%?ﬁﬁggg&ﬁ%%%oﬁ%&%ﬁis way Raman Spectroscopy
is a powerful technique in determ ning the extent of

separation qf. SWNTs based on el.ectroni c_character
AlerpELC o i diioe toe‘_fhea}l?aq PHipariEge.relpgFechemmgh gjetinls, can be
used.AfTh &hisRéa86 UGk RAdRiofll RSO thPhadiglievibdb@hbnions is removed by

nanomat eri al, preferabl’y nanotubes, one or nore
applying ¢ serallsvdipge faynbetheavist doerjutledtrodormlaredtio therdidpersion of
nanot%lggs?r% %ortltpoelligga ﬁl%npaotteenrtljaﬂ)f th%'ege'ctrode, 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
electrode may also be provided, preferably in a remote, though ionically-linked
compartment at which the alkali metal ion is reduced and recovered. A reference

electrode may be used to control the potential at the working electrode accurately.

Alternately, or in an additional step, the solvent (electrolyte) may gradually be removed,
causing the heaviest / least charged species to deposit first. These two mechanisms
allow separation by, for example, nanotube length on the one hand, and nanotube

electronic character (semiconducting band gap) on the other.



on the basis of electronic character, size and/or
helicity. In one enbodi nent, the dispersed material (Ss)
woregtoloer1bur t her separated by gradual quenchi ngpOTf/GBR@®9/001657

charge using a suitable gquenching agent, including but

not limted to @2, HQO, 12, protic organic solvents

and al cohols (or other protl8c species). As the

quenching agent is added, the species with the highest
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of the total charge may be collected. Al fernatively or
functippaligaténn iscaehieyed et tha harpiehrciriage (Wpisak fugetinplisafions occur

this case, the addition charge
only Ogﬁh%]f%%%ﬁg%g{%goé- egglgglég}ii ons is renoved by applying a
smal|l voltage to an (otherwi se inert) electrode placed

.in the dispersion qof nanotubes. By controlling the ...
Optiopallverh Salllior ain@refieit GaRAaiRah GEIBR SPEFIoT PR e ffstabilised
iftf b RV SerhiGvhl i sasle enfoRsREidRi t at ed
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oo b nefeRRerl PR B SR gAY 888 iBfidua
dispeds@h&Rhbes! EKBA RGP 8RR adtordilg &) sizb &y alhkmlatoghaphalin a
ion is reduced and recovered. A reference el ectrode
dry envapnipeniused to control the potential at the working
el ectrode accurately. Alternately, or in an additional
step, the solvent (electrolyte) nmay gradually be
Optioh&llp Viedchaggddshangtibbe chicly ir@nferted t@agher chpbgedicspengs such
to deposit first. These two nechanj al .
as disial dpmering (NP, cREDECoRENG GBBLRL A R areglidone
a upe el ectroni c character
G‘N“?sgﬂﬁ%gﬁng?&%gﬂgand gap) on the other.Optionally,
guenchi ng agents including but not limted to RI,

wherein R is .a hydrocarho r.ou can be  used.t.0 .
The pifieh BRmap Y b pa i S B ARG Rying fzores
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an ideally uniformTfunctionalisation is achieved over

t he nanot ube surface (typical functionalisations occur
Fi only on the surface of nanotube bundles). Optionally,
HISULES ol ution of (previously separated) carbon species

can be destabilised

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).



slowy (by quenching or solvent renoval) to
crystallise the carbon species. Optionally, where the
wmanooeties i al conpri ses nanot ubes, the parti al PET/GB2009/001657
sorted, individual dispersed nanotubes, can be further
separated according to size by chomatography in a dry
environnent. Qptionally, thg charged nanotubes can be
transferred to other dry organic solvents, such as
di met hyl formam de (DWF), dinethyl acetam de (DVA) and
N- met hyl pyrol i done (NWP), for further processing. The
In figireskiht a iwarkingi dactiadel (I8d\endea dedes Pheauniar elesiodgs (20) are
referencg to the I ' fi e . I i
arrang €L SHERE il Byl Gt ;SR BLER EReg M Bhbween
the Wokint elettrodel gbd @Be Foghtee ®ldcfkods)dndridnfkediad dhatepbsited on the
representations of two different arrangenents of an
counfer gleetrefelieni cal cel | which nmay be used in the nethod
of the present invention; and Figure 2 shows Ranan
spectra of CoMbCAT SWNTs before and after applying the
Examplehod of the present invention. In figure IA a
wor ki ng el ectrode (2) conprising nanonaterial and a
reference electrode (4) are positioned in one

In thEUXRADITBALlCBdcheibdl R eR c‘éﬁﬁbﬁtsi%? aellnﬁﬂ‘(%r rfgg@f WékirgSelectrode, a

~_positioned in a separate conpartnent ~which s
Highlyi fkdered oPyrhkytiti Gsaphite ngainteneslectindean pladionmopsrudipdelfierence

e R0l B OB N R BB S s B e

was 00 Mat @ldcabcehftdali cell dias PRIGAGepitiidwbt@ltRld to@ayéecthe SWNTSs
(16).In figure 1B, a working el ectrode (13% and, a
to besgedpeag, (WPeg ounntaapther, cxvercsmesthe Jogn deteWanlsalogseg thatthpld them
e t pQN: i i f .. .
toget o R TR ey bap kR AR AR, dfpersed in the
electmbytat Bie rethwet matdetubesamernalenrdeabsites chethosoume ederttode as a thin
counter el ectrodes. Exanple In this exanple, an
carbqg) EPHGE MR cal cel | conprising a bucky paper working
el ectrode, a Hghly Ordered Pyrolytic G aphite counter
el ectrode, a pl ati num pseudo-reference el ectrode and
The sledirochenical agshlenpt yepaatd andh dyendterl metthilowset hEimgriadfesodium

tetraﬁa%n?ﬁbo%tg c\:zs;ars %ldé(etde 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



was used. The el ectrochem cal cell was held at
negati ve potentials to cause the SWNTs to be reduced,
wo eqpelooar® anot her, overcone the Van der Waal sP¢DGBe®9/001657
that hold themtogether and therefore | eave the bucky
paper as individual nanotubes dispersed in the
el ectrolyte. The reduced naZbt ubes were then deposited
on the counter electrode as a thin carbon nanotube
partidliytgubmBhgedelnte tiho elvetrolyad withblt vimselpetegigteediremly touching the
.operated as follows. | O of sodiumtetraphenyl borate
platinggs Witded to a clean, dry, 25m, 3-neck round bottom
flask containing a 6mm gl ass encased nagnetic stirrer
bar. Using standard Schlenk [ine techniques the flask
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transferred into the flask under nitrogen and the
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pressure was attached to a piece of platinumwre.
The cppipiets Gelk §s iBugetedpehrmabcatly de Frgy@e 1 das i nsert ed
t hrough a subaseal, dried using a heat gun and whil st
mai ntai ning a positive pressure of nitrogen in the
Whilstestikting, tiseddledas i dat -2¥ foede tiinutey d3smhg thithtime wandtilpeg were

el ectrode wag | red so that the buck aper
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The counter electrode, consisting of a piece of 5mm by
elect@dmand giiless remdimeddn psiniadryt i ¢ graphite attached to a
platinumwire was inserted into a second subaseal ; a
piece of platinumw re was inserted adjacently to act
The ésettiewhiheseabimenfbatls aeteinitBolyhreahadt arRidamhs¥gieatly deposited
heat ed using the heat gun_and then inserted into_the )
depepdsnan rihelg edqcirenisr phastcterh e Usings Rampp tsheereseenyo issillyirgied in
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depotited findtefibinogteatolation.di Mgtimhortisingg clonbactamdThe theory, one
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molecular states close to the Fermi level, which is self is seen to be lower in energy for

metallic tubes.



Whil st stirring, the cell was held at -2V for 30
m nutes. During this tinme nanotubes were seen to
wagreieamits om t he bucky paper wor ki ng el ect r odePE@ndBRIVWO01657
the electrolyte to produce a grey solution. Sone of
t hese nanot ubes were deposited onto the counter
el ectrode and others remai Aéd in sol ution. The ease by
whi ch certain nanotubes are initially reduced and
subsequent |y deposited depends on their electronic
. Character. Using Raman spectroscopy, as illustrated in
Claims; gure 2, it was shown that, as expected, netallic
tubes are reduced nost easily and deposited first from
the solution. Wthout w shing to be bound b Eieor ..
l.one Anmsthndetfey i dispersng naanopigiesiah cbANRILIRE c%‘r r chpg}%emlcal
ith I%Fe Savai lability of unoccupi ed nol ecul ar states
cl 0s@ to the Fer ni | evel , which is self is seen to be
lower in energy for netallic tubes.Clains 1. A nethod
for dispersing nanomaterial conprj,sing,an . .
2.g] ec@rféﬁtﬁéﬁ?ﬁaﬁ%rd]ﬁ‘gée ym g’. WAEY h’@omgt@% rcamgs?soapplymg a
cl ai Ml MefRIR & R6r BRetr&RMBId § 6uBPéEtieHed wherein the
pot tlaf between a working el ectrode and a_ counter
el ectvorkiie elehods nomhesesonduongtesiaband dhe wwuking elegrode and

nanonmat er i and the worKi el ect.ro

el ect? ?%Ftﬁ‘?%alf?“%fpaiﬁ Oglg 8%+ glgétﬁ%%grgg{ﬁc(g%%v}ﬁl&é hfurther
furtaﬁﬁmggggﬁg§g§dg@,electrolyte. 3. A net hod

according to claim1 or claim?2, wherein the

nanomat eri al conpri ses nanotubes. 4. A nethod

accordi ng t i-m. 3 ei n_t he:.nano .
3nan otAu egt.mdg . &%&%l'rlrleﬁk h%) d waag{é oir (r}? "n gﬁ%‘@ %n &Mgfr-:eZn 25115@ crlfagi&%g{énal

2 t Ocdmpriee hgidluliesposi tive potential is applied
bet ween the working el ectrode and the counter
el ectrode. 6. A nethod according to claimb5, wherein

4Lhe {Ah%iethbé{ Sco%%ﬁg td ahin2 PPV S EnitRe ARRMIbed Yreddar BB Rinothbes.
A et hod t 0

accordin o any one of clainms 2 to 4,
wherein a negative potentia

5. A method according to any one of claims 2 to 4, wherein a positive potential

is applied between the working electrode and the counter electrode.

6. A method according to claim 5, wherein the positive potential applied is

about 1 V or more.

7. A method according to any one of claims 2 to 4, wherein a negative potential

is applied between the working electrode and the counter electrode.

8. A method according to claim 7, wherein the negative potential applied is

about -1 V or a more negative potential.

9. A method according to any one of claims 2 to 8, wherein the electrolyte is

formed by adding a salt to a solvent.



Is applied between the working el ectrode and the

counter electrode. 8. A nethod according to claim?7,
wobenmir2i he negative potential applied i s aboP€T/6B2009/001657

or a nore negative potential. 9. A nmethod according to

any one of clainms 2 to 8, wherein the electrolyte is

formed by adding a salt to & solvent.10. A net hod

according to claim9, wherein the electrolyte is a dry

180l aA nﬁgwétap@or%g\ﬁ@ glaim P} whareie thecdeciobide oi adrytpplar, aprotic

cl ai ; Wherein the solvent is selected fromthe

group consi sting of dry and oxygen-free DMF, DVA and

NVMP. 12. A nethod according to any one of clains 9 to

11, wherein the salt is. selected fromthe grou

ldonsits mqt,lﬁ)doqccgl?glg}gj A elim i aviiereip dhe selvent is . segcted from the
t et r SRHIOANRRY H1H D aXA bLuRh ARSI DRANANND! UM

perchl orate. nme accor g to any one of
claims 2 to 8 wherein the electrolyte is a

anot,ube-based el ectrol yte. 14, met hod according to
124 ai fh P4 IBOAGIETRE {9 a0% Pac of éﬁ%@ F%H;ﬁ’v A the A igselected

nanotiishi gR (ﬁ@@\lpt condiBtind MBSO tSEHRAE Mrdte Bidbytylammonium

precedin aim whereéin the process is carriedout In
an oh?@gwfwéesl&lﬂ'@ andilghiymepdrelderagmvi ronment . 16, A

nmet hod according to any one of clains 2 to 15, wherein
the el ectrochem cal cell further conprises a reference

18] ectAr pdthod BiécordingRb mﬁfi 0R6 GO CIHiMY 216 SaMheRNE Rl ISR is a
2 to 16, wherein the electrochem cal cell conprises a

pl ur 8pRatybeghasedelsetErlytet ect r odes and a dif f er ent

potential is applied between the working el ectrode and
each counter electrode. 18. A nethod according to any
léne &f netlwdrec@ding tb7claint @B pivhetehe thaoslkdtivgytelie ah ralighdi metal
and counter. el ectrode are contained within a single
compAfRqtEHee sally A et hod according to any one of

clainms 2 to 17, wherein the working

15. A method according to any preceding claim, wherein the process is carried

out in an oxygen-free and moisture-free environment.

16. A method according to any one of claims 2 to 15, wherein the

electrochemical cell further comprises a reference electrode.

17. A method according to any one of claims 2 to 16, wherein the
electrochemical cell comprises a plurality of counter electrodes and a
different potential is applied between the working electrode and each counter

electrode.

18. A method according to any one of claims 2 to 17, wherein the working

electrode and counter electrode are contained within a single compartment.

19. A method according to any one of claims 2 to 17, wherein the working

electrode is contained within a first compartment and the counter electrode is



electrode is contained within a first conpartnent and

the counter el ectrode iscontained within a second
waeonpantieent, wherein the first and second conper/GBeIwsH01657

are linked by an el ectrocheni cal nmenbrane. 20. A

nmet hod according to any preceding claim wherein the

nanomaterial is selectivel y23i spersed by controlling

the potential applied between the working el ectrode

and thetainedinwihine ke stcond econ2dartrenive wheckimcher flish guntlosecond

cl ai m 20, wherei n.the._nano erial. i.s sel ectively

i < pEP BTG AR TSR &Y g CBOEHaHPY s er . 2. A

met hod according to claim20, wherein the nanonateri al

is selectively di spersed on the basis of size. 23. A

2ffet hed nzetlask agaoding te | aaly nprecedingh elaiin whiksim dreo nenospaterial is

is selectiyely dispersed on.the pasi f . helicity., 24.

A necHEa e T het: BY ary il e P e, Sl berfdp e

a f uridiking sleeRo@d aribBacalntaielédiddi sper sed

nanomaterial . 25. A nmethod according to claim 24,

wherein the dispersed material is separated on the

23T S Yol PAIIORLE GMALACLET whdlin e BLNAGBEA LelBrively

to claim 24, erern the dlsperseélnanonaterla 'S

separdpededyn gel tesisiof eleetrewit chahetet.cal depositi on on

to one nore electrodes. 27. A nethod according to

claim25, wherein the dispersed material is separated

2By contiRhdd Bhokdife ROIGRH 20, dmBleif thPRINEEAeldISs selectively

wor |l dng el ectrode and the counter electrode. 28. A

met holispaxsedpulthegpasis of sekem 24, wherein the di spersed

nanomaterial is separated on the basis of size.29. A

met hod according to claim 28, wherein the dispersed

2Banometn@ithed aédordifPab adlgich DY, GheRIPHRIhaRIMhAerial is selectively
techni ques. 30. A nethod according to claim 24,

wher disperspdod thedwsised baligitimat eri al i s separated on the
basis of helicity. 31. A nethod according to any one

of claim 24, 25, 28 and 30, wherein the

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

separating the dispersed nanomaterial.

25. A method according to claim 24, wherein the dispersed material is separated

on the basis of electronic character.

26. A method according to claim 24, wherein the dispersed nanomaterial is

separated by selective electrochemical deposition on to one more electrodes.

27. A method according to claim 25, wherein the dispersed material is separated
by controlling the potential applied between the working electrode and the

counter electrode.

28. A method according to claim 24, wherein the dispersed nanomaterial is

separated on the basis of size.



di spersed nanomaterial is selectively quenched. 32. A

nmet hod according to claim31l, wherein the dispersed
wmanometies i al is quenched chem cally. 33. A nepdtindB2009/001657

according to claim24, wherein the dispersed

nanomaterial is quenched electrochemcally. 34. A

sol ution of dispersed nanon&erial, conprising

I ndi vidual charged nanomaterial at a concentration of

28boutA @ndthedracdording nior elaim 28a wlaireianthe dSperseds vanomaterial is

accordin n_the nanomateri al

conplsf%aé% ‘?15}718}(]{?5&0%?@1? %81%98’11?5‘“ on conprises

i ndi vi dual, charged, nanotubes at a concentration of

reater than about O dngm 1 and a solvent. 36. A

380l uth anethed aeefirdigete elpmp Ad435vhengiar b ndispresesohataneaterial is

conprj ged nanotubes at a

conc(glrﬁl%sar?gt{a%1 gﬁltﬁc?f&g%c%th&ﬂ)&@ mgmi 1 or nore. 37. A

sol ution according to claim35 or claim36, wher ei n

he nanotubes agcf carbon nanot ubes. 38. A sol uti
3dccortimfghadacaording 4o angiwesinclame 2farét @%@élda}(b Whereln the

Si ngldg?s l?(ll ﬁ%al m&%éi@f%leé’g%l&ﬁ“é‘%%' on according to

any on erein the solvent is NWP
or DMF. 40. Use of an el ectrochem cal process for

2| sp rsu\zgogano erl all@’&'il ﬁ&dﬂegélgf b 1?&%6@?' @%%ﬂtg}al is

el ech&g%gd@mgm@ﬂbel ectrol yte, wherein the working
el ectrode conprises nanomaterial. 42. An

el ectrochem cal cell accordi ng to claim41l, wherein,
hn u ach o
SRount o7 gL R g L Fio IRRgr et Boinledial i

di ffquermhedéﬁctrd’dheﬁh@ﬂ:ﬂerChem cal cell according to
claim4 1 or claim42, wherein the working el ectrode
and counter el ectrodes are contained within a single

34. A solution of dispersed nanomaterial, comprising individual charged

nanomaterial at a concentration of about 0.1lmgml™ or more and a solvent.

35. A solution according to claim 34, wherein the nanomaterial comprises
nanotubes and the solution comprises individual, charged, nanotubes at a

concentration of greater than about 0.01mgml™ and a solvent.

36. A solution according to claim 35, wherein the solution comprises individual,

charged nanotubes at a concentration of about 0.1 mgml™ or more.

37. A solution according to claim 35 or claim 36, wherein the nanotubes are
carbon nanotubes.

38. A solution according to claim 37, wherein the nanotubes are single walled
nanotubes.

39. A solution according to any one of claims 34 to 38, wherein the solvent is

NMP or DMF.



conpartment. 44. An el ectrochem cal cell according to
claim4 1 or claim42, wherein the working el ectrode

w0 g01000t125 ned within a first conpartment and tP€T/GB2009/001657
counter electrodes are contained within a second
conpartment, wherein the first and second conpartnents
are linked by an el ectrochegbcal nenbrane.

40.  Use of an electrochemical process for dispersing nanomaterial.

41.  An electrochemical cell comprising a working electrode, a plurality of
counter electrodes and an electrolyte, wherein the working electrode

comprises nanomaterial.

42.  An electrochemical cell according to claim 41, wherein, in use, the potential
between each of the plurality of counter electrodes and the working electrode

1s different.

43.  An electrochemical cell according to claim 41 or claim 42, wherein the
working electrode and counter electrodes are contained within a single

compartment.

44.  An electrochemical cell according to claim 41 or claim 42, 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.



