WD 2011/ 066010PCT/ US2010/ 046541 PURI FI CATI ON OF METAL NANOCSTRUCTURES FOR

| MPROVED HAZE | N TRANSPARENT CONDUCTORS MADE FROM THE SAME CROSS- REFERENCE
TO RELATBROAPHLICEADI ON Thi s application cl acwascde/obesaef it
under 35 U. S.C. 119(e) of U S. 5 Provisional Patent Application No.

61/ 274,974 fil ed August 24, 2009, where this provisional application is

i ncor porated herein b¥ reference in its entirety. BACKGROUND Techni cal
Field PURIFICATIONG' MIEJALoNANOS ERUETEIRS FOR ANMARG CEDIFMZEINnet al

nanostructures and | r t he sane.
Description of the Mﬂﬁq*mbﬁﬁngﬁm%%%s are
optically clear and electrically conductive filns. They are in w despread

use in areas of display, touch-panel, photovoltaic (PV), various types of
e- paper, el €BOSSSREFERENKIEETQRAG, AHIANPPY.ICATHONI - r ef | ecti ve coati ngs

(e.g., windows), 15 etc. Variqus technol ogies hay oduce r ar ent
conductors based on oi}é‘SSPng’BP%n %ﬁ%@?#’@‘gﬁfﬁﬂﬁﬁiﬁ 33&@%63{% ]clgFFélﬁ’?Efge

nanostr ugt up@SisidaaEAE ApplibAforQOHPANFATRAP AREI 94, 085, {RE:EAs Conduct i ve
network thr ough ong rané)é) I nterconnectivity. Dependi ng on the
end use, traospaneidpplicattbnds oicerpoeiedliecreihdgtrefdranct in ity adedter m ned
performance paraneters including, for exanple, sheet resistance, optical 20
transparency, and haze. These perfornmance paraneters are generally directly
related to ﬁR@Kfﬁi@ﬂRﬁS’gi es and nonodi spersity of the conductive

nanost r uct ures. Currently avail abl e synthetic nethods for
preparing netal nanostructures typically produce a range of nanostructure
mor phol ogi es and not all of themare desirable. Thus, there is a need in

the art to TechhigakFigdd enrich metal nanostructures of certain 25 desirable

mor phol ogi es. WO ZOl%ig glfssgl]égulargs{ rléﬁl%é)djig/p%ﬁ 1g§£1lonBo Irrllzelial%gr%%\c(tures and low-

10 haze transparent conductors made from the same.

Description of the Related Art

Transparent conductors are optically clear and electrically conductive films.
They are in widespread use in areas of display, touch-panel, photovoltaic (PV), various
types of e-paper, electrostatic shielding, heating or anti-reflective coatings (e.g., windows),
15 etc. Various technologies have produced transparent conductors based on one or more
conductive media such as conductive nanostructures. Generally, the conductive
nanostructures form a conductive network through long range interconnectivity.
Depending on the end use, transparent conductors can be created with
predetermined performance parameters including, for example, sheet resistance, optical
20 transparency, and haze. These performance parameters are generally directly related to
the morphologies and monodispersity of the conductive nanostructures.
Currently available synthetic methods for preparing metal nanostructures
typically produce a range of nanostructure morphologies and not all of them are desirable.
Thus, there is a need in the art to isolate and enrich metal nanostructures of certain

25  desirable morphologies.



Provided are a nethod of isolating and purifying netal nanowires froma
crude and a conplex reaction mxture that includes relatively high aspect
rati o narmwetznuatsenies as well as nanostructures of | ow agpaaiS2eanies4shapes,

and conductive filnms 5 nade of the purified nanostructures. One
enbodi ment provides a process of isolating netal nanow res, the process
conpri ses: (a) providing a crude m xture of nanostructures

t hat i ncl udRIEKaEHOMARBYuUr es havi ng an aspect ratio of 10 or nore and
nanost ructures having, an . aspect 10 .iq of ng nore than. 10, t.he crude
m xt ure bei ng suspeng)é Vlfi’ﬁf °Bdt 9‘{‘?6?‘3%‘91‘1%”% pu“fymgmetal%‘imweéﬁcﬁ?ﬁg a
first di | UAheGriGRopKhHERRY FRfEh Ml MCNRLSII L HifiPasbeddRign xt ur e
(c) providi ngea contgi ed ket one mﬁi'i)gture By COf?bai ni ng haesﬁdi I u% ed crude
m xt ure W tmhnastiveticsses weh(ad npnestiudiureg o 1gw espept tatd ehapesyand somdyctive films

nanostructures having an aspect ratio of 10 or nore, and a supernatant
conpri si*hg Madejod thepusifisd nanestugiireshe nano structures having aspect ratios

of no nore than 10, vi g - Gl R f 10 i

sedi nent ati on of the@cn%r%?[J r?ggn%fgﬁ {)Oﬁé&%iag% %%EEO%E@LI% Iﬂgta%g(ngwu%g’r%%i ng from
the preci piptadess dongprBeqer nat ant conprising the at 20 |east a portion of the
nanostruct ures havi ng@aspect rati os of no nore than 10. In further specific

enbodi ments, the pro€®ss mEgviding e leeide i gknanostructures that ipelpdese- suspendi ng

t he precipitate of in water to proyxide a second diluted crude m xture;
and nhhfr R ing LRt (o B 7Y o s SEERRGuE L g Rl hano
struct ufes riavéfd AsRIkin IR eride ikt bERESuHeRI& niJolAROMERtES. | N

vari ous enbodi nents, the ketone is acetone. A further enbodi nent provides
an ink conposition c@mpri pravidinga firsiddbiet grufe mixhwe by corobinmeswitarwith thes pect
ratios of 10 or nore; 30a liquid carrier; wherein the nanostructures having
aspect rat FBYCBIXWE or ore are purified by: WO

2011/ 066010PCT/ US2010)\046 5 idif) &6 He fen 8By dotitiniBl AN red

structures that incl
crude mixture with a ketone;

15 (d)  providing a precipitate comprising nanostructures having an aspect
ratio of 10 or more, and a supernatant comprising at least a portion of the nanostructures
having aspect ratios of no more than 10, providing the precipitate including allowing
sedimentation of the combined ketone mixture; and

(e removing from the precipitate the supernatant comprising the at

20 least a portion of the nanostructures having aspect ratios of no more than 10.

In further specific embodiments, the process may further comprise

® re-suspending the precipitate of (d) in water to provide a second
diluted crude mixture; and

(2) repeating steps (c)-(f).

25 In various embodiments, the nanostructures having aspect ratio of 10 or

more are silver nanowires.
In various embodiments, the ketone is acetone.
A further embodiment provides an ink composition comprising:
a plurality of nanostructures having aspect ratios of 10 or more;
30 a liquid carrier; wherein the nanostructures having aspect ratios of 10 or

more are purified by:



nano structures having an aspect ratio of 10 or nore and nanostructures
havi ng an aspect ratio of no nore than 10, the crude m xture being
suspendedwDreoa/geaiiyol sol vent; 5(b)providing a first di ParTa$2ewodes4m xt ure
by combining water with the crude m xture; (c) providing a
conbi ned ketone m xture by conmbining the diluted crude mxture with a

ket one; (d) providing a precipitate conprising nanostructures
havi ng an 10 aspect ratio(@f 1QNUhﬁmDa@Bdandmaﬂgub@naanahnﬂﬁbmﬁnﬂyﬂﬂg at

| east a portion_ of ﬁ gostructures B %F@ ect rati os of pore than

10, providing t BBPHEEIYSS MAYIBE PR APRSET TeiTReY rét'ﬁ%?? it

combi ned ket Onea§Beéf1‘éf180fﬁ6‘ﬁl10re than 10, the cruﬁ@)mh%i@lyél LL &ided fifa Pél?%l pitate

t he supernatant conprising t | €ast a portion of t nanost ruct ures
havi ng aspect ratlvas; of no nnre than 10. 15re-suspendi ng the precipitate of
(d) in gater to provide a _second dllutgd crude m xture; and (Q)repeating
steps (©) (et Biniding 2 G duvted sruds myvivircly eomlIRBEYSe fi 1 m
conprising: a copgl ltﬁé{:ﬁ(lﬁ %Et tk of a plurality of silver nanow res that
has a resistance of & 00 20 ohm' sqg; and no nore than 1500
nanostructures having an agpecproviting®a odmbiasskéibembluiedy cohbidin@tier square
area of the conductive film In a further enbodi nent, such a conductive

fil mhas a hazedbwtederugds pixtureayith akgtone; A furt her embodi ment
provi des a conductive fil gpt hatro na rees1 ttacce ) SrueartS 600 ohm sq;
and no nore than 500 nanoSt'rucPUrEL AN ﬁ@ A 8%’18&8‘{%?‘8‘?% s daymgien, 1o

per m ljhi meter agdarBtGbLR S mbReakPNEipetak@t f:érhﬁﬂsﬂ%at%efsﬂ%&@ibn%@‘iﬁ@' nent,

such a conductive filmhas a haze of no nore than
2011/ 066010PCT/ wsRtavtats bavin®mipest REBCRINeThak tith IHErSkERke prdpBitOr THE
DRAW NGS including allowing sedimentation of the combined ketone mixture; and
(e) removing from the precipitate the supernatant comprising
the at least a portion of the nanostructures having aspect ratios of no more than 10.
15 ) re-suspending the precipitate of (d) in water to provide a
second diluted crude mixture; and
(g)  repeating steps (¢)-(f).
Yet another embodiment provides a conductive film comprising: a
conductive network of a plurality of silver nanowires that has a resistance of at least 200
20 ohm/sq; and no more than 1500 nanostructures having an aspect ratio of less than 10 per
millimeter square area of the conductive film.
In a further embodiment, such a conductive film has a haze of no more than
0.5%.
A further embodiment provides a conductive film that has a resistance of at
25 least 600 ohm/sq; and no more than 500 nanostructures having an aspect ratio of less than
10 per millimeter square area of the conductive film.

In a further embodiment, such a conductive film has a haze of no more than

0.25%.



Figure 1 shows a process of purifying netal nanow res by acetone wash(es)
i n accordance with an enbodi nent of this disclosure. Figure 2
denonst r avex0naweEDr uct ure counts in a unit area of a tPamdSarientcssi
conductor in which nanostructures with aspect ratios |l ess than 10 are
visually identified and counted. DETAI LED DESCRI PTI ON OF THE | NVENTI ON
Provided herein is a nethod for isolatin and$pur| fél ng nanostructures of

certai n noBRABF QYIS RIPHEND ISV IBR AR PRAWIBGSous

nor phol ogi es. In 10 parti subst a t he puri

nanost ruct ur es have LB {4, BOR% SFbityiptaftet Sihowiks BYhdelgr i)
herein, "cangiieidaN@ Wﬁﬂ%&ﬁlH&dlﬁfeﬁﬁoﬁ% disefR@gt ructures” generally refer to
eIectrlcaIIy conductive nano-sized structures, at |east one di nension of

which is | ess than SBIgmmZdunmqmae‘seamdetryctutmsntshaa uﬁﬁ@mmofmmnsparﬁﬂnm or
25nm Typi cal t he. 15 nanostructures are of a nmetalli i al
Such as Sancaldukigfmph wgeatw%rectgres thtllaﬁ?emt.r%}wﬂwét@)wam é(lSH%lfya‘Ha Efrﬁﬁﬁiound

(e.g., nmetaly@xinflg)- The netallic material can also be a binetallic
material or a netal alloy, which conprises two or nore types of netal.
Suitable netals include, but are not limted to, silver, gold, copper,

ni ckel , gol | ated silve I ati num and pal | adi um 20The nanostructures
can be of QWpAsIhEQeDB$C§H° QF T‘f‘%INMEﬂﬁ‘é@Hgy of a given nanostructure
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Typi cal isotropic nanostructures include nanoparticles. I'n preferred

enbodi tént particwler, selstitinilic allipEthe puafiobmatal satostpitams hyvesisppe datids o 10 oaspect
ratio # 1). The anisotropic nano structure typically has a |ongi tud| nal
axi s al ongmiofes | engt h. Exenpl ary ani sotropi ¢c nanostructures include

nanow res, nanorods, AangkdRRah UQ@§ducﬁ§e Hﬁ‘fdsﬁﬁ'&ux‘%@r&' “hanostructures” [generall he
nanostructures can be solid or [ ow. Solid nanostructures include, Tor
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nor e than um or nore nor are t ort and

wi de ani st mefls) onarREd U@ Fumis(etghahetﬁlamedeasmﬁetnetaama mateﬁﬁlmmrteat han 10.
Hol | ow nanostructures include, for exanple, nanotubes. Typical lil the 5
nanot ube hbiseiliampteeial ora rinetat aléayghvhichi camlé%m@forgm%tms pﬁalﬁta oSuitable

preferably ater .tha ref erahl

Typi cal |y, m?{‘ilgg H@Hg‘i &ng EFW%FEP éﬁ ’ﬁfg TP }ryr%gmg 1{1 gf]a?edls%%r e than
10umin |§§l§ﬁﬁhm%ﬁd‘ palddumi.ur es of higher aspect ratio (e.g., nanow res) may
be favored over nanostructures of |ower aspect ratio (no nore than 10)

becaus@0f ewer of t heThonapestruderes Canrtzradsiny shapgros gemsﬁr)b eThemoiphelpey of a
oo ove o oL OEh RIS X b Kep ST SO St £ 2 oG e
par amet er sfi, BfiHe kR bOAdnd a8 REPbf aemah&atutapé 3t iRk ArihChnol 0gy.

nanostructures are isotropically shaped (i.e., aspect ratio = 1). Typical isotropic

nanostructltres include nanoparticles. In preferred embodiments, the nanostructures are

25 anisotropically shaped (i.e., aspect ratio # 1). The anisotropic nanostructure typically has
a longitudinal axis along its length. Exemplary anisotropic nanostructures include
nanowires, nanorods, and nanotubes, as defined herein.
The nanostructures can be solid or hollow. Solid nanostructures include,
for example, nanoparticles, nanorods and nanowires. “Nanowires” typically refers to long,

30 thin nanostructures having aspect ratios of greater than 10, preferably greater than 50, and



Synthesis and Purification of Metal Nanostructures A solution-based
synthesis (also referred to as the "polyol" process) is 15 reasonably

ef fecti vewDnolizmgwoscal e producti on of nmetal nanostruct BCEAIS280M465¢1 g.
Sun, Y. et al., (2002) Science, 298, 2176; Sun, Y. et al., (2002) Nano
Lett. 2, 165; Sun, Y. et al., (2002) Adv. Mater. 14, 833; Kim F. et al.,
(2004) Angew. Chem nt. Ed. 116, 3759; and U.S. Published Apglication
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pol yol serves the ns of the reducing agent as well as the
sol vent. Exenpl ary godliosd sariosrhatdies inelitdeafoe exanple nenvties. of ypitahy) thae

glycol, 1, 2-propyl ene glycol, 1, 3-propylene glycol, and glycerol. neral |y
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t et rabut yl ammoni um chl ori de or tetrabutyl anmoni um brom de) to the above
reaction m xture wasNdnosterterss phiigheraapich eatipi (@18 NAPRIVIFGS) B D L3E4OWE ¢ he

resul ting nangwi res. This synthesis i ra i
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col l ection of nangstructures are {ori‘aa .as.the cr?dﬁgﬁ reaction products.
For exanplReramiess fuding bipadiranggpt gplic in HSAA% fSeline!t®%s of vari ous

nor phol ogi es, including nanoparticles, nanocubes, nanorods, nanopyrani ds
and nmulti-ply twinned particles, may al so have been obtai ned. The problem
i s conpourgigchedis apd Purifiepiondddiidial Nanpsifictelee process, which is likely

caused by trace anmobunts of contam ﬂant? ine%he conshi 'g‘uqntg of tS?e
synthesis. See, e.g.Asolptiensbassd syptheyis (alsozeisnyd igidhe eRQlyols PEICess) 353 3.
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nanostruct'ures nay be seen as "bright objects"” in a conductive filmdue to
their D0 ghinmispeat dasteworhydeny] giospsi(end. catlsdenepgiscolrireths pregrecesj ect s may,
thus, significantly increas e haze of the 20 conducti fi.l

| sol ati ng H%Wyi E‘ém?l}d@ﬁ‘%tég\’&)&v ﬁ%‘@&y’ the pply oﬂ%eﬁgeggﬁ%@%? ns&llolfrlr:g A Be s ture
of crude [ bl 19615 iif@hdel BiteRé notllinidad foi cul ar
a typical %gg#lgt ?%%ﬁ%e?ﬂg%egﬁéglvggé(ﬁgg@?%%% igrll, whi ch al P%ws for the
nanost r uctdgiyiénd gyl el prdpplanewydol 1g8-propyiede plyasleandglycdtphg t he pol yol and

PVP forns the supernatant. However, it is copmon &; that the |ow adffgect
rati o nanostruct ur esOesTaivesprdinmike shepss andsizqn ABTI PaRoSEHGIERS forRed g | v

i npossible Lo separafle. 4t ~ : VPlahatRdn&anaw res and the
| ow as gctlnﬁgﬂcsgﬁyiﬁ%rgfnreteg %?gfg&déqgtagﬁr?%S%}tﬂ)ﬁHFta to be re-suspended in a
| i qui d phag@centrations of PVP and the metal salt, reaction time, and reaction temperature. Further,

the addition of a suitable ionic additive (e.g., tetrabutylammonium chloride or
tetrabutylammonium bromide) to the above reaction mixture was found to increase the

yield and monodispersity of the resulting nanowires. This synthesis is described in more



i npedi ng any effort of further purification. Mreover, certain polyol
solvents are so viscous (e.g., glycerol) that a protracted sedi nentation
process maY 2ba/mwemessary before 30 any appreci ati ve anp®of/usko10/046541
nanostructures can precipitate. WD 2011/ 066010PCT/ US2010/ 046541

Thus, one enbodi ment provides a post-synthesis purification nmethod that

i solates netal nanowires froma crude reaction m xture that includes netal

nanowi res dstailén ppriisantst eg-owastbandreacnendiag th&vPaient L xpdieationdNe.dd/7%90,35¢ss t han
10 (e.g., nangpart.icles and nanorods). tn particular, the purification
process int‘”&lécgﬁacp@écag’r%’ IEPCRB)IQ&IR%g e%;}%ft@g Hf/ttya 5 ketone (e.g., acetone),
which sel ectively andihoegH 8okl Mro&@d@?ﬂ@%e&iﬁﬁ%ﬁ%&tb?kédﬁc@bfed@ﬁliﬁdf&y et al

nanostructures having aspect rat’ios of less than 10. The net hod addresses
t he diffi conhtdvasescimmaaity p compdak dolectmnafinaeospuctufdsaet foomedygs hE covdeng f or

rapid faormati f ipitati ) 1 hat ed by i .
o suispans FOHLOH DEARhaR APy BRSSP e, GHCH GP PR TS A VB and
sel ective %@g@%ggf%@hgg ?%Saﬂﬁ@fég%%&fb%,%n&%di,‘ﬁ%ﬁﬁ’%ﬁi s hid 1t Ply

(e.g., no nor e supernatant. 'More specifically, the process
conpri ses: tiahpd particliesignay asoitevereert obteined. Tlanpmeblencis compouritad by pobudes
nanostructures having an aspect ratio_of 10 or nore and nanostructures

havi ng an &eppeducibility;od ths pragespovitich ﬁdﬁemauﬁﬁéoyc?%émﬁuﬁs@?QOIB%W‘H&MS h
suspended i;n | vol | o ) PL Ow}-fli i ]t 1 xture
by coni ni NG BubBlAr of B Ehesiflel) O DB, & ol BBba i Bk BOHTERT,
conbi ng@) keyoxne m xture by conmbining the diluted crude mxture with a

ket one; (d) providing a precipitate conprising nanostructures
havi ng an aspect 20 Astdissugsed heresy, t 2 tzandparerfigeadyriatdA W hidnpri si ng at

| east a portion of the nanosiructures.having aspect rati.os e than
10, provi dp%os{rﬁgt.uﬁ,s g%l?Tb? f%‘%délcﬁﬁec?%%ff)%gﬁéﬁla[ygﬁ %glrébe} !{Orfgﬁl %’ttﬁé?\rﬂg‘flﬁ?}ﬁe
conmbi ned kgk,oneudrek bikr tB%anowires because the laftdr hRMicH@ct ePtdngbute to
preci pitate the supernatant conprising the at |east a portion of the .
nanost r uct uoehictivivy, agd degmesened inay caftribiate twhazet HermsddhergBpPileweaspest yatio he
process further conprises: recipitate

of (d) ¥n Warespruetyresy %‘?Wétaglig%%,ﬁ Hqcmd%tfgrdexéngeg %R'?\({%&h&greg Z}ﬁ‘a Q‘_(eg) repeati ng
2ok, () sy v e 5 RS no gy e s
aspect rat a§pedrnas (€10)! Some oabl of thelelomeaspua datitr nanostructures may be seen as
“bright objects” in a conductive film due to their bright appearance on dark field
micrographs. The bright objects may, thus, significantly increase the haze of the
20  conductive film.
Isolating nanowires from the low aspect ratio nanostructures in a mixture of
crude products has proved to be difficult or inefficient. In particular, a typical isolation
method involves sedimentation, which allows for the nanostructures to precipitate while a
liquid phase including the polyol and PVP forms the supernatant. However, it is common
25  that the low aspect ratio nanostructures co-precipitate with the nanowires and become
nearly impossible to separate. In addition, the co-precipitated nanowires and the low
aspect ratio nanostructures are often difficult to be re-suspended in a liquid phase,
impeding any effort of further purification. Moreover, certain polyol solvents are so

viscous (e.g., glycerol) that a protracted sedimentation process may be necessary before

30 any appreciative amount of nanostructures can precipitate.



reduced. In certain enbodinents, the crude mxture is a reaction mxture

i medi ately WD 2011/ 066010PCT/ US2010/ 046541 foll owi ng the synthesis of

met al narwoiznaebEdor e any purification takes place. | nPorhiseoleniesdi nent s,
the crude m xture may include nanowi res that have been purified by at | east
one ketone wash, and will be further purified. Al though the process is
applicable to any nanostructures having relatively 5 high anisotropy, such
as, Without limtati &Fhusmmhodirmwpmmmahvest symﬂesippoxiﬁ%iohmqmln@f et ed
for silver Y novmre Rurlflc ion. sol vent or exanpl e,
ethyl ene gliSIaES metabRanonites dromr gy area mﬁ%tﬁ'i‘ r\%d&feﬁezﬂtalnawwwerm
The ketone r r 0 no
Ihe et one gl SELEr AANPRLEUNBIY B PRI 4 TR o ek oREIRkIIRanY.

t 0, acet oneandiddsietlhphrtietlay Ithdqatrﬁ‘matuﬁri\/ﬁlépess amtﬁrduaemiatoamewaséh @_yro&fsejyraed
ketone i s acetone. The apount of ketone used in the was ¥1t vary

i s typical (kptang (ageaceionsy, wiHeh ssleshivplyiang Pﬁ‘lﬂfQ/SéWFIY(rém@VeS %Hﬁ%té@t)allﬂ crféhecr ude
m xture by Fi chart
illustrati r%etgﬁiaggn%m?iwré l%ag{r%g ashéﬁﬁlopﬁgglc%g%gﬁ&% Pﬂ Qh%hhgold fllﬁageél ver
nanow res. ddificVities baNMohKyeacedrit naﬁuwlr@;bdrsﬁcaum bﬁallmdg Boyr rﬁ’{)l&'fﬂ@nalﬁ)n ofa
appropriate reagents (e.g., a silver salt, PVP and %Pycer in a reaction
(bl ock 102)preqm@i1@aﬂ@@pnatqdmy nasguires gasysretsaspeasion of theganewide precipiietion for
react for u C The reaction t hen.,coal ed down to
Foom t enperiit &0 By arEReR R Ao D e B e A P B EEL BN oo
by contgm r@gt fio NWRETRHAONIWRE Slipettagided to forma diluted crude mxture
(bl ock 106). Thereafter, the crude product is added into an 20 excessive
armount of acetone (el\@;orp speviiftellyy thaprasessscompeisesacet one by wei ght) and t he

nanow res, accomnpani by a certain | evel of_ contam nat itate out
(bl ock 108). The sungnat HM B%FWSQW%? NagpSHENCEyes 'i‘ﬁﬁ‘% é‘?sg whi ch

are m sci blyg &Bﬁcﬁl&rs?ﬂat@xﬁg %éf‘e'&‘r’&% of 1B} ﬂxopé‘ﬂﬁlenahbﬁfucﬁﬁ&el%ﬁlﬁ] RpQIOL €

t he redi st I‘I%Utl on o amnants into t super nat ant et one
phase (s upeatnﬁfmtmoﬂeshﬁrhﬂn tieh gady edure bemglsudpkded g oliml salmeantt r e
precipitate is re-suspended in water (block 112) and the steps illustrated
in blocdks 108, 110, &pd 1Pwvigiag F‘@ﬁ%éﬂﬂé@dG@dﬁ mixpue by gompining) watqthyyith theach
acet one vva%&d%%;%(&rgr eates a redistribution of nanowi res and contam nates
in the precipi {at e 4nd supernatant, respectively, until the precipitate

contai ns progressi vely) Mpvidiflg Hﬁélﬁbﬁh@ﬂ%\ﬂoﬁ@mu&ﬁﬂ: Byh@dnitaiin@ geadifutédat | 0
nanostructures are progresm vely negligible. WO

2011/ oesesomw@vmumth a&siwheConducti ve Fil s As di scussed
herein, "conductive fi

" t t duct t hi
fornmed by a network 84) i npéorvéq}ﬂglrgg?ei%ﬁﬁta QWﬁgﬂ}gﬁrszmc%% }@lvglg’tapl aégefa

conductiovi batiodf 10RR ntRBdmaALk SYl ethhth dodnpRfstr@rht %@%&domf thé hbﬁBsfrﬁ@thfeTsl vity"
or sheet 5 resistance,™ whi is represented by "ohm square,” or "ohnisq,"

or "EVE.' mang aspevtrmsosdzfarmaoresthal Ty poviiding dfe paecipias includagsalloang | oadi ng
density (i t he nupber OL@gggductlve nanow res per unit square area),

t he size/ sﬁ%’@@ntﬁ‘florl h&rs BlOG REXIULEaNG he i ntrinsic el ectrical
onsi det ed conducti v 1 [ AEE B bEFREI0A TR RRRRE ol el 106 ©
E2/ 0. Pr ef &g portion of the nanostructures having aspect ratios of no more than 10.
25 Preferably, the process further comprises:
® re-suspending the precipitate of (d) in water to provide a second
diluted crude mixture; and
(g) repeating steps (¢)-(f).
As used herein, “crude mixture,” includes nanowires and any level of low

30 aspect ratio nanostructures, if such low aspect ratio nanostructures are to be removed or

reduced. In certain embodiments, the crude mixture is a reaction mixture immediately



10 the sheet resistance is no higher than 104 CVO 3,000 QO0, 1,000 0/0, or
100 S2/0. Typically, the sheet resistance of a conductive network forned by
met al narwetzpuatsenies is in the ranges of from 10 EVD t o PCOAB2EVD465AT om 100
EVO to 750 EVO from 50 S2/0 to 200 EVO, from 100 EVE to 500 Q O, from 100
S2/0 to 250 EVO, from 10 0/0 to 200 EVD, from 10 EVO to 50 CVD, or froml
0/0 to 10 Q0. 150ptically, the conductive filmcan be characterized by
"light transhHbwiigahe s;aghasesl df naegal nanowirds Befem sny peiifeation takes plage.t lneother
per cent age of i nci ent ht transmtted throu um..T ci dent
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nanostructures, It possi bl’e 30 to mnimze or elimnate the bright

objects in amirmmcoﬁhhlmta wsed fii thewfash opde triag venf It iEH)amg:allynn@metSanlthe
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of such narfbﬁf)mmgrsﬂ&et\/ﬁatnbizvireﬁ Sihiet nai(ﬁ’ares'ﬁi’mmltlaﬂyeyﬁMZHdrm'nhlmtg)v i des a

conductive filmthat has a resistance of at 5 | east 200 ohm sq, and no nore
t han 1509 IW@@ﬁ@dﬁageatsl(égnéﬁé§?rr59]c§=t%\’%§n<bé]|yc¢ﬁ°l)llil ﬁﬁ%?lo%ﬁﬁ%&eog ea of the

conductive film eci.fic.e il aze
of no nore ’]Ehr?& r b({nﬁﬁbeaé%‘gggqu?taﬁd ?lgé\}?dgtgqgﬂg%dﬁé 2 tI 1\4}?{ OI%] ?ﬁs(mﬁ)cﬁ
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rati o nanostructures per Ilimeter 10 square area of the conductive film

In a speci fprodomnaxdlyrmnowlremwompatucd by eorftammanﬁsWherh'am \mterria agdaddot han

ci et ur s o ausdaariprone Bodk UBAT 1Bt L RRRRRGlet ShiifehRlfan

magni fi s@at i QRedkReAmouit etolle A28 Kiwfit€bdndRaA8 mﬁEh%cét@M@Ey HaBRgete ratio
nanostructures, the higher conductivity can be expected 15 for a given

| oadi ng denﬁhbwlres accompanied by'l?n:ertampiavcé oﬁcm’(‘lamma@nﬂll@clublwt@ ofu (bhgckal 08).qui d
di spersion of the purified nanow r e depos d on. a. ﬁbs ate

fol | owed bylh% SUPSRENIFOMPISPHYAER ggeol %th(m?u icjaLgmissib 4P,
e e, PR SO B el SR b AR ol
carrier. into the supernatant. The acetone phase (supernatant) is then discarded (block 110) The
25 nanowire precipitate is re-suspended in water (block 112) and the steps illustrated in
blocks 108, 110, and 112 are repeated (e.g., for 10 times). Thus, each acetone wash cycle
creates a redistribution of nanowires and contaminates in the precipitate and supernatant,

respectively, until the precipitate contains progressively more and more nanowires and the

low aspect ratio nanostructures are progressively negligible.



20 The ink conposition can be prepared based on a desired concentration of
the total nanostructures (e.g., nanowires), which is an index of the

| oadi ng owo=btiyweediot he final conductive filmforned on Phe/usabston@te. The
liquid carrier can be any suitable organic or inorganic solvent or

solvents, including, for exanple, water, a ketone, an alcohol, or a mxture
thereof. The 25 ketone-based sol vent can be, for exanple, acetone,

met hyl et hylCondudive Filasd t he |i ke. The al cohol - based sol vent can be, for
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reduce aggregation or corrosion of the nano structure acilitate
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such as TERA TOLTm ( Dow Chem cal Conpany, M). Further exenplary
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viscosity opd, fiioat 50 (/Cltude Yt oeXippr DPYD tmai()ltyﬁmel | ul ose (HPMC), 15 net hyl
cel | ul ose, xant han gum_ pol yvinyl al cohol, carboxy nethyl cellulose, and
hydr oxylSet hyl cel I ul @@@callmﬂmﬂmdwwaﬁhe@%bﬁ ﬁhﬁﬁ@@erl%eﬁéy Yiehtgragsmission”
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of 2to 0.5 or inthe range of 10 to 0.1, or the range of 0 to 2; and the

ratio of tmweveletgh be\ta\reonvab@}ﬁﬁﬁllmh@i%@mi ahtwmmw @nb@@memaﬁlhyhghi the range
of about 560 ta abou e.ra 0, oLonposition
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about 1 and 100 cP. 1n’any one of the above enbodi nents, the 25 et al

nanowi r es fiegnsparefitdifihk Yightetranisinissionriaaideast 85%. Haze is an index diHighs diffisioat e can
be any material onto which nanow res ar str e can be

posited, The
rigid or fltagier te thapeaeeniags|of the qrantityndy llggf sepprgicy fEqm g}?tlf"i} 1 }1 e,
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largely a property of the medium (e.g., the conductive film), haze is often a production
25 concern and is typically caused by surface roughness and embedded particles or
compositional heterogeneities in the medium. In various embodiments, the haze of the
transparent conductor is no more than 10%, no more than 8%, no more than 5%, no more
than 1.5% or no more than 1%.
By isolating nanowires from low aspect ratio nanostructures, it is possible
30 to minimize or eliminate the bright objects in the conductive film formed thereof. Thus, in

certain embodiments, for a particular set of performance parameters, such as relative low



Exanpl es of rigid substrates include glass, polycarbonates, acrylics, and
the 30 like. In particular, specialty glass such as alkali-free gl ass
(e.g., bowo=znivmweile), |ow alkali W 2011/ 066010PCT/ US20C0/u34654165¢1 ass,
and zero-expansion gl ass-ceram c can be used. The specialty glass is
particularly suited for thin panel display systens, including Liquid
Crystal Display (LCD). Exanpl es of flexible substrates include,
but are notesistarice eud tayy hars) yessmmosta(lteo@mlt@gmymfohtwféh@lqveaappﬂtttrm ate (PET),
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pol yvi nyl i g@&ﬁl&ggt%hqgs wRthlé\ﬂrPtydreaacet al's, pol yst yr ene, polyacrylates, and
the like), cellulose ester bases (e.g. cel I ul ose triacetate, cel | ul ose

acet ate), pol ysul phofdss,sue Iambsdlpmhyp:tohfdles abqithogye Him Wanhatasrpsisthhéecccfmes ,

and ot her conventi onal lymeric filps, The ink conposition can
deposi t ed @w %wgqa@aé) 80 g than 4§09 lpw FS@PCtIBU‘éR%{Wﬁ‘F‘éCWFﬁBefn"é‘tﬂllfaﬂ@r

descri bod. L8.ufQaeBFliGobt iy RN n AORLLRA ARG, hdLSReBR28Im has

Spin coating Is a Ica p05|t|ngaun| orm mona
substrate. h&eﬁqmtm@hlthaag),s%e Ioad| ng ampunt, spin speed, and t| me, thin
films of various thicknesses can be forned. It i's understood that the
vi scosity, the shear Ameﬂmfs@bmbmenmowg%)@wdﬁgtwq féﬂmthahlﬁas\/%éPfFlSt&‘scetOrf@t

i nteractions t he, nanow ct. the

|t o conneSEROHEsq HE REREHH PELuTBRLE MichPRad Rt Sorhlefer "
conmposifpi Og(%lag@%ﬁ bPeE cBERLiVe GRA. Bea SRCTICABRINE], Be %xﬁﬁl‘éuﬁ@ﬁ’ﬁﬁ had£ at a
speed of 400-2000 rpm for 60 seconds, with acceleration of 1000 rpnm's. The

thin fil m bage ddmofroere tlean G2Wjpect ed to certain post-treatnents, including
baki ng at 50C for 90 econds and 140 90 secands. Pressure treatnment

f
with or without heat I2NERRSTAL COURIE ﬁgﬂlegﬁr’r‘ﬁla&%ﬁm% NARASHYUFTUR SR PRal fi |l m
speci fi cat h&@ﬁa e&‘oﬁﬁélﬁcf?g)éjc&iﬂu&?@e 1] hdRF maBnifiR&idH (eg Qctlbé’)r inYBROKLILIT ON

t echni ques can npl oye e.g., ment at1 ol flow metered by a narrow
channel , diedt] Eﬂne fdwed\lovo asprot iatic hamsirustures, the Aighagconduetivityean batkpegied

m crogravure cqating, bead coating, dip coating, slot die coating, and the
li ke. PPi nfqrrﬁ‘gﬁl‘(‘é’clﬁ?dlagué@%n al so be used to directly print an ink 25

conposition onto a s 'f‘gﬁe&)%}e suth b RoRduchive ﬁﬂh'ta "E{ghfgﬁp Plgill é)g Fhe%?lﬁga ©

inkjet, flexoprinting, reen printing
nanowires can be deposited on a substrate followed by a drying or curing process. The

liquid dispersion is also referred to as an “ink composition” or “ink formulation.” The ink
composition typically comprises a plurality of nanowires and a liquid carrier.

20 The ink composition can be prepared based on a desired concentration of
the total nanostructures (e.g., nanowires), which is an index of the loading density of the
final conductive film formed on the substrate.

The liquid carrier can be any suitable organic or inorganic solvent or
solvents, including, for example, water, a ketone, an alcohol, or a mixture thereof. The

25 ketone-based solvent can be, for example, acetone, methylethyl ketone, and the like. The
alcohol-based solvent can be, for example, methanol, ethanol, isopropanol, ethylene
glycol, diethylene glycol, triethylene glycol, propylene glycol, and the like.

The ink composition may further include one or more agents that prevent or
reduce aggregation or corrosion of the nanostructures, and/or facilitate the immobilization

30 of the nanostructures on the substrate. These agents are typically non-volatile and include

surfactants, viscosity modifiers, corrosion inhibitors, and the like.
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WO 2011/ 066010PCT/ US2010/ 046541 EXAMPLES EXAMPLE 1 PURI FI CATI ON BY ACETONE
WASH To 500g of glycerol in a clean glass bottle was added 7.5g PVP, 55ng 5
TBAC, 2.5yo=pinvesomnitrate. The bottle was capped and theCwiustuwp46sats heat ed
in a 110C convection oven for about 14 hours. Once the reaction m xture was
cooled to 30C, 500g of DIWwas added. The crude diluted reaction m xture
was added to 2kg of acetone, producing a sem -solid dark brown precipitate.
The supernat ant | i quildcewesn sepadiateed, the drk ¢onepositivn-isdiided sprfaatanss, tvdtieh by
decantation or by flltrathn a{grou h a nediu or05|t‘>/ | ass 10 frif.
UnexloecL edIS§EVe i Eedusq RagresqtinR ’&%FFP&WFédE Ereﬁ?ﬁt%“ ﬁrg {%f 8?%‘“@3[?1 d
easily be r nded
égﬁﬁ%@wgﬁ%dh 'flu@o%rfgéft e ugﬂ%s Qg%\gi’]ﬁ@ Etﬁ}"a%ta‘ff?ss 1r{$nﬁ'ihgr PORYg%e

in about 2 re-preci acet one. ese
preci pitat IFtsN ZONYEDESSL mw@ssm;ezeweﬁa%s}e@mcaémtaarsewlumngtona | i ght

tan fluffy pre itate was obtained. This precipitate was resuspended in
DI W and i/vaéfE)omﬁgNQU E@H(Wnsﬁrﬁﬁlﬁl W)th’fh?Ir?éfemBE‘@Y mrfe\?t@mSﬁa%éjﬁ 15)‘2%’510“% nost

15 free of s art e r r
silver cr y§i“f §ant ?SF °p ﬁié(yk)?’g? @109; glgegs&)l(r:%% %} e gtﬁg{sﬁwﬁ%ehg(gg&gﬁ fé:ht ed
particles, OE%EH&%‘[WXBIW@ su0Rhd TRIMTON™ Q1 0G ixfl Y£FX4Bﬁlaﬁ&\h61&}8phdﬁKANPLE 2
TRANSPARENT DUCTORS MADE OF PURI FI ED NANO W RES 20Tr ansgﬁrent conducti ve

thin fil s etoxglates spdr asdl BRGEIOT™ ¢Bawi Ghymienl CongaasMidlansh M- elurdheri nk

conposi tion co I‘ISII’I. the r|fLe rel HPMC
in water. B gt’?‘\?e‘ ’énsﬁf a‘&f‘ G ?‘5‘%?}3‘5{?’%}1{0 \#qd facgf%gtsv\ga@sa]?gq@r mlarly
Prepar efh usgag 66? Qf\‘%{ Pﬂ%ﬁP&%ﬁ&@h&ﬂﬁﬁlsVﬁEeA?lleHi'o'v@r bX) & G@&ée&ﬂ@tmxcept for

the respectivé p solvents used in each synthesis and t

post - synt hesil®sideet one wash. TabI e 1 25 denonstrates that, for a given

sheet resistivity, the transm | on and e are, co er abI rooved in
t he transparent cond&‘é?@?amé‘iﬂ m@fltsttll?@ 'Bi.ﬁqu?oéﬂmgl”i‘?j%‘?esr?&ﬁB EsVIBHPE ned

o S G EDE AR R a1
2011/ 06601 ¢ReHpIS0 2 tBIOG&bsiTpblodifikrs include hydroxypropyl methylcellulose (HPMC),
15 methyl cellulose, xanthan gum, polyvinyl alcohol, carboxy methyl cellulose, and hydroxy
ethyl cellulose.

In particular embodiments, the ratio of the surfactant to the viscosity
modifier is preferably in the range of about 80 to about 0.01; the ratio of the viscosity
modifier to the metal nanowires is preferably in the range of about 5 to about 0.000625, or

20 in the range of 2 to 0.5, or in the range of 10 to 0.1, or the range of 0 to 2; and the ratio of
the metal nanowires to the surfactant is preferably in the range of about 560 to about 5.
The ratios of components of the ink composition may be modified depending on the
substrate and the method of application used. The preferred viscosity range for the ink
composition is between about 1 and 100 cP. In any one of the above embodiments, the
25 metal nanowires may preferably be silver nanowires.

The substrate can be any material onto which nanowires are deposited. The
substrate can be rigid or flexible. Preferably, the substrate is also optically clear, i.e., light
transmission of the material is at least 80% in the visible region (400 nm —~ 700 nm).

Examples of rigid substrates include glass, polycarbonates, acrylics, and the

30 like. In particular, specialty glass such as alkali-free glass (e.g., borosilicate), low alkali
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No Acetone Wash Acetone Wash Pol yol sol vent Ethylene glycol dycerol %
Transm ssion 88.1 90.1 % Haze 2.85 1.54 Resistivity 25 24 EXAVPLE 3 COUNTS
OF BRI GHWORIH@E&1IDN TRANSPARENT CONDUCTI VE FI LM Conduc®CYasketoonesas
prepared by spin coating as described in Exanple 2. 5 The nunber of the | ow
aspect ratio nanostructures was determ ned by visualizing a conductive film
formed of purified silver nanowi res under a m croscope at approximately
100x magni f gless amhzeandxpansidaghas-cetanhineade ubed t Thespevmlty glaskis padicubmlyt i pl e

LA N AR S BRSNS L 2 T Lo
than the silver nanowsygfsed & flexible substrates include, but are not limited to: polyesters
(e.g., polyethylene terephthalate (PET), polyester naphthalate, and polycarbonate),

5 polyoleﬂns (e.g., linear, branched, and cyclic polyolefins), polyvinyls (e.g., polyvinyl
chloride, polyvinylidene chloride, polyvinyl acetals, polystyrene, polyacrylates, and the
like), cellulose ester bases (e.g., cellulose triacetate, cellulose acetate), polysulphones such
as polyethersulphone, polyimides, silicones, and other conventional polymeric films.

The ink composition can be deposited on the substrate according to, for

10 example, the methods described in co-pending U.S. Patent Application No. 11/504,822.

Spin coating is a typical technique for depositing a uniform film on a
substrate. By controlling the loading amount, spin speed, and time, thin films of various
thicknesses can be formed. It is understood that the viscosity, the shear behavior of the
suspending fluid, as well as the interactions between the nanowires, may affect the

15 distribution and interconnectivity of the nanowires deposited.

For example, the ink compositions described herein can be spin-coated on a
glass substrate at a speed of 400-2000 rpm for 60 seconds, with acceleration of 1000
rpm/s. The thin film can be further subjected to certain post-treatments, including baking
at 50°C for 90 seconds and 140°C for 90 seconds. Pressure treatment with or without heat

20 can be further employed to adjust the final film specifications.

As understood by one skilled in the art, other deposition techniques can be
employed, e.g., sedimentation flow metered by a narrow channel, die flow, flow on an
incline, slit coating, gravure coating, microgravure coating, bead coating, dip coating, slot
die coating, and the like. Printing techniques can also be used to directly print an ink

25 composition onto a substrate with or without a pattern. For example, inkjet, flexoprinting,

and screen printing can be employed.

12



10 particular, the | ow aspect ratio nanowires had an aspect ratio of |ess
than 10. The counts of each frame were averaged and converted to per unit
surface awea11/066010 Tabl e 2 shows the counts of wPhe/usewoasgsect ratio
nanostructures in tw filnms of different |oading densities, which
correspond to respective resistances, transm ssion, and haze. In
particular, the haze of film2 is 50%of that of Film1l because of, at

| east in 15 part, a fewer nunber of IEXANEHS ratio nanostructures. WO
2011/ 066010PCT/ US2010/ 046541 Table 2 Film1l Film2 Resistivity (Ohnifsq.)
170 600 Transm ssion (T% 92.6 93.1 Haze (% 0.42 0.21 Frane

EXAMPLE 1

PURIFICATION BY ACETONE WASH

To 500g of glycerol in a clean glass bottle was added 7.5g PVP, 55mg
5 TBAC, 2.5g silver nitrate. The bottle was capped and the mixture was heated in a 110°C
convection oven for about 14 hours. Once the reaction mixture was cooled to 30°C, 500g
of DIW was added. The crude diluted reaction mixture was added to 2kg of acetone,
producing a semi-solid dark brown precipitate. The supernatant liquid was separated from
the semi-solid precipitate by decantation or by filtration through a medium porosity glass
10 frit. Unexpectedly, the silver nanowires contained in this precipitate could easily be re-
suspended in DIW. Thus, the precipitate was then re-suspended in about 200g DIW and
re-precipitated in 800g acetone. These precipitation/re-suspension steps were repeated
several times until a light tan fluffy precipitate was obtained. This precipitate was re-
suspended in DIW and was found to contain mainly thin and long silver nanowires, almost
15 free of small nanoparticles, large particles, and bright triangular silver crystals, while the
acetone phases contained mainly these unwanted particles, together with a small amount

of silver nanowires.

EXAMPLE 2

TRANSPARENT CONDUCTORS MADE OF PURIFIED NANOWIRES

20 Transparent conductive thin films were prepared by spin coating, on a glass
substrate, an ink composition comprising the purified silver nanowires of Example 1 and
HPMC in water. Comparative samples of transparent conductors were also similarly
prepared using silver nanowires that were similarly synthesized except for the respective
polyol solvents used in each synthesis and the post-synthesis acetone wash. Table 1

25 demonstrates that, for a given sheet resistivity, the transmission and haze are considerably
improved in the transparent conductor formed of the purified silver nanowires obtained
from the glycerol solvent, because of a reduced number of low aspect ratio nanostructures

as well as the thinner diameters in the nanowires.
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Low aspect ratio Nanostructures Counts Low aspect ratio Nanostructures
Counts 1 11 22 94386493582

WO 2011/066010 PCT/US2010/046541
Table 1
No Acetone Wash Acetone Wash
Polyol solvent Ethylene glycol Glycerol
% Transmission 88.1 90.1
% Haze 2.85 1.54
Resistivity 25 24
EXAMPLE 3

COUNTS OF BRIGHT OBJECTS IN TRANSPARENT CONDUCTIVE FILM

Conductive film was prepared by spin coating as described in Example 2.
5 The number of the low aspect ratio nanostructures was determined by visualizing a
conductive film formed of purified silver nanowires under a microscope at approximately
100x magnification and in dark field mode. Pictures were taken of multiple frames and
the low aspect ratio nanostructures counted (Figure 2). The low aspect ratio
nanostructures 200 were typically brighter, shorter or wider than the silver nanowires. In
10  particular, the low aspect ratio nanowires had an aspect ratio of less than 10. The counts

of each frame were averaged and converted to per unit surface area.

Table 2 shows the counts of the low aspect ratio nanostructures in two films
of different loading densities, which correspond to respective resistances, transmission,
and haze. In particular, the haze of film 2 is 50% of that of Film 1 because of, at least in

15 part, a fewer number of low aspect ratio nanostructures.
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6 847 758529 132 10 11 6 Average Nano structure Counts Per Frane
8.9 3.6 Low aspect ratio
WO 2011/066010 PCT/US2010/046541

Table 2
Film 1 Film 2
Resistivity (Ohm/sq.) 170 600
Transmission (T%) 92.6 93.1
Haze (%) 0.42 0.21
Low aspect ratio
Low aspect ratio Nanostructures
Frame Nanostructures Counts Counts
1 11 2
2 9 4
3 8 6
4 9 3
5 8 2
6 8 4
7 7 5
8 5 2
9 13 2
10 11 6
Average Nanostructure
Counts Per Frame 8.9 3.6
Low aspect ratio
Nanostructures Counts per
mm™ 1070 433

All of the above U.S. patents, U.S. patent application publications, U.S.
patent applications, foreign patents, foreign patent applications and non-patent
5 publications referred to in this specification and/or listed in the Application Data Sheet,
are incorporated herein by reference, in their entirety.
From the foregoing it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of illustration,
various modifications may be made without deviating from the spirit and scope of the

10 invention. Accordingly, the invention is not limited except as by the appended claims.
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Nanostructures Counts per mm2 1070 433 Al'l of the above U S
patents, U S. patent application publications, U S. patent applications,
forei gn paDentigwesdior ei gn pat ent applications and non- paPtemtus2ompoidsscat i ons
referred to in this specification and/or listed in the Application Data
Sheet, are incorporated herein by reference, in their entirety.

Fromthe foregoing it wll be appreciated that, although specific

enbodi nents of the invention have beenClddMsSi bed herein for purposes of
illustration, various nodifications nay be made w thout deviating fromthe
spirit and scope of the 10 invention. Accordingly, the invention is not
limted except as by {he a W / US2010/ 046541
CLAI MB 1. A process ofi'i so|53’?%%%%@%%%@%%?%?%@ '

(a) providing a crudeay Xxtpioeididg aiende sixtuetod hesostinetiirds nigdt iiskdsienano
structures having an aspect ratio of 10 or nore_and nano structures having
an aspect rRanogirturgphaigngan sspactratio ok Qrrpere angd renpsBueiires fawpg peASst i n a

pol yol sol Vﬁp& of no more Wgnéputéxg )cru%E: %k@%@gen?g gdsbé&deg ii11( %'538%95%/05’%%' m xture by

conmbi ni ng water w e mxtur 1dirig a

conbi ned ketone m xt U(b? bypre Piditigt it dif@edléruté flktGrelecombifitg Svawr tWithethe
ket one; (d) providing a precipitate conprising nanostructures

havi ng an agpéemixtatel o of 10 or nore, and a supernatant conprising at |east

a portion of the nanostructures havi aspect ratios of no.nore than 10,
provi di ng the preci pi@’;t e I‘i’rﬂ&%mﬁ%‘@%Pﬁeﬁﬂwﬂmmﬁ?@gwnﬁ%f ﬂﬂutggnbi ned
ket one m Xt Y86 mBAre with a ketone: (€) removing fromthe precipitate the
supernatant conprising the at | east a portion of the nano structures having
aspect ratios of no n@)e tpranidif}g a @edipiatpconpasnghamisaiichuts hiving e nspect
conprising: f) re-suspending the precipitate of (d) in water
to ”Br ovi dg r&tlg @g 3)95 ar Bersy gag%a élmfggltq%t Q?Iaplgs,:m%ﬁtdgast a pgrtlon o% the nag'logtructures

having aspect ratios of no more than 10, providing the precipitate including allowing
sedimentation of the combined ketone mixture; and
(e) removing from the precipitate the supernatant comprising the at

least a portion of the nanostructures having aspect ratios of no more than 10.

2. The process of claim 1, further comprising:
® : re-suspending the precipitate of (d) in water to provide a second
diluted crude mixture; and

(g) repeating steps (c)-(f).

3. The process of claim 2 wherein the nanostructures having an aspect

ratio of 10 or more are silver nanowires.

4. The process of claim 2 wherein the polyol solvent is ethylene

glycol, 1,2-propylene glycol, 1,3-propylene glycol, or glycerol.

5. The process of claim 4 wherein the polyol solvent is glycerol.
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(g) repeating steps (c)-(f). 3.The process of claim2 wherein the nano
structures having an aspect ratio of 10 or nore are silver nanow res. 4. The
process oVochai/ws@owher ei n the pol yol solvent is ethyl elr€TgiSg@olos6541

1, 2- propyl ene glycol, 1, 3-propylene glycol, or glycerol. 5.The process of
claim4 wherein the polyol solvent is glycerol. WO ’

2011/ 066010PCT/ US2010/ 046541 6.Thefprqcess of claim2 wherein the ketone is
acetone, methyl ethyl6- ket dhe proderg of chaipehwhersinethe ketone isaaetans methy? etiyyd
process of ¢l ai rei.n the ketone is acetone. 8. An ink conposition
conprising*egm'K%&%ﬁ???e%?mﬁgngggpﬁﬁ?ﬁwﬁs havi ng aspect ratios of 10 or
nore; and a liquid carrier; wherein the nanostructures having aspect ratios
of 10 or nore are purified by: (a) providing a crude m xture of
nano structures that 7 ncl Ulegprorasoofsiaimc whersinithe ketgnens agefpesst rati o of 10
or nore and nanostructures having an aspect ratio of no nore than 10, the

crude m xture being suspended in a polyol solvent; (b)
providing a first dilguted sgf; b3Lik6E r?sg;{%i ning water with the crude
m xt ure; (c) pr&gg ?n a coﬁgy%e etone m xture by conbining

the diluted crude m xstplurelityidf Masoskattores;having aspect ratios ¢{1)0 groviedamly a
preci pitate conprising nanostructures having an aspect ratio of 10 or nore,
and a supernatant cofptauid Gl | east a portion of the nano structures

havi ng aspect ratios fere@x? Eh%%ﬁo&ﬁ?&g%%avﬂ%&gﬁ%é Fkgié)% BF 1% 51619159:' atrélblgrlj]%ed

including all ow ng sedimentation o e Cco one m xture;
(e) renovimg: fromthe precipitate the supernatant conprising the at |east a
portion of the nanostructures having aspect ratios of no nore than 10.

(a providing a crude mixture of nanostructures that includes
nanostructures having an aspect ratio of 10 or more and nanostructures having an
aspect ratio of no more than 10, the crude mixture being suspended in a polyol
solvent;

(b) providing a first diluted crude mixture by combining water
with the crude mixture;

(c) providing a combined ketone mixture by combining the
diluted crude mixture with a ketone;

(d) providing a precipitate comprising nanostructures having an
aspect ratio of 10 or more, and a supernatant comprising at least a portion of the
nanostructures having aspect ratios of no more than 10, providing the precipitate
including allowing sedimentation of the combined ketone mixture; and

(e) removing from the precipitate the supernatant comprising
the at least a portion of the nanostructures having aspect ratios of no more than 10.

63) re-suspending the precipitate of (d) in water to provide a

second diluted crude mixture; and

(2) repeating steps (c)-(f).

9. The ink composition of claim 8 further comprising a viscosity

modifier.
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(Ore-suspending the precipitate of (d) in water to provide a second dil uted
crude m xture; and (g)repeating steps (c)-(f). 9.The ink conposition of

cl ai m 8 fwothawoeemnpri sing a viscosity nmodifier. W  PCT/US2010/046541

2011/ 066010PCT/ US2010/ 046541 10. The ink conposition of claim
8 further conprising a surfactant. 11. The ink conposition of
claim9 wherein the viscosity nodifier and the silver nanow res nanow res
are in a wwratio ofl010 tkheGnk composition of claim 8] rthgihe@mpmisingonpwRctanbon of
claiml1l wherein the viscosity nodifier is HPMC 13. The ink
conposition of claim8 wherein the ketone is acetone, nethyl ethyl ketone

(MEK), 2-pentanone, qr 3- pqu@ti%%%}ﬁeosition of cl&ﬁm 9 whélréiln e GRASHS .o‘sﬁ?ﬁ‘léri anf

conpri si ng: a con e network of a plurality © ver
nanow r es tthasilveasarmwirs nah@wites 20¢ incd wive eio 6700 tebril sq; and no
nore than 1500 nanostructures having an aspect ratio of |less than 10 per
mllimeter square area of the conductive film 15. The

conductive filmof cla m . in.the aductive. fil .0f no
nore than 0.5% 2 11‘}1@ lkgg(.% Je}’ltgglnogﬁc%{&gae&#l% l%tté% Wé%?%%@%mﬁel?ei n
t he conductdpscfi| m has a resistance of at |east 600 ohm sqg; and no nore
t han 500 nanostructures having an aspect ratio of |ess than 10 per

mllimeter square area of the conductive film 17. The

conductive filmof cl.aim erein the ductive fi as .a _haze of no
nore t h an 0. 25% 1%. ]ﬁme 1 composmon O%Palm%t whereln dlerr]](CQOnC 1S acctone,

methyl ethyl ketone (MEK), 2-pentanone, or 3-pentanone.

14. A conductive film comprising:

a conductive network of a plurality of silver nanowires that has a resistance
of at least 200 ohm/sq; and

no more than 1500 nanostructures having an aspect ratio of less than 10 per

millimeter square area of the conductive film.

15. The conductive film of claim 14, wherein the conductive film has a

haze of no more than 0.5%.
16.  The conductive film of claim 14 wherein the conductive film has a
resistance of at least 600 ohm/sq; and no more than 500 nanostructures having an aspect

ratio of less than 10 per millimeter square area of the conductive film.

17. The conductive film of claim 16 wherein the conductive film has a

haze of no more than 0.25%.
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