SUPERHYDROPHI LI C AND WATER- CAPTURI NG SURFACES BACKGROUND OF THE | NVENTI ON
5Typi cal |y, superhydrophilic surfaces have a water contact angle of |ess

t han 250 wocdowalsessscapt uri ng surfaces retain water as apgmisiasmmobaochm havi ng
a thickness of millinmeters. Many techni ques have been devel oped to prepare

super hydrophilic surfaces. See |.P. Parkin et. al.,  J. Mater. Chem 2005,
15, 1689. For exanple, sUPURERBYDROPHILIEAND:re obt ai ned by

UV-irradiation of oxi ; UBI S%Emﬂ i and ZnO. In this
met hod, the superhydr gg%qﬂf‘u lﬁﬂgﬂce gy P oton-g@r%rgat ed short-lived

charges, gradually disappears w thout continuous UV illumnation. See,
e.g., XM Li et. al., CBACK&GROUNDYOFRUTHE INVENIION A. Lafuma et. al'.,
as been devised for ducj '

Nat. Mater. 2003,. 457. t.hod : o -
wat er- cag[ uri n'gy@mﬁyaé‘@fﬂi ‘{TPE’#\“% _aP?Fehai'S\'ﬂ‘ié‘(aé?r W&WE‘%‘%&@&O‘\W%&Q@% faces of
the Nam by{Esabt cpefidgBurfR88 rhtainfldter adNAMATIrRL film a hickhédsdof Thi's nethod

is not suitable for large-scale production as it involves |ayer-. by-1layer
mul ti - st emilpmetess.ni ng and deposition of both hydrophilic and hydrophobi-c
conmponents. . OF. note uper h gro hilic surfaces do.not .
necessarily po_¥§8¥ §e°&ﬁ‘f18?s-}baé{ﬁi’ﬁﬂ %eg‘{gg’@gi PEPYe Sup?rhly‘{rﬁflﬁ‘éé‘ggacﬁﬁeea_r e
super hydr ppiparkif e/ DIMYYeE Eref2ROOS, 1501438V FolBXampl8 bupérhiyddopBidiel 1 cat i ons.
Super hydr ophi | i ci té prevents fog formation, as condensed water spreads

acr 0¥s a sufseesare ebigmed by EYniradationyf axide ssnheandngtar filmpgsush ag JgP1andng

sur f aces : 3 L AL face that
possessesilg(gt Efﬁﬁgtgbﬁ’fgé 0 ewdgﬂ;pthgﬁcg&dgl\?gg%%@l{p# %@éﬁ%?%%(ﬁ%}go?{'g%%s i deal

for use i thadgesoradudtlyaliappespewithp@contitiuous UV illuhtifétéon. Sea, geH.NOLI et.
cost-efficient nmethaods of preparing _enduring superhydr and/ or

hi |1 :
wat er - captlulGh6l- Sef Rer 007, N NRARA - drfoppeet. RleNer) dater. 2003, %)Iré%as pect of

L T A e BUBLAEL BB S e,
substsr at ewatechardestingiwing surfeees ofthb Nammly Desevhbentlei SsoLubha, Neko/bat. and a
water sol f&df@pﬁl 1% .nPIJi)is r%gtgod is not suitable for large-scale pfoduction as it involves layer-
by-layer multi-step patterning and deposition of both hydrophilic and hydrophobic
components.
Of note, superhydrophilic surfaces do not necessarily possess water-capturing
20 capacity. _ o ‘

Surfaces that are superhyvdrophilic' and/or water-capturing have many industrial .
applications. Superhydrophilicity prevents fog formation, as condensed water spreads
across a superhydrophilic surface. On the other hand, water-capturing surfaces can be
used to draw water from dew in arid areas. A surface that possesses both

25  superhydrophilicity and water-capturing capacity is ideal for use in a solid-state -
| supercapacitor. - | . |

There is a need for cost-efficient methods of preparing enduring superhydrophilic

and/or water-capturing surfaces.



5(ii) a substrate covered by the coating. The two polyners, due to

their different water affinity, forma nanosegregant having a thickness of
1-10 nrn WO.2g11/0871458 nm). More specifically, in the nano®€diS€gantogomine wat er
i nsol ubl e pol yner adheres onto the substrate and the water sol uble pol yner

adheres onto the adhered wat i Via( =1 A anosegregant. has a
water 10contact angle of O- 2?‘8@“@@0@?@@3@& ity to capture a
wat er fil m havpngaspebitifehin @senfbn ldtestd J0Palcd sObstrate Ravinda SiHace 3¢ coating

can further include, on top of the nanosegregant, a conductive non- ,
nanosegr eppsaessés hath superhaidrophdlicitycand avaterveapbwing shpasity. Jbk goated subdtrathe sane

wat er insoluhl e.pol yoer., Unlike the osegr egan this film . having a

t hi ckness™ #‘Bi%%)o g%]@gr}ﬁawagésw af%%rtm%ogl%qﬁp? e? AR} 2 ¥ %P??Vh‘?c?ﬁhf“ﬁfc or
wat efs- cap(ii) faisabst@edeaseted. by the coatthige wat er sol ubl e pol yner contains -
identical or different hydrophilic and hygr oscopi C groups, e.g., carboxylic
groups or sul f dhEEVgPelypisrs, dhe totheys diffesentsyater adtipisy, dorms a pansisegregAny mer i s

pol y(styr: L QNI i " PSSH' ol l. . on the
ot her han@ﬁgn{%ﬁﬁg&i en@%él(ggi’ ld???]g?@r? %é‘c°?'?>§é’:"qu‘€§§4§§c%”¥e groups,
20e. g., athewans igotubspalymehadhiehsnatgthe splsstrattmandxhephrer sdlulsle pblynenat er

i nsol ubl e pol yner (s poly(3, 4-ethel ynedi oxyt hi ophene ("PEDT"). In one -
embodi merdiEeS Ofio ésa@wéﬁweﬁef Hwéalu%aogﬂngruﬂéwa{l@ews@m ha WetshT are used
as wat e b 16 j I y@, el ﬁ.ﬁﬂg%c ively, at
a rgtoi 0] Oc?on%a%'%h&%lt@gpﬁz’(%Sﬁ%/?ﬁmg?gr#@%gﬁ%dbﬂﬁgté’l@ly \A&%ﬂ%mn{%m E%1er aspect
of this ithicknessoi Orlel Gimes(e®, &S5wB0 o). of preparing the coated substrate
depi ct ed above.glilThe .ret hod | ncl udes at Iegﬁi{ t hree steps: rg]%ig{)rovi di ng an
aqueous di sper eo??a_{:‘B%P%ﬂ & Re F’e‘?ntQBIO _ chApRetiErntafh 6O &% nsol ubl e
pol yner, fdnbosegiéah il cdtBnA@URO sim & aRESSTIBIB poRARer nd thelsane watera

substrate, and (1ii) allow ng the applied aqueous di sg_er5| on to dry to form
on t he suinselgblepplynes. Snbke themanesegragente hivflmthavidgduthickeesdiof f er ent wat er

affipnity LYOB+S. . fhe ex . i I rs form. ;
on- Ranos L) b WBeP Rt AE pERASReRREIL SRS IR SRR ur ¢ e

i ncl ude, aft erThe whtepsdlible polythes tortaiak ideatival ion giffdiént Bydphiliapad i ed pol yners
to expose the nanosegregant. The coated substrate of this invention |

can be a PEEICPRIE LEIWPEL ¢ BelearhAKMlicEronns GA STIRNIE BROUPS. noP WBplBOf Pich 2
nanoseqr egaRt siile BoRRft: RANIAEAFGENIfodit b (PSSHPRAHRANREPIRIES ot rode

can be used to nma e supercapacttor. a so ate -
5super capgddiher, on tied ath@shagd,) coataiessidénticel @l differendeectficdlly condwgiat igvaips, -

el ectrode, (ii.J.) a nanosegregant, as descrihed_above, far froman .
aqué8us a‘?-&-pé‘?‘b?’%&mﬁlﬁ%\?ﬁg&?ﬁ %%ro‘a‘l?ﬁ-i/‘o‘hF’?é‘H?q%O gr“%ﬁdﬁ&‘%ﬁ)[’?‘ﬁ@“ and a

wat er i nslyRl £ 4R eyl YidihehdPEDAM [ B GIY fheftof tHe dbyy@f the two
pol yners, ?ngj((i V) a}m(?olr?d ctli#&g fﬁpm az Ié{escri e a%rg\(/)e,mycat(l)))r%gi ni ng the
wat er - sol dastribadaiogted substiite; R8SHeand P EDG arke wisébaspowgtersalublb polyfreaanb2gr egant
'S Al SPOSGa PRLSISER polyind rebpectiVels, i arhis 5e 289 636:1 by Weighl\E.g 01 by ! M1 S

: ~ weight). o | | '

25 . - Another aspect of this invention relates to dmethod of preparing the coated '

- substrate depicted above. The method includes at IeaSt three steps: (i) providihg an
aqueous dispersion containing a water soluble polymer and a watef insoluble polymer,_ |
(i) applying the aqueous Idispersion onto a surface of a substrate, and (iii) allowing the
applied aqueous dispersion to dry to form on the surface of the substrate a nanosegregant,
30 due to different water affinity of the two polymers. The excess applied polymers form a

non-nanosegregant film, which is mentioned above. The method can further include, after : |



di sposed between the negative el ectrode and the nanosegregant. The details
of one or nore exanples of the invention are set forth in the description
bel ow. OWOr0fig8f4es, objects, and advantages of the | RCESG2OH/008019 be
apparent fromthe detail ed description of the exanples and also fromthe

vt noe SRECATp IR 3RRERRYBR0R! S apofR i FE L M Tond L 5, T

illustrating aTRs eaesisubltrai eNhld iNgerdiodQan Pt pysitiopbliettrddedadting a coating -
wat er - capt uri ng surf ace. Fig. 2 is a schematic diagramillustrating a
process othabinelydes bpsh a naugsegreganyand 3 peamangssaregant filmeTlAis cptedameriveTI ON OF
THE | NVE 1. hi 0, st - of (S . AL [ Sl rate having a
coating Eé@gﬁ %éx kgl'%rd tgg’?"?}gfagg%%s?rﬁ%gr@%*ﬁf{%ﬂ&gfg‘#‘!hfan%g?&%%% pol ymer.. The
coat isng i supkredparitar imehdse@) egesitive {ledttddea(ii) hinegatbexlatrode, Xfli)raun) cont ai ni ng
Lo e e b o Rl Bl Ao e gy et an” (1
nanosegr eganhpdREXQREHBR Jol Fil {Hdtaswaelt ﬂasa__%rﬁo i & URE k- QA ty 30and

superior water-capturing capacity. substrate can be a netal, an
i nsul at or water stfimity ofithedworpolyangrs)apdiv) aspnductiveilmatsi dgscriied mbove, Exanpl es

of a netal include gold i.lver, co r, ran | um nu ad and all oy -
G 6. T coqmiiaind o B sondiis et BROGR waig e ne PoBmehe 1650, "wood,
por cl ai Npaneképregant MisPBsedBetkEthe oI RAGIBHrodE AT BN fand tieaiTheiRnduct or
include 5silicon, silicon carbide, galliumarsenide, silicon nitride,
i ndi um sudippased betwigen tieingeativerpdectrioderandithemraeasereganyt a pol ymer i ncl ude PVC,
Tefl on, pol ycagbonat.e, t Y ersul fone, and
pol ypr opyl ene.a(ht?e ‘Iile%fs‘loof%g%égglrogé%xag{fg{seogqéé%ggr?tg neal?g%é{?%ﬁ%{% tié\e}enti on, one
appl i es oddseriptivh tselow.a0Ohep featurss)bbieca] mdoddvasidgaus til mpedtionosillibec! udi ng a
wat er sol ubl e EOl ymer and a water insol uble 10po!ag€r?er. An artisan can m x

| ’

the two pRPgreE omthgdetailed desenintianpfiths examnlgsamdiab, from thedravimgsand from a
COMMEBr Ci afe %Hlpﬂdid?gr claims. : '

B.RIEF DESCRIPTION OF THE DRAWINGS
The drawings are first described. o
Fig. 1 is a schematic diagram illustrating a process of preparing a
20 superhydrophilic and water-capturing surface. , »
Fig. 2 is a schematic diagram illustrating a process of preparing a solid-state

supercapacitor.

_ _ DETAILED DESCRIPTION OF THE INVENTION -
25 | - Within the scope of this invention is a substrafé having a coating made of a water
" soluble polymer and a water insoluble polymer.. The c;oating includeé a nanosegregant
(with a thickness of 1-10 nm) containing the two polymers and, optiohally a cbnductivfgf e
non-nanosegregant film (with a thickness of 0.4-500 pm) also containing the two ‘
polymers. The nanosegregant unexpectedly exhibits both superior superhydrophiliéity

30 and superior water-capturing capacity.



The term "wat er soluble polyner” refers to a polyner that contains
identical or different hydrophilic and hygroscopic groups (e.g., carboxylic
groups ariO201a8M58 gr oups), which make the pol yner sol BETSGE11d0eRr si bl e
in water. Each of the groups can 15 exist in.the formof an aC|d (e.g.,

car boxylic aci ul fonjc acid) i.n the a ‘
car boxyl at e an%h qﬁsﬁ'ﬁtgtc@‘} be N&eéﬁ %s%gh atsﬁle’"iﬁg‘g]‘é& %BPB@PE ’p‘?fl"yrrer i's
used to PESHIBINSIch theRSH. C@&%ﬁpléﬂf aélﬁetdl inelade g&dbﬁiv@wcoﬁplﬁl’in% RRInYiA®n, Must
al so be ionizabl e. term"water insoluble pol yner refers to a

conduct i vbaféenw&y(nhastau@@s steel). Ewampliesof yninselptopinstudetSiOngveedt ar gr oups,
but conta ey fe e Gon uctln oups (e.g.
aniline g %ﬁ%lgﬁanéy,t% op e%iééoéll’ %d;éa)p.%l'Egiamﬁg‘%he grl%olegCtgélﬁglel%Fst in the

f or msof - agiliceis; witicbh tarbiid, gillbwn a(‘sfénﬂe,, silidoinl difide AindivhhéudRde ik, oxide, hid t he
formof a substituted group (e.g. substituted aniline and substituted
t hi opheneiamond. Examplesots pelvear inclyde PMte Tiehonmolysathonateapplyesteiel |

di spersedjn. <¥1ﬁfl(‘§'sre &ﬂé}glp%ntel %Lﬁ%ls(rﬁo |l diameter of 20-120 nm so_‘ as

to form an aqueous per S1 on. 0 between the water soluble
pol ymer and t h’é‘opmpareamtddwbbﬁrqﬂ@éf;&hnnnvmnbﬁ,mneIapplaésfcem ﬂretshﬁ”aqmcfmertl es

of the nangs ant and. the. fil repared fr the two pol yners
super hydrﬂ%ﬁ @9“"'03:‘5 isnersiopiin uﬁa& WAL splu B{Eﬁoﬂ’!‘l‘ &dﬁ%?rtli?s"luﬁe One
can @ppl yp élpee@qxﬁaﬂﬁaﬁba%whew&a&mﬁrﬁubﬁt&r&&ebia}h GO RsfeRsba, bg. Ot her

met hods inc but are not limted'to, spin coating, spray coati ng,
roller coammha}pltfﬂtuwa@ommnlgpummrl -to-roll coating, and el ectrospinning.

n dj s b i ed bst r.at left t
dry. bur ng. ¢ T sPBCRRle? SolER paRarer2Bteis e BEbeE oA ok Miabtal oF nsol ubl 6
pol yner ugigRraehpdtopialic agd BRRbicopic fheum (6.85 ¢hiboxlidBoasemdaaRBhict or ms on

top of the substrate and a conductive non-nanosegregant filmfornms on top

of the naﬁf@%@ﬂé{b@hﬁna@m‘% padyiaeicsoluhde of dispersible ibavatgas Faeh efiihy srowpespibse t he
aahePes. stroigHy oo e il e . PROGEH i S-ER0hE AP e R ARRGPE R

nanosegr egites. fommglamn\danlfm@s Nogé that @herl ®ieBiaterablublepotyihetis asgis
surfaces even after boiling in water or other common solvents.  The phase
segr egat i ©rPrERATE|R ﬁmfﬁcwltqﬁés diseyssecbglovietush 2 pohmaraushplse he ianigable- sol ubl e

10pol ymer and {heifatGlardr ARGl Sol iRk Tefers ¢ Eﬁ%hﬁ&u’?f@hé{ﬁg{nq‘? 1REdb&YRE S

t hensel ves on the substrate surface to reac C equilibriumin
order to crimrilmmﬁzaﬂotneor@trbbg pblaegroeps bgy/cantaitdidentival er &ffslteetrelectncallyThe :

nanosegre t thus fo ot soluble. in water, ha iickness of 1-10
o Bt oSk o e sa e SR S0 PGS BoHRR. EoBAb GRS TReat 6 g,
20- 150 nmyidRR R form of an unsubstituted group (e.g., aniline and throphene) or in the form of

a substituted group (e.g. substituted aniline and substituted thlophene).
It is critical that the two polymers can be well dispersed in water as naneparticles
(e.g., a diameter of 20- 120 nm) so as to form an aqueous dispersion. | '
25 o - The ratio between the water soluble polymer and the water insoluble polymer ﬁ
» Varies It affects the propertles of the nanosegregant and the film prepared from the two
polymers, e.g., superhydroph111c1ty, conductivity, and water-capturing capa01ty
One can apply the aqueous dispersion onto a substrate by drop-casting. Other
methods include, but are not limited to, spin coating, spray coating, roller coating, flow

30 coating, roll-to-roll coating, and electrospinning,



15di nensi ons can be neasured by an atom c force mcroscope (AFM. See X. N
Xie, et. al., Macronol. Chem Phys, 2010, 211, 2187. It exhibits two
unexpect eslouparsi4ss features. First, it transforns vari egy/scabgionate
surfaces into superhydrophilic surfaces wth water contact angles of 0-25,
regardl ess of fhe water me.tabLIih of th%; ubstrat.e surfaceﬁ. second, the
nanosegr egant BFFHCIHEPERIiSPeEsion it Rish app P ApsEasait ity o8k th a

t hi cknesspgf; iwlatd I f ' t i 13¥i ng a
{hi cknoses o B e Mt o R W bR B midr RS 1
hydr ophi | plasesegregations dspiresulfs & opraosegnagant fierthsi an toh ef thetsubsteatd antdlae pol yer

are in the order of 1021 grou c in_the regant an e densj.ty of the
o eot 11 enrseele hocrng esr bRt fms Suodly o B bERRPe 288, THE pdERENS) vrer
are @l so filn tditbSwahe@aday to expose tﬂeeian&ﬁégljéghﬁ. mRdo &f idte@bREulansol ubl e

polymer and PSSH is used as a water sol uble polyner, the nanosegregant thus
forned covepEgapizatien thaaempsegregaptssiherepsongly toHicsubsiate gr@eaps cont ai ned in

PSSH are di strj . ' . rong
ycirat 1 on 1 or st PekadPuld el RIS RHRR Rl SATEIGRR SR ondil B B ©
30segr egasubsmates¥ietacess ea aftetbaliniiswitave ahawoninkat sobveatssul f oni ¢ aci d

group can capture five water nolecules tq forma HSC2+ hydroni um
nanoclust er. Skee phasgpegregatign is dven byphe gﬁ%r.mtmaéqrﬁ nigypfithe wajen solefele

421-4728. : i i r
pecatee (ha R L YL SR plpt The ool nd Sk Sod TR I
short er tswbstrath sgrfafe th ndakh adhamod emiki8@Rlibriwmon oudet tr miromize thd&ilfbisr st

hydr ati on.shel | surrou \dj ng the sulfonic acid group and provi des the base
for furt hiFe SIEEER? t[]f)f”i‘&k Sg'ﬁtF@ugh proton del ocal i zati on and hydrogen

bondi ng. Thus, TRe AARSERESNT thub Ferhed ANAIEMORAA MWat & Masta tARRAGE BF YA0I RS
substrate surfaces into superhydrophilic surfaces, and it can also capture
a wat er fOphonadly; itglsa hahi sasesterdength pnd apenomecter width, Tige 200kfunm.i These

non- nanosegr egant fi,l mcontai,ns the s wat er sol al ~and_ the sane
e A S S iy S RS S b R
10f i | m doaln@acibsiel ChemhPRS, SEGITY, 2UR18M, ItleRRibits kwid uA@ectB®tupeibt bi t eit her
super hydrophilicity or water-capturing capacity. The thickness of the film
(0. 4- 500 %ﬁwr%aﬁn@é itteansformp ¥arigsubsteate suskases atresvperhydphilicngacesur f ace -
profiler. . ‘ -Aie | ‘ Al e d .as a
positive gftg&aﬁ%\ggﬂtﬁ%‘}\k%ﬁg&g}fggét ’?%%dr{ﬂﬁgst&ﬁﬁ%ﬁgﬁﬁ%%@ﬁ{yﬁ%ﬁ%gﬁ@%ﬁgr egant
and tEedcmmﬂuﬁi isfeg?mmermof sepy¢gapgeddmdsiratesn ‘sﬁo@ﬁ%ﬁ-tt@naﬁmap@d@. is -
attached to.the filmto forma supercapagitor with an ) . '

ol e cBr odeTiih HHhiskaess o5 BEnmTERs i 5 BRHIE gﬁ?amrm.a water filgphavipga thickness
nanosegregp(;]i_lgq%nt he water absorbed in the filmcontribute to the

super capaci t'i ve behavior, which can be expl ai ned by a , :
nanosegr egant - nestieatrdsbdirhent the dermity @ thedgieoyhslin anfhygrapgsegroagant is -

super vhy‘d ' g(ﬁlrtgirllédc inafﬁe \Izv%telr gohr}t?lg %E)iy\rlr?elr %recig%g gr%’er of 10* groups‘/cm3 in the

segregant and the density of the electrically conduéting groups contained in the water

25 | insoluble polymer are also in the same order. _ :

' When PEDT is 'usevd as a water insoluble polymer and PSSH is used as-‘ a wéter: o
soluble polymer, the nanosegregant thus formed cOntains both PEDT and PSSH. The ‘
sulfonic acid groups contained in PSSH are distributed on the nanbsegregant Surface and -
provide the strong hydration force for water-capturing after the above-described phase -

30 segregation. Previous calculations have shown that one sulfonic acid group can c':aptur'ej

five water molecules to form a HsO," hydronium nanocluster. See H. M. Lj, et. al.,



20attri butable to the ionizable and hygroscopic groups (e.g., S03- sulfonic
groups) in the water sol uble polyner. The nanosegregant containing i mobile
hygr oscopWeo 2g11d8ps8i s surrounded by nobil e H+ ions (duePC@/S62edtoped? at i c
interactions), and also by hydration water (due to its

o BT oF CelbPmer S binnshgnol . PRT et o F BECPRB e oe B BoE" Al the
same ti Megialbehad IRNSRELREDedANSY tBE hidrop@t Sdnd 18ngth o8 Meimhsdudtéttie H+ and OH

ions by the charging vol taglg, whi ch nove in opposite directions. Wen t he
super capaggtificantly shattéenthahthateihulliwatent The 0, awooelustar formethe firkte negati ve

el ectrod ile and. 803- ni.ons.are |logated.in, the wcinity of the
cos 1 ve DydiRiorhe sl e by Rl ORGH Bictp R PrRaatdné Piedhrtathiy o ¢ e
hol dg t hewmesuptakEthedikh@rotoR delotdlfzatieaid N}er@%dﬁqiohdﬁ‘g. ahds, tahembeestd ve
charge near the 30positive el ectrode, thus achieving charge storage in the
super capaldigkgianosegregant capdrapsfarmn yarious fpsirate spfacesiafo supsthydgaphilicel y char ged
nanosegr e . - : it i ctates that
the electro %esl(’ g“%‘éS%‘S@P%’@%‘)é%‘%}ﬁ%ﬁ%&?@fﬂﬁaglﬁge‘gﬁr{‘e@?‘g %&h t he .
observati on t hfike é¢dndustiveatobaacsdgregantiflbnvontdinothle \gamna keaser gblabke poiyrhére
positive el ectrode and, the jnfluence that small 1-1+ cations can, npve
through t# the pameyatesinsoluhis Rol AngHn MRaRANPEERITEINt: s e trp PRyt e,
negaf,i vel LG WL ; ] gant requires the
rmv?torrent % %ﬂhmadr%ﬂgggihﬁ%%%g{\&gﬁ?ﬁ?ﬁﬂ%’}gr%wnmﬁiegﬁm??gglte favorabl e due to
t he poor - sapeihyidtophdicit@ler wateireaptuiing tépacity.| The thickness| afithenhine (041666 punot

contain a ngno re t, just acts as,a typical conducting media for its

el ectr_oniW&?ﬁef%wl%%@&ﬁmwwmefgﬂénﬁi&lé\ﬁ"@‘g?a(cg%‘?éle‘gbout 65 nF/ cn? as
shown in an exq/hehehd oWt eRkibbdBodidPRIbSRREH Used ad & pb&itivd 8lecticdehAfingar ge
surface area of the nanosegegant.. The nom nal surface area of the :

nanosegr eyeeatingshat snalydes bathitbe hanosegregant and-theIondyciive Torrnarasegregandt t he

h j he ¢ i | sQ. hi. gh, which
ol B e 0l SRR Yoot PRSP GO T KL BRR BBl A o The

strong el @eétfodstfiin/dledtiogt dardliwidtbédiffignationegr egant generates a | arge
counter-ion (Ht) zone and attracts thick shells of hydration water.

Therefore, theBethjhe pangsesregapbanchithe At absarbed iwrthe Aln sopfEbetgfatict or i s
ttribut : IL.QF f .
inoscor S AL P n R ShRGS DGR B bl

nanosegr eg arging volta ne”absor on water
provi des stofagé tethanismi.i Dhsndnosegrégang s saperhpdrephilibuasit i$ hegatugie chagedi tive

behavi or di sa ar s. when e sorbed water is 20rennved. LA

s upe%%apa@mfa%iq twth%lqnwﬁ%na E‘YS%’ECQHH‘% 1P {erfe s Svlﬁmwoaaﬁdgél&r egant
and the fj ' -ba i j at. qhi : a (e.g.,
2000 e /L R o b R R e s
an exanpl siwindedcy mobideHmixins (dud to eBposthticitdrystions)apinbalso pphpdmtoor | akes
can be added jnto an aqueaqus,25di spgrsion of .a water .sol ubl e ner and a
et er | noBREBID Jo S MR AR b Hen RS FGO0R Brf Iaiee 1 oV BPn a
super capagh koicedb thbe Bafh RS fIR8 1482649 thb Bl AR ERctrdde AUBEs&APARI! Bk t hus
prepared exhi bits even hi gher energy storage capacity. The coated '

subsgsr at eahsptbed dydratiomwatenss disseeratadritiodH r and OHpiohs buthiesherging yoltage,
anti -foggij mrrors and traffic si,gn self-cl eani devices.and. .~
nat er - har YASH et dpaBLe Bt N ips RiberaPaBristig Sargsd £ arions, e
that one &}éﬁﬂnhﬁﬁb hear tHegeRhitiveldéttrodas@ille@DH  (and SO5) anions are located in the S

vicinity of the positive electrode. This ionic relocation generates an internal field that o

holds the positive charge near the negative electrode and the negative charge near the

30 positive electrode, thus achieving charge storage in the supercapacitor.



the disclosure herein, utilize the present invention to its fullest extent.
The following specific exanples are, therefore, to be construed as nerely
descri pt iwe,200/187438t |imtative of the remai nder of thePdITSCROIOP@II N any
way whatsoever. All publications cited herein are incorporated by

ar

ref erence. 5Pr tion.of superhydrophil.i nd ter-capturj.n rfaces
A PEDT: PSSH poﬁ%?é mS?%ﬂ’&s e S%ﬂre ‘%gﬁw? {gléaé%%ﬁaf&ﬂn&ﬁ%%%rﬁg 0?% ny,
W w 1: 6), SOF) SithRPESIEVE cRESHRS dittalds thAR thelskR ol @isPoRRRER chURRANYTHIsGRM | i C

and water-capturing surfaces. In the dispersion, the two polynmers form
nanopar t i agresmens aith the obsegvation thatthesupercapagitive behawion anly taespleenen thed

pol ymer c t j ’ 90 i . j ed in Fig.
0 L oo BN & oBRaR b iubaC acothiL ML Blns oo moy Bt B e’ "
substsr at etoahélr hightmdtlitgriy that filanineohtrise Hegatately éhakging sHealéctddbesatedur i ng
the dryi ng,ﬁr ocess, the two pol yners formed a PEDT: PSSH nanosegregant on

t he substVithe napepegreprnbrequrssthe moyement ghOBk anipas thighehadbigkAm, whichiig cussed
bel ow, AFEM, 1A ;&% fi mgf oy ) g gr egant
and the fllll\qt% %Qﬁﬁ%%q\)/{\gégé}hdelélﬁggmve %J%té%t yfﬁinl' E@%enrhglh?t%wt ei oni zed
wat er t o motpostairt dranosepregagt, gupaatts as a typichheondntng modih fortt itseelgdtemicodndt he Si
surface, both bgre.-and nanosegr egant - covered, were neasured in a manner
simlar tOUHHAPNEYEYibed in S. H Lu, et. al., Langmuir 2009, 25, 12806.
The yater captpd mgh@%?@g.'&%u@%s WHIPcHRRAOHB M SR 3R bxhaSe BeloWyRERRE DY - :
20measuring the avérage thickness of the absorbed water film The average
t hi cknesssuparcapdsitar isadlated torthedange syrfanstanea ¢fghewangisegregant. nEhewaereinak apt ur ed
filmand thg size the water captured,fi.lm ,Th asur nt s _show, t hat
the nanosUBPEG AE ORAls SUPREHEAIp RITIEC s A 1Er ol i EHHSRERLT! Bt act
angl e of B)oredddpiR@ssiPS 98 thenhoSbregant ﬁl&faééli%taﬂgd%yﬁ%li,agﬁhkh ekplaindithd ng a
water filmas thick as 3.0 mllineters. 25Wen the drying process was
expedi t edstrangdiydratigs forge farile water-aanivning bghaxiet.e The strang plectrostaic field of
nanosegr e G t. N ' . . kS ,

i ndi 1%at ed&l‘? %;é‘“?sgr%%g?‘g%%’g&%‘?g %(ﬁaggéé‘%c%,uﬁ% 1%?81{1: & §}1 %I\%?dl Jntg %ﬁgu%asfr}\lggggt egant

f or mat i onhydéiftéon witer. PRTefbiB5tHeaapetcapacidifve phavactetigictof tige shipyrcapacitobisent
tenperature_for nore than 3 hrs, e.qg., 4.0 or 5.0 hrs, the ‘
super hydr @pihutabls toythe frmatien et ansglecing Aoptle layer argungt thg pangsegsayE dgeeFant

r emai ned » a I ] a SHR9Sear egant.
had a r ouﬂg@%{rlg g@g"‘#g a@ﬁ algi%%eéi : hﬁﬁéﬁog\'%ag %é&@&%fﬁﬁ@%}%ﬂ hIéelltg tg fof the ,
nanosegr egampe. WEhs, theGuperaapcitize belmwiorrdismappedrs whery the Bhsorbekwatenisl engt h - of

t he el ongat ed panosegregant was -165 nm The thickness of the filmwas
det éni nelfM¥he -1.2 m based on neasurenent of the height 5difference

between the f1Amubayssefbrd iinlanfn2ad fhdier NRNRRSH HRIAAbsGRUARCHdShe

surface. The filmhaada the same wdth and the | ength as the segregant. See
X. N. Xi efilngta caghon;bavednanopiatetiabthat Risyachigle ourface 21eh, (€.21 8900 m“/g) afihe fi -m was

oY gkl Sk B AFERAY T 1 SERTSRRESRN gy e PYgh Mo e e
nanomaterial. Specifically, graphene powders or flakes can be addgd into an aqueous -
25 '_ | dispersion of a water soluble polymer and a ;Nater insoluble polymer. This aqﬁeous | _
' dispversiorn is then used to form a supercapacitor By the same method described above.
The supercapacitor thus prepared exhibits even‘higher? energy storage capacity. |
~ The coated substrafe provides numerous other industrial appliéations‘, c.g., antif
_ fogging mirrors and traffic signs, self-cleaning devices and water-harvesting devicés. -
30 Without further elaboration, it is believed that one skilled in the art can, based on

‘the disclosure herein, utilize the present invention to its fullest extent. The following



10S 2p core level spectra were conpiled fromthe film and nanosegregant by
usi ng phot oel ectron spectroscopy (PES) in the manner described in X. N
Xi e, et. WD201IABBSBANO 2009, 3, 2722; X. N X e, et. al PCNBG2OMILOTHhem
Phys, 2010, 211, 2187. For the film there were two peaks | ocated. at
163.5 and_167. 8 eV.. The peak. at, 163.5 eV arose fromthe thi.ophene ring of
PEDT. andREREC GRROPIES M i o (5rsoRsies M R e Bl GPdafive ©
(R S(=0) 200 réthailEpiof theaRsdosufd RGAY Wy whatdoevel. All plbliRafsi stefhbidh 1999,
354, 129-135. The S 2p core |evel spectrum of the nanosegregant al so
consi st edargfinqopprped by referene& pondi ng to the PEDT and PSSH. However, the two
peaks of the nanosegregant were systematically shifted towards higher
bi ndi ng energy (by -1.4 eV). This was 20attributable to the charging of the
nanosgegr e ratién 6Lcipeshydrophilivamdavfer-obsiiedurfackhe PES measurement for
other core levels including Cis and S Iéjps{mThe chargll ng phenomenon

n

i ndi cat ed t hat AHFPhERS wpelend(C Ly P Fsracns Clavias @mbhf Im O her

than Si, o addig i t [ I ] | iC.

s anspar cositah 1R AUGSLAR diperdiort was tbd @ 5are EERyiMinfitedall °

by the sawsteRbaprtiagisuifases: i lndlk dilpersion, Thetwapaymesrfbas nampgttietespéachar e ‘and

nanosegr egant - cover ed ate surfaces, were neasured and t r enent
oeut o cRaing Efamefen of A0 S o B £CSRbINE Perepconcemr B U Dt
regajdl esgy Rtignpt er wettability of the surfaces of these substrates, the
nanosegregant transforned all of theminto superhydrophilic surfaces with
30wat er cont acfs dhugirated imFighé, a BRQE:RYSHaqugordrop wadfirst cast onto the :
2011/ 08745%%@4)? .’?gp slujf)/stggg 911]1'(? le-ﬁatgldery git a?n%blgrgtrtgr}lgerature for about 3 hrs. During

the drying process, the two polymers formed a PEDT:PSSH nanosegregant on the

substrate and a PEDT:PSSH film on top of the nanosegregant. As discussed below, AFM

15 methodology confirmed the formation of both the nanosegregant and the film. The film

was then removed by gently rinsing it with deionized water to expose the nanosegregant.
The water contact angles of the Si surface, both bare and nanosegregant-covered,

were measured in a manner similar to that described in S. H. Lu, et. al., Langmuir 2009,

25, 12806. The water capturing capacity of the rianosegregant was estimated by .

20 measuring the average thickness of the absorbed water film. The average thickness :was
obtained by measuring both the weight of the water captured film and the size of the
water captured film. The‘measurements show that the nanosegfegant was :
superhydrophilic (exhibiting a minimum water contact angle of 8°) and possessed a greét
water-capturing capacity (retaining a water film as thick as 3.0 millimeters. ‘

25 . | v When the drying process was expedifed, i.e., fast drying.in ivacuum for Several . ’
minutes, no nanosegregant could be observed after the film was rinsed off. This | |
’indiéatéd the importance of the drying process during the nanosegrégémt formétion.f
When the PEDT:PSSH aqheous dfop was left to dry fclt ambient température f(‘)'r_" more - :
than 3 hrs, e.g., 4.0 or 5.0 hrs, the superhydrophilicity and water-éapturiﬁg capacify of

30 the nanosegregant remained about the same.



CA of bare surface CA of nanosegregant-covered surface Si 40 8 Au 65 7
A ass 53 12 Mca 60 13 Plastic Transparency 62 20 Due to its
super hydr\spRo11/a8745¢, t he nanosegregant showed an anti - f 8§FiS6goafopeds. A
gl ass substrate with a nanosegregant on its surface was placed above a

vater boil er By RRAPRALAfa 18l Bl ShSADca A G éreeﬁonga?e%%ggendeméd
The average width and height of the nanosegregant were ~70.0 and ~2.4 nm, | ‘ '
'respectlvely The maximum length of the elongated nanosegregant was ~165 nm. The
thickness of the film was determined to be ~1.2 um based on measurement of the height
5 difference between the film-covered Si surface and the nancsegregant-covered Si surface.
The film had the same width and the length as the segregant. See X. N. Xie, et. al.,
Macromol. Chem. Phys, 2010, 21 1; 2187. - |
The film was removed by water in seconds_. The nanosegregant, on the other
hand, remained on the Si substrate after immersion in water for half a year.
10 | ‘S 2p core level spectra were compiled from the film and nanosegregant by u.sing .
) photoelectron spectroscopy (PES) in the manner described in X. N. Xie, et. al., ACS ‘
NANO 2009, 3, 2722; X. N. Xie, et. al.,Macromol. Chem. Phys, 2010, 211, 2187.
For the film, there were two peaks located at 163.5 and 167.8 eV. The peak at
163.5 eV arose from the thiophene ring of PEDT, and the peak at 167.8 eV originated
15 from the sulfonic. group (R-S(=0)2-OH) of PSSH. See G. Grecaynski, et. al., Thin Solid
| Films, 1999, 354, 129-135. :
The S 2p core level spectrum of the nanosegregant also consisted of two peaks
corresponding to the PEDT and PSSH. However, the two peaks of the nanosegregant
were systematlcally shifted towards higher b1nd1ng energy (by ~1.4 eV). This was -

20 attributable to the charging of the nanosegregant, as such a shift was also observed in the
PES measurement for other core levels including C s and Si 2p. The chargmg
phenomenon indicated that the nanosegregant was more 1nsu1at1ng than the film.

Other than Si, four additional substrates, i.e., Au, glass, mica and plastic
_transparency, were also used to prepare a nanosegregant on their surfaces by the same
25: R | method described above. The water contact angles of bare and nanosegregant-covered
o substrate surfaces were measured and the measurement results are listed in Table 1
below. ' B o
Table 1 below shows that, regardless of water wettability of the surfaces of these‘ -
substrates, the nanosegregant transformed all of them into superhydrophilic surfaces With .

30 water contact angles in the range of 7° to 20°.



formed a uniformwater |ayer on the nanosegegant-covered surface and
droplets on the bare glass surface. In other words, the

nanosegr egenbtiadvessed surface remai ned transparent and trhe/sigasa/ogiass
surface was foggy. O her than the superhydrophilic feature, the .
wat er - capturi ng capacity of the 10PEDT:. PSSH nanosegregant was al so tested.
A Si substrate with a nanosegregant de#blek syurface was di pped into water
for a fewseconds., A water fi[fifm having a thr gkn - . ~as|
formed ekactly WaBkeatd he nanqsegpesiate dpdcd odat ?50?%?%%%%{‘?%§{eﬁe '
nanosegr pgant retained a great anount of water|. Simlar safaee-capturing
behavi or fwas—al-so—observedfdr—anangsegregantt on—a—Au—surface—The shape
of the nanosegregaﬂqﬁ‘t was 15purposel y49rade i rrggul ar. Afterd bei ng di pped
into wat gr, the n Segregantl capturgg- a water ftmthat adexactty the
i rregul af__shape. e other three coated substriates listed in Table 1 allso
exhi bi ted such waGlass capturing capactsy. Prepdration of sepid-state
super cappei-tors—20As showninFig-— 2 an agugqous drop—of PEDT- PSSH bl and
describefl above wdicacast ontd a Au s@fstrate dnd left to ddy at anbient
t enper at prep;As: ) a RPEDT PSSE;f T mmang a PEDT PSSk manosegreygarit
vve?g for md;Plé&lfﬁrf$g r?%‘r%se regant di sposed hetween the Au subst?atg and
the film AFMinmages showed that the nanosegregant had an el ongated

structure, packed densely gn the Au surface and having a | ength of 50-;120
nm and a hei ghPugfo is %lpsr@dw&hhcrweaﬁmrﬁﬁg,re_&w shpvgedsngnti- fogging sffeetat ed

that the #i trAHC i R i : i i ) Ehd: '

Fimal ly, Ad S (e AR Pk Btarckar pn AR s M able £ B Ba g
superscapagénerated Eater stodm.v SWheadke Whid) steam wesdensgdeorto thei dlasd stibstrate, ki s

super capagi tor by. scanning 5the Au el ectrode volta in the formaf 0->8->0
VRt i Tl SELRE HLE Taveh Y Hg Ralipsreicentroe e Sdre And AEonig ob fing

hyst er esi garb glase i fdcb e ] h¥ek&kds QheBanbbe@Bshnt-B¥Rir&EsurBee eAin&ir rent s. The
hysteresi s depended on the voltage scan rate v; nanmely, the higher the v,

t he gr eat wanspargnhansiithe bare glasyburfacheraadoggy. i s i ndicative of charge storage
in the supercapacit,or., By integrati the.,area Ah (the active_.area of Ag
el et rode was 001 g pofuristy ey bbb i e il RGBS Ton 0 -
A h {ohe t pEDTAHSSHBAHYbeRE RN VaYRISo sl OMNESE SuBstidiewitH RGTaf G afdghf oniBsS .
estimated to be about 14.4 nC. The supercapacitor was al so charged by a

const ant #uiface fas dipped mte water &r afgwisesendss Anveter Blnewvipgaghicknessgé of 5.0 -
8.0 V appli I [, SC . re. the
Sover oo lS O SR e AR RIS R e 2
super capasdrioségrefuvtained 4 Pieadmanpeof watef. U$imilad hWatgeapiofingbetlaviy was '

also observed for a nanosegregant on a Au surface. The shape of the nahosegfegant was -

15 purposely made irregular. After being dipped into water, the nanosegregant captured a
| ‘water film that had exactly the irregular shape. The other three coated substrates lis'ted‘in» :
- Table 1 also exhibited such water-capturing capacity.

Preparation of solid-state supercapacitors

20 | - As shown in Fig. 2, an aqueous drop of PEDT:PSSH blend de_scribed a_bove wavs_' = 'i' N
| cast onto a Au substrate and left to dry at ambient temperature. As aresult, a 3 | " :
PEDT-:PSSH film and a PEDT:PSSH nanosegregant were formed, with the nénbéegregéﬁt‘ » g
disposed between the Au Substrate and the film. AFM images showed that the |

nanosegregant had an elongated structure, paéked densely on the Au surface and havinga

10



2.2 V. Under a discharge current of 1.0 mA, the voltage of the

super capacitor dropped from2.0 Vto 0.02 Vwithin 1.2 s. The discharge
time i ncr¥aget/asmss335 s when a nuch smal | er di scharge ®CGTSEA0119P00@9 001 mA
was used. The discharge current was al so detected with a constant

t d h,th t 2
Lhe i nit i Eneban pnr2 o the s Shh S LR BRGh Shatraflh SRt o iy indishsd . “men
R was - 100fakihé filtWeasiniibdhi tnickexuwemwﬁ@&hel@htt&rebemdwo 13h. BRMEY, aA% élu@nd the
di scharge took -2000 s. gone plot was constructed for

super capa®hs pastadsinthe ﬁémathabfoamﬁwa Ag/RBIET:RSBH{ Awhsupernapagitor.and r esi st ance

nmet hods descri | S|ty
was quite st ab?ﬁgf&%gtg%ﬁ ?{?Sfﬁggso‘%re% ﬁ’i’ﬂg&] :Aﬁleﬁlg B%a%%glt(ge?&én:ﬂ%
nMaxi sum phevu elenide wolage 1ﬂ;1ﬂ@fandf@—>&-9@Whﬁdlfﬁransdahaite§ €Ny Dedirve®r -
el ectrolyte sol ution-based sypercapacitors, %?}?Y E. Conway,

El ef:t roc h%‘ﬁ‘ieé%?ﬁrlaS@ﬁé? By sfEqnediysteresisiberwgen;the aréir@m%w a%ff“f‘@éhnol ogl cal
AP co. e (130 Vel ATRCRR ST BRI bt Voligedfoth SR Linshitiondt D

capacit anh:lgh& thouttheipreetee t}gmyEteres;se dihiis b)ehampansl ihdinateve@fchange stofage in :
capaci tance C' and ener denS|t 81' tE?he super %p citor using the data
obt ai ned B SERfECAPAEHAL- s‘BY‘@E?é‘&g %rf’%\ ( EF‘?téVr‘?tar geleefods ¥ shet hods.
The and re obtai mal i zi ng .t hd, nd. E t.o the ‘
AN ipl o R e R R L MR R
determ ne&rabéés@@tbfeﬁ@nﬂfé‘ sub&@aﬁdcitm WhSes (648 t6 Beiabowti Tuly @Cm crobal ance. |t
was about 0.1 for the filmwith an area of 1.0 mR2. The Cm and Em were
about 6.5 Fi g Tlotsupsroapacitonwiarplsprphargeribiga sonatant Ryrent eEp8amAvet y. In

dd , )
20110 26 Aty SRERGEPUREY PP B RSt 35 B9 oRREE g U o210
As | i st edthen diselidrgedto rﬁd%urertﬁé poywereint ies aﬁrgyxlethlvereﬁrbertm)mmpwﬂdrt he

correspondj ng_ ca C|tances were jn (greerrent wi th those obtained in
constant ERg fudlyc arﬂad snestanatitor showsdmbypisaperragarcut yolipged polb8hod C (nF)

2.2 V. Under a discharge current of 1.0 mA, the voltage of the supercapacitor dropped

from 2.0 V to 0.02 V within 1.2 s. The discharge time increased to 1335 s when a much
smaller discharge current 0f 0.001 mA was used. The diecharge current was also
detected with a constant resistance R connected With the supercapacitor. When R was -
20 . 5.0kQ, the initial current was ~O0. 4 mA and the dlscharge completed in 9.2 s. When R
was 1000 kQ, the initial current was in the order of several HA and the dlscharge took
~2000 s. | | ’
A Ragone plot was constructed for the supercapacitor using data obtairred inv the
. constant current and resistance methods described above. The Ragone plot shows that
25 | the energy density was quite stable (~3.5 W.h/g) durlng the entire discharge period. The
' maximum power density was 11000 W/kg, comparable to that reported for electrolyte |
| solutlon-based supercapacitors. See, e.g., B. E. Conway, Electrochemzcal ' .
Supercapacitors: Scientific Fundamentals and Technological Applications, Kiuwer
Academic/Plenum Pubhsher New York, 1999; A. S. Arico, et. al Nature Mater 2005
30 4, 366.
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(ml)) Cn (Fig) Cs (nF/cnm) Em (Wh/kg) Constant current 0.65 1.30 6.5 65
5 Constant resistance 0.62 1.26 6.2 62 3.6 Digital thernoneter 0.68
WO 2011/087458 PCT/SG2011/000019

E
3.

Table 2 below lists the capacitance C, output energy E, specific capacitance Cmy
specific capacitance Cs, and energy density E, of the supercapacitor using the data |
obtained by the above-described constant current and resistance methods. The Cp, Cs,
and E,, were obtained by normalizing the C and E to the PEDT:PSSH film mass of the

5 supercapacitor. The mass of the film was determined by peeling off the film aﬁd _
weighing it with a microbalance. It was about 0.1 myg for the film with an area of .
1.0 mm® The C,, and E,, were about 6.5 F/ g (or Cs was 65 mF/cmz) and 3.5 W.h/kg, -
respectively. _ | ’

In addition, the fully charged supercapacitor was used as an energy source to

10 power a digital thermometer (1.5 V, 0.06 mA) for durations of up to 60 s. As listed in
Téble 2, the energy delivered to the thermometer and the corresponding capacitances

were in agreement with those obtained in constant current and constant resistance

methods.
15 - Table 2
Method C (mF) E (m]) Cn (F/g) | Cs (mF/cmz) Emn (W.h/kg)
Constant ,
0.65 1.30 6.5 . 65 3.5
current '
Constant : : ,
0.62 1.26 6.2 62 36
resistance . - o ,
Digital - ' I
0.68. 1.35 . 6.8 - 68 1T - 3.6
thermometer Lo

This supercapacitive behavior was found to depend on presence of water in the
film. Some water remained in the film as the supercapacitor was prepared and -
measurement were perfbrmed both at ambient témperature. When the supercapécitor was

20 placed in a vacuum chamber to remove absorbed watef, it was found to lose the charge -
- . storage function; namely, the IV curve of the film showed no hysteresis. Only a
negligible open circuit voltage (VO;) of 0.3 V and a‘short circuit current (/i) of 0.2 pA R '
were observed after fully charging the supercapacitof at 2.0 mA for 20 minutéé. These o

12



1.35 6.8 68 3.6 Thi s supercapacitive behavior was found to depend on
presence of water in the film Sonme water remained in the filmas the
super capaNPL2011/0884658 pr epar ed and neasurenent were perfor REA/SGA01/08001Aambi ent
tenperature. Wien the supercapacitor was 20pl aced in a vacuum chanber to

renove absor.bed water. it was found I he char.ge, starage function;
el s O RRRRIRG ek R Htatp 4nuPiola bRt haa -t WA aTerd® iRk Ssegl g bl 6
open ci r cobservea it EAGAVIAE absosbed wardr.a short. circuit current (I'se) of

0.2 tA were observed after fully chargi ng t he supercapacitor at 2.0 mA for
20 mi nut es. _ThEb@supﬁ@@mqltml@héwphwghgmp towlse depend engrageecegifal. 89 - 2.2 V

and a ' Sc_of - 3. : it h the fi | SQr he ter.
The super%agl[())g(%r %a\l}g %ea@\?lﬂ@r %ﬁ%gﬁ %gﬁlbéanPgBidjé@emﬁnﬂgrgggce{&%:ﬁg a
nanosegr efpamtd oh B A supfate by fakdingmatlayepinticturh #yeevéralPinutgds. ®fo PEDT: PSSH

was first 5fornmed on a_Au surface by fast drying the layer in_vacuum for
sever al nﬁﬂ%@f%@gambvvﬁ%mé PEHRSrYing Bracessiwes tae Shark Thiy g confrmeddynas t oo

short. Thi,S, Conkd fﬁ%‘&ﬁ ) ke Qs _ are TMMRIAY e surface
covered bf/1 tﬁg&f h?l?gr*%ye .1 é;l\r?, ifgﬁeeg%s&g?8%%‘?%&%1‘3‘%@?@"&3‘#&%%&5% en cast
on top of o FEDTRSSH tlgrel wasothewcast an capnafitbé thin layer tbHferns arbntod! fflml. riftel so di d

not contain a noseqregant. |V curve conpil.ed fromt, control 10film
showed al SARGE! Fm RS fid B CantatRen FAOSMEEERIER AbFouy s CopRileg(Eagm e cofrplyy

chargi ng fike smr&nﬁgﬁgﬂog%%te?ésis%ug t6BbskRbe A MinBstefPan@ AAQChfgi 8O - 0. 40

Vand a Lc of 0.1 - 1 were observed, indicating the |ack of the .
super capagtipeioapadifehatd. @ mA for2Renidutes.cel < 0030 i (4P Vmadadartof 611 + &PavA and t he
control film.ln addit.ion t ransparent..flugrinated tjn. oxide (FTO
conduct i riyeohsdvaf et B of (R AHRAEM L BRI e ePieds' o ect r ontes
to preparébn‘ﬁdiﬁﬁ?@l@@ﬁhbﬂa&era‘ﬁdbh@c&trbﬁﬁﬁﬂ\! lists the capacitance C, output
energy E, specitic capacitance Cm C, and energy density Em of these three

super capaci t or 5 additiongo diu franspatent fluerinataddin oxydd(FI Q) copdugtingtglassapdy)
15 graphite were also used as the positive electrodes to prepare supercapacitors. Table 3
below lists the capacitance C, output energy FE, specific capacitance Cp,, Cs and energy

density En of these three supercapacitors having different substrates.

_ Table 3 _
Substrate C (mF) E(@m]) | Cu (F/g) C, (mF/cm®) | En (W.h/kg)
Au 0.65 1.30 6.5 65 35
FTO 0.66 126 66 | 66 | 36
Graphite | 068 | 128 | 68 | 68 36
20 Table 3 shows that C; wasin a range._of 65 — 68 mF/cm” and E_, was about

3.5 W.h/kg for all three different supercapacitors, indicating that they had consistent
~ supercapacitor performance. | ‘ v
More supercapacitors were made by the following method. Graf)hene bowders or - .:
flakes were added into the PEDT:PSSH aqueous dis}iersion, this aqueous disp“ers’_ion was
25: " then used to form a supercapacitor by the same methb_d described above. Thir.s -new :

supercapacitor showed an increase of energy storage capacity by 5-15%.

13



ml)) Cm(Fig) C (nF/cnmR) Em (Wh/kg) Au 0.65 1.30 6.5 65 3.5 FTO 0. 66
6 6.6 66 3.6 Graphite 0.68 1.28 6.8 68
WO 2011/087458 PCT/SG2011/000019
OTHER EMBODIMENTS .=

All of the features disclosed in this specification may be combined in any
com_bihation. Each feature disclosed in this specification may be replaced by an
alternative feature servihg the same, equivalent, or similar purpose. Thus, unless -
5 expressly stated otherwise, each feature disclosed is only an example of a genéric _serieS :
of equivalent or similar features. | - ' | -
From the above description, one skilled in the art can easily ascertain the essential - -
characteristics of the present invention, and without dep'arting from the spirit and scope |
thereof, can make various changes and modifications of the invention to adapt it to

10 various usages and conditions. Thus, other examples are also within the claims.

14



3.6 20Table 3 shows that C, was in a range of 65 - 68 nF/cn2 and Em was
about 3.5 Wh/kg for all three different supercapacitors, indicating that

t hey had wonsiizisess8 super capacitor performance. MoreTsepensa@agi t or s
were made by the follow ng nethod. G aphene powders or flakes were added

into the T P us. di spersion, this aqueous dispersion was 25t hen
used to fmglgm%ﬁ'or by the sane met hod descri bed above. This new
super capacitor showed an increase of energy storage capacity by 5-15% -
OTHER ENVBEDIAMVENTed substrate gpIppisinghe features disclosed in this specification

may be combi negeddtingMat GRARIR AW R infdPle boFHer Sndh RatePSQdbll aﬁﬁ T
specification n%yﬁgg raepl'aced by ar%nal te?ﬁa?ﬁ%e%?eaturee- ser\?irbr? tﬁ’e sane, -
equi val ent, aod simlar purpose. Thus, unless 5expressly stated otherw se,
each feature disclosed is | vy an _exanpl e of -a generic series of equival ent
or si°mlar feat Eﬂ%ég‘?‘te covere‘?g}'ﬁﬁctoﬁtén%bove description, one skilled in the

art can easiyhérés BRItWalpolh& s, AR 98 Hiffdrert R @ GBityS tdriSa RMdnok&epimesent
invention, and w thout departing fromthe spirit "and scope thereof, can
make vari oudavingadhickngssiorbdOmimcat i ons of the invention to adapt it to
10various usages and conditions. Thus, other exanples are also within the
claims. WHAT IS CLAIMED I'S: 1. A coated substrate conprising: a coating

t hat i ncludghezoxved subsirae@feliig 1poihgrea theRehter soRbRI paiphedtihéluged ymer; and a
substrate covered by the coating; ' .
10 carboxylic groups. ,

3. The coated substrate of claim 1, wherein the water soluble polymer includes sulfonic

groups.

15 4. The coated substrate of claim 1, wherein the water insoluble polymer includes aniline

groups.

5. The coated substrate of claim 1, wherein the water insoluble polymer includes -
thiophene groups.
20 - | | |
6. The coated substrate of claim 5, wherein the watéf soluble polymer includes fsulfon:i,c': ! t |

groups.

. 7. The coated substrate of claim 6, wherein the water insoluble polymer is poly(3,4-
25 ethelynedioxythiophene) (“PEDT”) and the water soluble polymer is poly(styrene ’
sulfonic acid) (“PSSH”). ‘ R

8. The coated substrate of claim 7, wherein the ratio between PEDT:'and PSSH is1:2.5 |  ‘ i

to 1:20 by weight.
30
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wherein the two polyners, due to different water affinity, forma
nanosegregant having a thickness of 1-10 nm The coated substrate of claim
1, wher eiwoth"/0824¢58r sol ubl e pol yner incl udes carboxyl i ®CESGapd/0000he coat ed
substrate of claim1, wherein the water sol ubl e poI ymer includes sul fonic
groups. The coated,s ate of claim1l ter | ybl.e

pol ymer i-ﬁ.cﬂﬁ)&é:gatgﬂpu ﬁ' dtfﬁt?ﬂ)‘slg SreHb@FV\% F?‘h f%#’é%ﬁiq er ei n

t he water ir{;&&éﬂ{_ﬁﬂ e pol ymer includes thiophene groups. The coated substrate
of claim5, whérein the water soluble polymer includes sulfonic groups. The
coat ed substrate of claim®6, wherein the water insoluble poI ymer is-

pol y(3, 4 I e X R ) 6" ")..and the ter ubl Q ner is
ol (st yr M TP RER pE e s R dupbereiihe et Bns B F st By ™

wher gi n the rati o between PEDT and PSSH is 1:2.5 to 1:20 by weight. 9. The
coat ed substrate of cllaim8, wherein the ratio between PEDT and PSSH is 1:6
by wei ght 11.{lhe copted sehstrate of ghamylapvhiersin the appesegregartihas A Wakes caniaeisaagleegant
has a thi ckrbe%szsof 1-5 5 11. The coated substrate of ctaim11, wherein the
nanosegr egant has a water contact angle of 0-25. 12. The coated
substrate of cI aim1l, wherein the nanosegregant has a water contact
10angl e of _5- g The C aied sub trattg of claim1, wherein the
nanosegreb%tr;[thel?ﬁéte sebsgratsiatictam;1d, WAgFey e gaRQseEeedt has hy@feﬁﬁoga‘tthr ckness
of 0yl-10 mpellk4.00the coated substrate of claim 13, wherein the

nanosegr egant captures a water film having a thickness of 0.5 - 3.0 nm.

15. The coated substrate of claim 7, wherein the nanosegregant has a '

t hi ckness 1-5 nm .a, wat ta | e of 5-20, .and t anose egant
has. & caphbi THECGAEE SWRTAGAE LD OnapEret e dREABiREAL 1o CRRRELLY B

nm 16. The GeatefinShRetg Alttckdbssdfd M dmmher ei n t he nanosegr egant has a

t hi ckness of 1-5 nin, a water contact angle of 5-20, and the nanosegregant
has a capability to capture a water film having a thickness of 0.5-3.0 nm

25 17 ﬁl rﬁttqugteg Sub3trERYt cpagmal3 Er%x% {Re ggnos@gr%gan& gptureg Q%jatecr%ri si ng:

having a thickness of 0.5 — 3.0 mm.

15. The coated substrate of claim 7, wherein the nanosegregant has a thickness of 1-5 ntn,
a water contact angle of 5-20°, and the nanosegregant has a capability to capture a

20 water film having a thickness of 0.5-3.0 mm.

16. The coated substrate of claim 1, wherein the nanosegregant has a tjhicknes_s': of 1-5 nm, :
a water contact angle of 5-20°, and the nanosegi'egant has a capability to cathre a =

water film having a thickness of 0.5-3.0 mm.

25
17. A method of preparing a coated substrate, the methed comprising:
providing an aqueous dispersion including a water soluble polymer and :a'water |
insoluble polymer;
‘applying the aqueous dispersion onto a surface of a substrate; and
30 allowing the applled aqueous d1sper51on to dry to form on the surface of the

substrate a nanosegregant, due to different water afﬁmty of the two polymers

16



provi di ng an aqueous dispersion including a water sol uble polyner and a
wat er insol ubl e polyner; applying the aqueous dispersion onto a surface of
a substr ave;20a8788al | owi ng t he appl i ed aqueous di sper siPEm/SGRIA0YD f or m
on the :surface of the substrate a nanosegregant, due to different water
affinity of the two polymers. 18. The method of claim17, further
conprising renoving excess applied polyners to expose the nanosegregant.

519. The retineehdhoddfalainli’y, finkiee Cbiiptifitg vai@ing&lcesy Hphed yolometstsl udes
carboxylic groups or sulfonic groups. 20. The nethod of claim17, wherein

t he wat er msmsetslllfenqwﬁwant ncl udes aniline or thiophene groups. 10 21.

The met hod of claim 20, wherein the water soluble polyner includes . o
carboxylic groups or sulfonic groups. 22. The nmethod of claim 21, wherein
t he at er19. Mhemethel gfdlainer7, wherpit the3yater shhbtdysolymedinoyésddasthstie) (" P
EDT") and the water soluble polymer is poly(styrene sulfonic acid)

(" PSSH"). 2§r°“PF|8rﬁ\ﬂ, Q?éﬁjgr(?f‘pgl aim 22, wherein the ratio between PEDT and
PSSH is 1:2.5 to 1:20 by wei ght. 20 24. The nethod of claim23, wherein the
rati o between PEDT and PSSH is 1:6 by weight. 25. The nethod of claim 22,
wher ei n t2{e Thanotlewt efpdaim Wasvhereimhthekwateggnssfluble polymer tnchalesanibonomact angl e
of 5-20, an nanosegregant has a capability to capture a 25water film
havi ng a thi R&Eé@gﬁ‘?u .5-3.0 nm 26. The nethod of claim17, wherein the
nanogegr egant has a t hi ckness of 1-5 nm a water contact angle of 5-20, and

t he nanosegregant has a capability to capture a water filmhaving a
t hi ckness2lofThe neti;dofrataimaly), whereimptheoydter-sotublespadviper inelpdes Ctadroxcqupr i Si ng

groups or sulfonic groups.

22. The method of claim 21, wherein the water insoluble polymer is poly(3,4-
15 ethelynedioxythiophene) (“PEDT”) and the water soluble polymer is poly(styrene
sulfonic acid) (“PSSH™).

23. The method of claim 22, wherein the ratio between PEDT and PSSH is 1:2.5 to 1:20
by weight.
24. The method of claim 23, wherein the ratio between PEDT and PSSH is 1:6 by weight; -

25. The method of claim 22, wherein the nanosegregant has a thickneSs of 1- 5An‘m a
water contact angle of 5-20°, and the nanosegregant has a capab111ty to capture a

25 - water film having a thickness of 0.5-3.0 mm. =~

26. The method of claim 17, wherein the nanosegfegant has a thickness of 1-5 -n'm a
water contact angle of 5-20°, and the nanosegregant has a capablhty to capture a
water film hav1ng a thlckness 0f 0.5-3.0 mm.
30
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a positive electrode; a negative el ectrode; a nanosegregant forned
from an aqueous dispersion including a water insoluble 5polyner and an
i oni zabl evoabewoss@subl e pol yner due to different water athrise20n/006019» he two

pol ynerss, the nanosegregant having a thickness of 1-10 nm and a
conductive filmincluding the water, i nsoluble polyner and the water soluble
pol yner ,  #hé sqlidnstate SRpegCapagifnr CRAPESINGF 0. 4- 500 m. wherein the

nanosegr egant | I Gbqpet ween the positive el ectrode and the film.

10and the fi I_né?%sq%‘?egéggseg bet ween t he negative el ectrode and the L

nanosegr egant . a 2égativéelestoddegl- St at e super capaci tor of claim 27, wherein the
roups or  sul fonic

wat er sol ubl e pol ynmer incl.udes .carboxylic roups. 1529.
The soliq-statgn j%&rs%?a&&rmﬁff&rn@ 4o ISRy P%fl}?llt%sw@@r?qsag@fmbre
pol yger- i nclygiserafil bh %iﬂl‘bfé%’&epiolﬁm% ARLRIAE 6 &rﬂ?ﬁfreﬁtowat@ﬁﬁﬁﬁ&b?ﬂﬁt ate

supercapaci tor of claim29, wherein the water sol ubl'e polymer includes:

car boxyl i ¢ ¢wopplyners, $hd Hannsagregantipyin@@thdknessind 1sH) nmd; andat e super capaci t or
of claim30, wherein.the water.insoluble polymer is o
pol y( 3, 4- ot hel 3 FEERERYR HrbpEine (e patsr isobible Ralumrand e wrte pUBS! yrer s
pol y(styrengoBihdrORt il Hathhg @ 'thioliéss of 83300 ubhe solid-state supercapacitor
of claim31l, wherein the ratio between PEDT and PSSH is 1:2.5 to 1:20 by

wei ght . 33. wheeeik Bleingnesegragantup dispagsd bietvpren dhie posiivie cbetrodpandihg fille rati o

bet ween PED SH i » ' o T [ d-S .
su p\gr%c apaci }Ic@ H%ffﬁg 3 idrlw%% 2 %ﬁdq’\/ﬁg‘g?e\e{){ﬁ}ﬁgpé‘%nﬁg ﬁlg gtg%dreea}gﬁg %ﬁ@%@?sé&r@aﬁ& kness of
1-5 nm the filmhas a thickness of 0.4-500 gm 35. The solid-state

supercapaci tor of claim 31, wherein the nanosegregant has a_thi ckness 5of

1-5 nm  tHe Thepphidratatesupsicanastsoigaim 24, s‘@sreg}rglewterpﬁ@bmqlmg& ate

super capaci tog ' ’ I &ifn; ueous di spersion further includes

a carbon- bag%}%udr%gﬁgﬂr?g%@rfépu atsglntg%&%?%@gh surface area and a high

el ectri.c conductivity. 10 ‘ ' '
15 29. The solid-state supercapacitor of claim 27, wherein the water insoluble polymer

includes aniline groups or thiophene groups.

30. The solid-state supercapacitor of claim 29, wherein the water soluble polymer
includes éarboxylic groups or sulfonic groups.
20 | |
31. Thé sblid-sfate supercapacitor of claim 30, wherein the water ihs’oluble polymer is : )
poly(3 ,4-ethe1ynedioxythiophene) (“PEDT”) andft_he water solub1¢ pol_ymér} i;s ﬁ |
poly(styrene sulfonic acid) (“PSSH”). L S

25  32. The solid-state supercapacitor of claim 3'1, wherein the ratio between PEDT and
PSSH is 1:2.5 to 1:20 by weight. |

33. The solid-state supercapacitor of claim 32, wheréin the ratio between PEDT and

PSSH is 1:6 by weight.
30 ’ '
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37. The solid-state supercapacitor of claim 31, wherein the aqueous
di spersion further includes a carbon-based nanomaterial that has a high
surface aveaoamd7ashi gh electric conductivity. 1538. ThecsscG2orsee
supercapacitor of claim 37, wherein the carbon-based nanomaterial is

r aphene. . oo o " ' .
grap - 34. The solid-state supercapacitor of claim 27, wherein the nanosegregant has a thickness

of 1-5 nm, the film has a thickness of 0.4-500 um.

~ 35. The solid-state supei'capécitor of claim 31, wherein the nanosegregant has a thickness :
5 of 1-5 nm, the film has a thickness of 0.4-500 pum.

36. The solid-state supércapacitor 6f claim 27,_wherei-n the aqlieous dispersion further.
includes a carbon-based nanomaterial that has. a high surface area and a high electric
conductivity. |

10 | o

37, The solid-state supercapacitor of claim 31, Wherein the aqueous dispersion further

includes a .carbon-based nanomaterial that has a high surface area and a high electric

conductivity.

15 38. The solid-state supercapacitor of claim 37, wherein the carbon-based nanomaterial is

graphene.
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