WO 2011/ 021982PCT/ SG2009/ 000288 1 | NTEGRATED ELECTRODE ARCHI TECTURES
FOR ENERGY CGENERATI ON AND STORAGE 5FI ELD OF THE | NVENTI ON [ 0001] The
present i nyenbiasikefers to the field of el ectrochem styd&iddos/ooo2ss

el ectrical engineering. BACKGROUND OF THE | NVENTI ON 10 [ 0002]
Harvesting solar energy directly utilizing energy converters, such as
energy converters using photovoltaic tkchnology is currently

consi dered as an essential conponent for future gl obal energy
production. Organic photovoltaic (OPV) devices are al so recogni zed as
a viable tion for oner version_technol o te
i th'tho BORbERain ELECTRODR A RERIERITRAS it it BTN
However,. the | ow power conversi oanad §roireagy of 15 OPV devi ces has
limted their existence in the market conpetitively as a stand-al one
device. Integrating OPV with energy storage devices such as
superzcapaci tors and batteri 'le‘i"Eg“E .5i ng alternative
apprgach to neet the increa?ﬁﬁg%ﬁo@ﬁgemn sﬁgﬁenergy st or age

syst ens [P@01§endihal pretdnt i invenfiongrefaredo t that fieldnbf relastyogitentisnyo bhdi electrical
devices with energy charge storage devices enables applications in

of f-gri F&AEHSw i ght situations and such devices are 20 deened
essential for w de spread adoption of photovoltaic devices. [0003]

There are considerable efforts in _devel o&iEn hot gvol tai c-battery
nmodul e by coupling on t oBASKGRONNR QT ﬁiﬁ@NE‘}O&ﬁ de a thin film

sol ab C@bdo23Nd Hardestikl YHRP Ghd) rdﬂé&hgzeﬁmaix%l%ﬁergﬁ Nh{ifehd, ORSh F KA Sy
el ectrical Tnterconnections which increase the I'nternal mechanical
resi st aferveserst ysingphvsevolisicitehsologyl imewranylyiconsilsrethas ams aseatinl eompenent
appl i catgl ' : | ;
oo T ottt BRkat el HRodtchll, ol BROh R, () vt e abdFeaided
wel | as aenediaple spitorafpe JovsiohaviaRy efOPorielsidri\ERIDI @ t8 Glotipes]with thefdurrently
aspect, th rresent invention is directed t hybrid devi.ce .
Conpr i RIS VeSO EEFOBAESRRES eSS EYTe e JoW B e Ry Be Aisierhet
uni t15COMMV 8éviges dhaé lifnsted EelGixis@iCe irbths e60RE cehnpefitivelitasadardalnedddite.
converting nedi um arranged between the first electrode and the second

el ect r odECETRiRG GF Y Witk cienay Horeaodrraces B asperopasters gad (eitswies fws offer
first ehagbbde Anshdile sBROMNohER!RO IR rcasind bodF UafRI ARy Widrigh

unit conprising a first €lectrode, a second él'ectrode and an
Sel ect r aysjanes inegngia]. lhisapeishized hab pernbiping hotpyoltaic sevieesawithe enasgn change

first a@@r&g@%eﬁ%gsoé}gbles applications in off-grid and low light situations and such devices are

20  deemed essential for wide spread adoption of photovoltaic devices.

[0003] There are considerable efforts in developing photovoltaic-battery module by

coupling on top of each other or side-by-side a thin film solar cell and a lithium-polymer

battery. Such constructions require electrical interconnections which increase the internal

mechanical resistance of the constructions and are typically not suitable for applications that
25 need flexible substrates.

[0004] Thus, there is a need for improved integrated devices which allow energy

conversion as well as energy storage,

SUMMARY OF THE INVENTION
30 [0005] In a first aspect, the present invention is directed to a hybrid device comprising:



el ectrode, the second electrode of the energy converting unit and
the second el ectrode of the energy charge storing unit being a shared
el ect r ode wbheoiwizosk| y connecting the energy converti ngeamsd2oeumoiske
energy charge storing unit; and wherein 10 the shared el ectrode
conprises a netal and a nanostructured material. [0006] In another
aspect, the present invention is directed to a nethod of

manuf acturing a hybrid device conprising a |layered structure of a
first Cmpom?ﬂergy&oﬁeﬁﬁﬁgl :cmm gnpesihg A ekt al\:;ﬂﬂéc:]dja@wﬂiﬁd) BRRBirode ar111d an energy
conprising: formng the first conmponent i conprises either 15
deposi t i GVEHIS FEARYR eEpRRe et i A lsPipde Ebue FETG Lasiods tW]}ﬁaem
uni t CONRE LSy AvESRhIkes PR¥EDELBEL AB it BlebAYRS andtPROGH ddbnddd;i I St
el ectrode l'ayer, or depositing an energy charge storing unit,

wher ei n t hearegrergy cledige sferisg onit rgmprising Gowpt elvelsodsn a speant ragoprode and an
medi um | r ) -fhLrs e I t

second congiolie ARAGR: Wetil ielineFy SRR oliiChotmecn HBIHNBGAF seognd
20 bei ng ekecbde, ed el ectrode on the energy converting nedium | ayer or

the electrolyte di.um l.ayer, wherein the secon | ectrqde | ayer
conpri ses a&%ﬁﬁaﬂﬁ%dﬁfﬁg@? rEEEY r OV TR M ?n% rF ?Eiﬁcém)f/iﬁiqfofhe
conponenineh §largeOBBfihg amitebéii@ra shared @RRASAd leRGRANE REAEIEH TV EhdrBy
medi um | ayer on the second el ectrode |ayer and 25depositing a further
el ect r odehyeatjrg uptandiibe encegpghassn e Mlovimsitayer if the first
COMRNENU. | o Sl EbkoRB BE itk Al ol i b RfructHRAGBGIaNT. 2N

el ectrolyte layer on the second electrode |ayer and depositing a

furt her [80G&dt r dulendthsrespesh thépresdng utveuntiont ie diragted to £ methed of menufacturing a

conpone I n.eneray. convertin ni t

2011/ 02 19msb0RRCOTHBHROONE BRcHRt ea AR somesyer: »prERapRRS: and
[ 0007] Thied comvemehtpcomprisingde better understood with reference to the
detail ed dﬁfcrip i on when consLd@red in cgnjunction with the
non-limti &ng%5%%F@§“5WﬁmFW€” & Hﬁﬁgﬁﬁ§ﬁ§1 rawi ngs, in which: 5
[00Q8] Fi gs lie%ﬁ_ﬁif@ A S8 &nverta R, FheBin b fehétef @Uhvetiiestt tdigstises
herein. The hybrid device of Figure 1 conprises an energy charge

storing un#tenergy cosyEEtingwediugplayeaprapged onsciirsbgleddiodelayenapy ch has a

shared el egtr +3Q i 0 i, t r : It i o
such as a phgﬁggg@gd?ge@%T‘Q%?£%f$%g%'§g’ﬂg%%ﬁgq§ gégggé%gg%roge o
i s conpri sednpisesammtciioldethedivnalapatarangadronc: fimst dedtaide layee ener gy

charge stoxing upnit 100 conprises.a,laver Q0 structure of .a, first
ol ectr ode tpiite e e SHRBEEE o, REHEG Bl fednfinfabt! Ty
el e@Or olbging angdeiedraléchyy@s ofl Ghé endrgy chnverttingansdiv Hays oh thehalecsdodyte thedium
electroge 30 which thus fornms the second el ectrode of the energy
charge s¥Fing unit 100. The shared el ectrode is on one side in
direct coni agheird fhe k&@n8 bRE&GR Ifed coRPHER IRt and 2 nadtdir@dturdel ehaddier
side with the energy converting nmediumlayer 22 of the energy

conver t i"ngfoumning ird yeigponemb waith ceppases ¢ithggde 30 al so forns

* depositing an energy converting medium layer on the second electrode layer and

25 depositing a further electrode layer on the energy converting medium layer if the first
component is a energy charge storing unit; or
» depositing an electrolyte layer on the second electrode layer and depositing a further

electrode layer on the electrolyte layer if the first component is an energy converting unit.

30



15 the second el ectrode of the energy converting unit 200. The energy
converting mediumlayer 22 is arranged on the first el ectrode 25 of

t he ener gywomv@nridsng unit 200. [0009] Fig. 2 shows a spdBsEindgoosssup
of a hybrid device of another enbodinent in which the hybrid device
conprises nore than one energy converting unit, wherein the energy
converting units are connected with th& energy charge storing unit in
series. Figure 2 shows a 20 setup of a hybrid device conprising two
energy converting uni t BREDRIDESCRIFTION OFCFHEDRASINGSe first energy
converthgggunit and an ene char ge, stor.in %git have the shared

el ect r od@V80.  THe BEaYAY “@hg’%g}l‘?ﬁ% Qg ergpsedh thesdgigiied description
connect gD bRIRARIPSorfhEoR WM o GORDILARE cRufpled ane 186 LEGHERSing

a second el ectrode 26 and an energy converting nedi um | ayer

ar r angeddpwingadnwhith: t wo el ectrodes 25, 26. The second el ectrode 26
of t d r vert it S S NOL - C .
'n con riegrtl”, I E e £ RONELLL Ml Ve opRia iR SRAEE HEHE A8 g
i s a shalexiteedfeEigmade aviniphistd an energgyclehgr giorisg amitntp0ysuth ad hebsieey rd
el ectrode 26 of. the,second ener, opverting unit .j.s electricall. ,
Connect PO WP RS & BetEH SlRsiot 6f 11 HBRRPR SRS Ay HRVETER Ay
uni t usizom, suchRb abhdaedlRidE. or 2ifhd] Q611 PBRsBared tleBrd Ry is 86mSRled OF a ni¥BY
be used for the netal paste 500. 30 [0010] Fig. 3 shows a schematic

setup ofand hypprqsgueieipd cratsriala e raereynesEBaRiatng mith] Whcammerisey 5 jagered
deviyge GRRBhteSES, Y Blelifidi %aﬁgé‘d & aﬁ%ﬁﬁélkﬁe’lﬁe&iﬁﬁtlayeﬁ@ 8 Bhd et fre

energy converting units are connécted with the energy charge stori
uni t i n rpedivh lasier 15 indn d@ect £OR1@ 8 MG SERA0I4dO02 86 whidhGksiprok the setond

h | ' i br, | ice 1O .. . .
1ot SIERGRE PEfe Khy Bnarke SREN B Pho, S R oftcRER' s Bn e pidg i direet
her ﬁi 3_. fc:céhgutrxeish ;ﬁé&ecﬁﬂﬁf&)m?cﬁ?ﬁmaﬁﬂ a5 éigcﬂ)rll ﬂh;w&al(; isifdg guimnhe gﬁt@oﬁoﬁﬁﬁg
W t | el.en S C res o e share r e . n r
Uhe s haeeig bkt aA16H 6 ety shireranngs 200, TBes i inpe clerodect Olsontpahs
comMi SeHe &dcofl ReARIAL BF FHeCdneFotoiRdrSig Bit 360, Wik Gherdy CodileAflEaRediiBR Tayer

each other. The netal |ayer is in dirrect contact with the energy
conver t i2Ads pERTigah PR BpdirstEiecpde Rroidhe prECMVERMERGItEAP-t whil e the
nanost r ed g ' . hS ot ' . ' ; : :
ol et rolfgt) o AT LbSS o TURLC S of Dl i IR e bbby wioh
Fi gur e 44Bhybrid dedbra cenipases cnogdbas @ne campreysemivertip ywite atherdin the enapgy

nmetal particles and a nangsir ured material 36. Iln Fiqure 10,4(C
The s oAbt utdrociAROR bHE bt ekl ah ik Sloriund T ferfh Fhap2 8hd e
met @0 nasinp af & hgbrtbddvinerndopkising $ws efidrgy eord8rtinlgnmits eorgietrod irezrits, wherein
metal n no&%{ticles are. bound at the surface of the nanostructure

mat er i alBS/ S SRGEH RV eIFIng It a0 a8 ShETEY CRETSP stqring wintiaxs the sbeted g@@e

conpri sy, qhé 8¥Rhd Rherdy NRRASHiAY Ghid MARCHR! &It Bhndtfed2dttha sha¥E Elettodf 30
ei ther a physical m xture of nmetal particles and a nanostructured

mat er i alcopRAse adirstLlopdnga BP . roteapeladrogn 26 end pn whgrEY: cosrtimgmegdium layer
nanopar b Gl aeddMifbet tnd td AbBEDS 3¢, Tre O ecble 204 fthe SRBHE ebrgy
schematic reptesentation of the assénbly of organi ¢ photovoltalc
(OPYF webrtertierunis isamt esbargy elecmder i naptrast, thei secadelafroddef the Brst ehergy

devices illustrat.ed in,Figure 5(c),..n |y the enbodi nent .of hybr i
devi ce §ﬂ%‘(fﬁﬁhr§nu?lﬁés PeTEr dﬁ?r@?ﬁl?ewglt 3@3%‘?{@’ i haige Ei(z‘?'}ir’fgi Ej‘aﬁe ﬁtea%‘x’n
shows acpiapRbRge@ph tef sdcbed GhdMey 'Ehhﬁerm%hﬁﬁ i RIecHRAN caihebrsd WatIE tHef fird0

an assenpl ed_device configuration in which ten devices 502 are
ar r ange@§lestods 25 of the firs greray-Ropverting upk §sigg acmels! pasts 6QD. SBibver pagtpeor a

CPV el eﬁﬁpg&"@%5%%%%39‘&%2§h§ﬁ%@5é%06Xt ension for clipping. The

circul ar i nset an enl arged view of the active
| ayd® ofORSHT- PigBMshdws hechemvtic e efia Inhiiddlelica of anpiree smhodimend invdri¢hc

chai ns %:]:e ﬁy“?blhrﬁ device comprises more than one energy converting unit, wherein the energy

converting units are connected with the energy charge storing unit in parallel.



while the circle represents PCBM (C60 bucky ball structure)

nol ecul es. Figure 5(b) shows a 25 schematic representation of the
assenbl y oWwoaoswpgsgapaci tor (SC) which serves as ener gycoes@nerR002s8
storing unit in the hybrid device illustrated in Figure 5(c). The
inset in Figure 5(b) shows a photograph of the supercapacitor. Figure
5(c) shows schematic representations & two different enbodi nents of
a hybrid device. On the left of Figure 5(c) shows a cross sectional

vi ew of [gomybr F%dﬁ‘gh&ﬂ; &9 FRhtgdngeRnofQP Yediddl & thegbeidpdevideon illustrate
wherein the 30 shared el ectrode (Al +CNT) conprises, an al um nj um((:ﬁb\l)
| ayer adiffoens cnbadimentnelisthe fybud davipe gescrip ?IP@eHI%}?BS&SK dtB), 4(C) and

tub i . Ej g ) )
nanot u a@?)d Sﬁg& Hrerd %&Bm’%&‘é&vﬂ&%{lﬁ‘gﬁ R uReChPRR SRR Q8@odY 30V

of a hyb evice conprisin | a supercapaci tor wherein the
shar ed Fir@ A2 8dRETHSG2IDB/00PHSSE] & achefel lnyat 34 codrplavseeoraprised) of

d ted b K, i.€. b t i .
bountl AG HABRARErRta: 3 ol e slasfe SR 0n ERE: 1RE B 1l 916
cyclic vdabdadoangt aithanel eftrgyrcentdiing alediven Uy aDafttht etergh abgerthtpcunit
di scharge curves for suger capaﬁi tor _devyi g_es with S el ect

de gnd
PVA 5. o othile dhe BpHEVCIERS RaIGIE) JAyer PR aR ) diRsc Contact s the. slecigi (s tedtim

under A | ' | R ggl%e | t
constru ?:At}%{ ﬁg #y%lrj inadﬂé?eylv ?Jg%g [S%g?%]ﬁgng@c%ws hows ?:i(l?r%\:/)\glsdj %ﬁf dﬁﬁ/ltﬁ%%%)

i || uni naeiprisesia physicAIrRPCBRMistal particles agpy wagstasteshmaterialq. dn Figure
' ' | g} Fi 8 1.
Ze&g&s %g?)‘é‘e%ﬁ%gpneﬂ@t{ﬁe_ 80 ¢ nk@#rfg]aﬁngb&gm WS fbrial -wiciF Wa¥ CmBal

Si conpari 3on. shows a schemati c
i |1 ust r ahhopartizted botud af its $ukfavs 88.dthione eofbodintenb fiednealoragypaticesage bound

device W th drop-casted CNT network .an.Al .cat hode har e I r.od

Gur | ng ChiiecHiRe Hs oaabioRi Batud it e JFRe. otn i SaltegfipEyif st
done by cReRHRCI0 Bemprisks Uay@Sifsd Qindstuddareadlth@éridl o2t i Hydyer d4 df¢ithe. a
The charge and di scharge curves of the hybrid device are plotted 15

as a fuBBYsiesh mEKtuyg plemeigl pRgigies and é.)l:l_anostructured material (44°) or a nanostructured
15  material which has metal nanoparticles bound at its surface (44"").

[0012] Fig. 5(a) shows a schematic representation of the assembly of organic photovoltaic

(OPV) which serves as energy converting unit in one of the hybrid devices illustrated in
Figure 5(c), namely the embodiment of a hybrid device shown on the left of Figure 5(c). The
inset in Figure 5(a) shows a photograph of the OPV. This photograph shows an example of
20 an assembled device configuration in which ten devices 502 are arranged on a 1” x 1”.
substrate. One end of each device 502 is the OPV electrode while the other end is an
extension for clipping. The circular inset in Figure 5(a} shows an enlarged view of the active
layer of P3HT-PCBM of the OPV. The serrated line represents polymeric chains of P3HT
while the circle represents PCBM (Cg bucky ball structure) molecules. Figure 5(b) shows a
25  schematic representation of the assembly of a supercapacitor (SC) which serves as energy
charge storing unit in the hybrid device illustrated in Figure 5(c). The inset in Figure 5(b)
shows a photograph of the supercapacitor. Figure 5(c) shows schematic representations of
two different embodiments of a hybrid device. On the left of Figure 5(c) shows a cross
sectional view of a hybrid device comprising an OPV and a supercapacitor wherein the
30  shared electrode (Al+CNT) comprises an aluminium (Al) layer arranged on a nanostructured
layer comprised of carbon nanotubes. On the right of Figure 5(c) shows a cross sectional

view of a hybrid device comprising an OPV and a supercapacitor wherein the shared



[0017] Fig. 10 shows a schematic illustration and circuit
illustration of a hybrid energy storage device with Ag decorated CNTs
(Ag- CNT) awobam@ehsel ectrode during (a) charging processct/$t2009/000288
gal vanostati c discharge, which is done by connecting a 1 kg resistor
in parallel to the hybrid device. The charge and di scharge curves of
the hybrid device are plotted as a 20 Sunction of tine in Figure
10(c). [0018]Fig. 11(a) shows a schematic illustration and a circuit

i1 ust r aidcRPdedfortbritidin A glRvbaRrd Thdoh Aandtise SR6IkS apaaitoamaneubecheth
with two OPV connected in series during charging process. Figure

11(b) shevsbamd Agnangpartiples HillsSHEREe curves of the hybrid devices
shown i padiiagur g | binfill gy b Qb EndvhsTBalvAndstati
[ 0019] 2969:43?12%%%(1)‘5@? g%ﬁg ‘“g{“a‘éﬁ’]é’% ang I glsl{llrig esch%lo)\(/)v chaspgeg arsél y
t r ansporchage iand aliselixge dutRY-fSCowhercapasitof Gedods Fitly SWENE hadeotrodhand PVA
experi ment.al setup.o hybrid device in which the charge storing
unit i s aﬁ‘ﬂ&‘é’%?‘f%‘?}rﬁﬁ’fﬂ%l with two parallel connected OPVs. Figure
13 furthesi4]! | wed rRsiRsyst DE cotves afder ANV 96 tithiBinktiors ohihe H3H TIRUBMEbased
The arrows at the left side _indicate light. 30 In this enbodinent,
the enef@@¥ devigegtsed fpamatguch Hediybrid devies, "t i s case a supercapacitor
(SO, @o@;@an@f%g%%@ﬂvkﬁﬁ@asdamony@ liihAhatioH bBthel PIEIT:POBMIbdied
case t S. 2011/021982PCT/ SG2009/ 000288 6@&0021] Fi g{ 14
shows a OFfSiéviegeonoectivhdnserighof welk asingmeallehdtigwy Saalspeshnyd an ddceurpeef a
her ei,n d I nd on the surface of a nanostructured

et a7 MBI oo [0022] Fig. 15 shows a TEMimage of Ti Q2
nanot ub¢8016ipt aFted khova metieadtic édustiatied ahd cireuit dhdtratimdoff @hybrid energy
decoration wih netal .nanopariisl es as described herein..Scale. bar
1065 niitomeS et Rl DB aRed Ve S G Al Febrle ol geBRt e
exper i MRirgingGRbdesA® @akhiostltic Fisthi g, GAPNEC st ddhe BYicoGhesiihy £11 ki rsisil el
car bon nanot ubes for the second el ectrode materi al _and. ¢

| b
hanot ub@atalel to ki HPFddeEins Gir GhE ¢ eMIRATSAIPURISE 6 PYORY daice argglotted

sho : | £ anoparticles (Ag-CNT) having a dianeter
abo\l,}? %ggﬁ%ﬁ?%%@%mtl%%‘g nm; Figure 16c shows Ag-CNT with Ag
nanopar {0@7¢ dFigrdlethows aafsbematic Wusirgtooand dirgpit iibotratign ofe fubred esazy

shows a high resol uti qn TEM ofx 4 %F e :
whi | e Fisgjﬁ leces?ﬁgiv\g gcdfg rlm!c voi ESaA -gr a aég fcl)r a'&s;(ﬁdgedr@%a@ (tmc%%ng

Wit h 13 procssAl) GiiFarektatit disciesge, FhivhniAderENly @heeatingddk$ Zesision ihgar@hT to

el ectrodes, .1. nm Ag- | ect rqdes. and 2% Ag .M X i t.h.CNT (Ag, +

N ot & gtk ThE cBaree g G pRE sarra e he et £5ice e glhel as o
change- %rﬁ;ﬁbﬁlbg@mgmp'%ﬁrefl@(c)_t he correspondi ng supercapacitors. [0024]
Fig. 17 shows proposed reactign nmechanisns for (a) the depositjion of

silver H@MH8Lr yFig Y (2 showspsshemghie diusptiagpend ¢ sifept lystratign of a bybrid
resol uti f 1, Sl j f PVCNE; ose ' :

[ 0025] .9.9‘3?‘9 flé&*élhgaée %ﬁ%r?ﬁégﬁ’é % Ag- SRyl Ag %3%%8%9?’? c‘??.ess id‘zlfé%g
of (a) Ihargimg2Bodess. Fégunenl Al sliaoys the gharge Tk dischmngescuirvesRif dag kybrig(deyices
and 18(hb) are t.he s.in Hi . 18(c). [0026] Fig. 19
shows t HEVVE} ]Ine";t 5ur8ﬁ?§?\‘?'§ﬁc%aﬁ‘:’gﬁﬁg€%% %ﬁé@%orngéﬁn%%ncent ration (in this
casesAgNiRY]| t oFidh e 2sitovera Baebdiagiapnamaf illusitateshos tdhages) ardirampertddain. a
(a) Large colloidal silver clusters formation at 0.15 M (Ag-CNT6) and
(b) Avefed QFYeSG dEifet 0. 05 M (AgCNT2). 25 [0027] Fig. 20 is a XRD
pl ot sheyd g tb‘?%.rﬁ%t dwisCthe| dxy&iméERAll @%&éﬁm rQUSNKE - in[ WR3BlthdicBarge
21(a) clic voltamograns for 1 nm Ag- and CNT devi ces which

cl ear | y siohiogunite orlapesh s petslielr with wer Paralielncongeatedr GRVs1 Higuas A3y further
liquid g t Ei . . [ :
pover _dOhertis® ¥ sEatflnch, M e g BN, ThE SRR DR dotnBBAs o,
a b3 chatiis whbadimsiipwfe dnbeyichirge sking esitsi @rhe thiacde s vepdrcapesiics t(80); és

arranged between the energy converting units, i.e. in this case two OPVs.



30 neasured for the supercapacitor devices already referred to in
Figure 16. [0030] Fig. 23(a) shows Nyquist inpedance plots. The inset
i n Fi gure wakauweheys the high frequency, | ow i npedancepdpginmooiid
Equi val ent circuit nodel for CNT, 13 nm Ag- WO

2011/ 021982PCT/ SG2009/ 000288 7 CNT, 7 nm Ag- CNT and 2%Ag- CNT devi ces.
(c) Equivalent circuit nodel for 4 nrn6AgCNT and 1 nm Ag- CNT devi ces.
[0031] Fig. 24 shows the setup of a hybrid device in which the energy

conver t i l0921ni tFig.sl4asHomala TEM indabEpf BMnd, natofikes gtainbdbye nidiyd dgcribed
THE PRESENT

it , it C) .. 5 DETAI LED DESCRI PTI ON OF
:JRfVEN'Tf d%rfslg Bgéﬁﬁﬁﬁg{"fer? band eturag Ol RGNS melegAl Pealebar 108 ng.
hybrid deebge. I*i?.i 5 ol a SRR dhiBis Tibg A& HRMAGEDFR Mo%et(?j&ecﬂbed

an energy converting unit conprising a first electrode,” a secon

el ect r odeerein GD@HS@n%F ggcaratianowith mustal paneptiviglesazs dasgriedtersie ¥ratenear 100
firsts elgctrode and the second el ectrode, wherein the energy
conversion takes place between the first el ectrode and the second

el ect r od@p23]an Rgpdiog) shhws gaclenatic nepresentaticoapthe skpegingenfal tell assembly of a

el ectrode, a second. el ectrode d an el ectrolyte nedi wher ei n.the
oner gy CRAPGEAPLOT IS IEST Vel SrEraFoL HErOR PRI J0% e Send MipcRpiecpr g md
15 the @ewANGnehbat 4000 Mkt LRErEREUINYALTIET heRdrbN Fgued dsb BRovwecynd

el ectrode of the energy charge storing unit being a shared el ectrode
(di r ect |19pporgied ctith AginapopsHslet (Ae NI dawingragdiamesioy ebeut g namilsealarhar dAe
enerigy . [ iolé .

commey <1 ag) SRR B A oD i Bk artc R B8 el oar 100
hybrid dew) Bgueditdebews ¢ hightrbsolutivarTEM ghagetafdden Ag-@NE (gyledany em) whije

20 unit e or ] nit digye w t hout.. t he.ne f or,

i red cdiBe s SRS LBl vlediBint o ENY sicroribioh Sl mit et
need of ebdcaodds €alm iAp@E@NToeREey AsntheAWERIT Hottfodds)i It fimf g-COIE EREtrcHRs
Figure 1 illustrates the al p, of such.a h id device, .
wher ei n % %I&&%%@t e tag ?ﬁhﬁﬁ@rw%& E@%ﬁ% $hRws dhfe pgjyanostatic
convar t icAgrgisthasloirhes BNk SYrédphdifs figRFdapsihitefy. t thus formng a

| ayered structure in which the sharedgel ectrode 30 takes over the 25

f unct i on0¥4] anFig bt plyes gropoped esselion mepkaniamss fasy (ah ghey denosiionyef silves
t he ener, t i r :

he | nt e oAkt CoSba T blomp ST S9FCRITs And (1167 pS4EA 3 vl s e
st or i ng SYMCNTs suracegatthigtyldh i s adapted to store energy generated by

th { i As_sh f le in_Fi. 1 d
5, Can o] ok 48 Byl En Rt s PRI T R Sl BB S0
an ebect(b)oé yhendgeli3umm 1 Bhe iugesckipste 30(a3 bad 1 8®Y ereahe {dhe: B118 Fibure 18(b)

charge st EW unit is the shared el ectrode 30. [0035] The energy
convertiaﬁg 't converts any fonn of energy into electrical energy.

For exampdas] t s, 20ahews RN bPE vaRjilg SRA1 PRAVALE cdd8ktiHRibn SRhBYoase
radi ati on_energy, or energy
AgNOs) to the silver decoration of the nanostructured material. (a) Large colloidal silver
clusters formation at 0.15 M (Ag-CNT6) and (b) Average size 1 nm at 0.05 M (AgCNT2).
25 [0027]  Fig. 20 is a XRD plot showing the metallic silver reflections of AgCNTG6.
[0028]  Fig. 21(a) Cyclic voltammograms for 1 nm Ag-CNT and CNT devices which
clearly shows redox peaks observed for 1 nm Ag-CNT in 1 M H3PO, liquid electrolyte and
Figure 21(b) shows the energy density and power density plots for all supercapacitor devices.
[0029]  Fig. 22 is a bar chart which shows the internal resistance and sheet resistance
30  measured for the supercapacitor devices already referred to in Figure 16.
[0030] Fig. 23(a) shows Nyquist impedance plots. The inset in Figure 23(a) shows the

high frequency, low impedance region. (b) Equivalent circuit model for CNT, 13 nm Ag-



WO 2011/ 021982PCT/ SG2009/ 000288 8 in form of pressure, accel eration,
strain or force into electrical energy. As shown in Figures 1, 2 and
3 the energyxbimgessti ng unit 200 conprises a first el ecﬁﬂjpgtezgagﬁogam
an energy converting nedium 22. The second el ectrode of the energy
converting unit 200 is the sanme el ectrode al so used by the energy
charge storing unit 100, nanely the shHared el ectrode 30. 5 [0036] The
energy converting unit 200 and the energy charge storing unit 100 can
be any kneWn7 SReAYYNIOMEELSABICNTI devidl) (@ HiqRRAledY ciedial MBdE HOF 4 Reh Ag-
unit 100, res ectrvelﬁ_ﬁEOOB Exanpl es of energy converting units
incIudeCEHDma F ameg-CNIrdevids-t o a f uel ceII a photovoltaic cell, a

t her noel iC Y/ F
exanpl o 01 FB A 1R G oF hEEAR Eh(d i RTEL Liray Ll ng Pt is o
chem calfud@ele (i?@)@pd tife emefgyadhalgh pthriog @nit 15nea&wemhpag,a@; (SeRt hanol ,
gasolLine, etc.) and an oxidant (air or oxygen) into electricity. A
fuel “cell conprises a first and second el ectrode, nanely a positively

charged anode angEFAIEEBDESCRIPTPONOF THEPHESENTEINVENTION al so
conprises an ion-caonducting material, i.e. an energ)F/L convertin

medi um [0§320t hé&r anbFrtisaspediethe cripsent dreniior TPsE §rfehdmd, devidei I?ﬂ & fpst
a fuel %ﬁida -Tsle N %d-dant el ectrode (cathode) 15

separ at egﬁgglh%%??%% con%j%ctl r?glbrraterr al (energy converting mediun,
such as=anm1mmm§UNMM@unggnﬂeanameg@éhﬁhﬂqenéﬁNbﬁmmmkﬂsdﬂenﬁn@ﬁeynﬂgy

N passes ove one el e rod v,
gengﬁat P%" 5?%?? Eﬁntﬁfra% ér A pr‘%%%%ﬁntﬁér%é%ﬁ Eal {"?e’ iWr%l orein
gener al thd dhefiryfddflersion takes ]ﬂa&tlmnwesmﬁmﬁtst degctaakiadd thersbeomdeldcRBlg; | s
surrounded by two Ia ers,, a diffusion an on |a
constant SHIGEOMBE ARHRS JBH CoP ORISRy ChSFFON FlegEpts fnd an
t hrough ek@ﬁol?fé%@dﬁﬁd wheRil kHd siRk@Ncladels didted Betwten GRS Gty Shd the second
(normal ly a hoble netal catalyst), the reaction |ayer. The reason for
the dif flgsirefte. current is the tendency of hydrogen oxygen reacti on.

Two 1?3' i el.Lng Lo Qﬁ%&i@l of " @é}%&%ﬂ%ng&ﬁﬂéuhﬁ ab e s¥EInd Clctrod NEhe energy

reacti on occurs at e ano Ic reaction) and the other at the
cat hode cha&ge tstoeing ndtebeinhe shaecl elosrade| (daewtly) [elagirisgly conmesting dhe cnergy
el ectrons_whose Lransport IS Uci t r production. The
hydr ogeff*F'SH " nilttag eente@%cﬁngggg gimrg’aag’gg{él f‘%yough the PPM while

the only p@s sh&)éd?elmdé ikkoiripﬂsthlg&%ét@l@dra&aﬂchmmugfedanatmﬂler circuit.
The hydro en ig ether th the el ectrons of e .outer electric

I oY TARET, LI5S bR dvied comteeia Ga b ThRed dtod® Hrearey dab et

reaghs G \ad 8 enctBesthBh e tnit Rbdthy Wilhdut ¥ debd for20@REEd Bdhne@tibntRtween the
extracted fromthe system by the excess air flow. This process occurs

in all typusitoir ipger gerdsgvithopt thg agedyef W}ﬂ@mﬁws haiepn peih mpits
(r:rg: lt egp('iffyr: Oeﬁ%%ﬂl F%L\F@( Fl]lg%é%&:%?léen{]réﬁ)g;e@& P%Lﬁ;@:% ?bﬁnf'ﬁlewﬁ@lxbh&éﬁ Be

shared electrode 30 is deposited between the energy converting unit and the energy charge

storing unit thus forming a layered structure in which the shared electrode 30 takes over the
25  function of an electrode of the energy charge storing unit as well as the energy converting

unit. Usage of a shared electrode 30 can reduce the internal resistance between both units.

[0034] An energy charge storing unit is a unit which is adapted to store energy generated

by the energy converting unit. As shown for example in Figures 1, 2 and 3, an energy charge

storing unit comprises a first electrode 10 and an electrolyte medium 15. The second
30 electrode of the energy charge storing unit is the shared electrode 30.

[0035] The energy converting unit converts any form of energy into electrical energy. For

example, the energy converting unit can convert thermal energy, radiation energy, or energy
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(DMFC), which can all be used as energy converting unit for the
hybrid dewygeofd@sfgt bed herein. [0040] An illustrative @b/ dofss a
hybri d device which uses a fuel cell as energy converting unit is
illustrated in Figure 24. The setup of a hybrid device including a
fuel cell as 5 energy converting unit gconprises a CNT network which
forms the first electrode of the energy charge storing unit. An

el ectrol I I : ' ; I i AsefloRn i

the 1 o i pRsee ! GEAEAN, B O R MRt L LRABS o 1 PAAS 1,
decor at @dariN\F thetawerdy (eiverting wiie200 edwprisgsi e HirstoelestradseZs dndrap energy
el ectrode of,.the ener har ge . st or.i Lt, i.e. 1n.thi

super caSEFigE 1(‘%%““ % Fecond é%eﬁ{f‘)&g%%f\j@% £PegY %ﬁll“%e?u%é.ﬁl%at ?glosfshtpé; Same
case t helekhiede 48 Used By (RGhergy RRargh stosinle @lietl0, astacllyayeshared datrbdadd by

e ST ok 12be At A BBl BB W
el ectr Oh(M&‘Elé %r%;ﬂﬁfnveﬁﬂgruﬁﬁgw ABnek sy dhtde QR it a 00 BERecttrRGRr at ed

CNT net wor fornsthe first electrode of "'the energy converting
uni t an@033] el Bxtmpleabf gnesgsn panyedingwinity indludecht are mablirited to adud cell.gy
charge sioring.unkt . (i ndi ' | Lgure 24). 15
Furt her p%?tf)ﬁés] Fca%helda Fhﬁprg%ég%ﬁlgg F%é}?ﬁggﬁ%\?\%}% %h%hvlrégggt ants (Hz and
02) t hr paopis] t hEoskaingde,ad fiel cellls andettvehdmicslt deiecthatochavets theechfmisial
cell, respective 0041] A piezoelectric converter, copprise .
FTraD nARtrEy SEcomt GraRosna Bl AeT TRt Rp e ST B0 Pkl et or
pi ezoel gglgeny iAMBt ElbétAkity, EAChEY cElPR¥Rintibddga MREH W) sbendr¢lea@ds, whhelh a
can produce el ectrical charges upon deformatign. Piezoel eagt ric .

mat er i aPasidyay fearerd aodeind B negrtielyoehatger cabigte. fherBe col A3phirRriSELRl
center. icﬁﬁﬁd&ﬁh&ﬁ;{g‘;ﬂ{aﬁi‘dﬁ hi.é.'aénereh&gﬁ dRGLHAE RedH@r Zn CHUST Hobds, | fu@UL4l

crystals and certaln polyners, su as polyvinyl fluoride (PVF2). The
pi ezoel ectstiucticr genetally annsints eficofugl eleatrog (anode)dind pinxidrah elegfods deathadgk
and . pegativ rges. upo o] e S
o ed2ur SHHRTER] 4 Tt ERRpRHECHYIRe! (el ehilehBle LRAERY, AT ofn ion
ext er nakodductity membrnagsuph ess Nefor amembrge)c Day grespasses suertvng elestrods; and

that an el ectric 25pal ari zatj.on, i.e, an elecirical field, is

gener at Qﬁ‘.imﬁﬁb%?f%ﬁC@WF@T%’?B@P@%&‘?F%“E‘B’H\W@W@PE% rises a first and a
second eh@of r ode midedetall, BetbwRed, ihesReletdChnRoes @ntiweihgonliéahemirane
mat eri a 1_%\lr(‘en.ergy converting medium, is arranged which gan produce1

el ectri MY issieandeg by trje Fyes; ¢ ngnd apeehien laye Yodersonsipnd supply of
bet wgen | %,lago ' i anced 18Rt Ween
t hewtgwo h%%%%%ﬁ%%% ﬁ{‘lgh r m)grgilil gg??leéc&?n&aﬁggﬁlﬁé;?;sﬁﬁ g\% g ﬂﬁ%ﬁg?ope%{“ﬁ
that whére atdshfreraaly e nolble etad saielyss, the ractercldyen The reasorefoptheddiffpgion

O OB B 7 ol B RS 8 B s
li mit edobeurhh gi@fhél-ili Oheireatidnl atciu@ent the anode (anodic reaction) and the other at the
cathode. At the anode, the reaction releases hydrogen ions and electrons whose transport is

25  crucial to energy production. The hydrogen ion on its way to the cathode passes through the
PEM while the only possible way for the electrons is through an outer circuit. The hydrogen

ions together with the electrons of the outer electric circuit and the oxygen which has diffused

through the porous cathode reacts to water. The water resulting from this reaction can be

extracted from the system by the excess air flow. This process occurs in all types of fuel cells,

30 such as polymer exchange membrane fuel cell (PEMFC), solid oxide fuel cell (SOFC),

alkaline fuel cell (AFC), molten-carbonate fuel cell (MCFC), phosphoric-acid fuel cell



WO 2011/ 021982PCT1SG20091000288 10 thallium or natrium doped altait
(an alloy of lead and telluriun) or nanoparticles made of a

t her noel ecwpig11@iogs i @l , such as bi smut h-stibi umtel |l urpEgsg0bv/ddinsar €
pressed together. [0043] A photovoltaic cell converts light, i.e.

radi ati on having in general a wavel ength of between about 380 to 750
nm directly into electricity via the9photovoltaic effect. Sol ar
cells 5 are one exanple of photovoltaic cells which use a specific

li ght S@J@a&ﬁ{ew&ﬁe 7@ CHY @M C WasS ki dlvbe REITR eﬁe}cﬁygfhﬁvefrﬁmmt

t he sun. otovoltaic cell "an el'ectrical potenti al erence is
gener at &t theltyheidnievige dedcaibed nadeis. when |ight hits a seni conduct or

mat eri a er convertin diuy . t

el ect rot%ogszhgxb@Eg%a ﬁne(}:{?’fn g%’ %Ofrgahgt%fg\gfgg? g‘?ﬁc&gg%s flpgu \(Q%Iel “on tHe
pﬂot 0V0b61ﬁ)ieg:in@flﬁlﬁ(i§ inﬂsﬂrmli nﬁagaf tzharhamﬂ:ploﬁs;gbm decedficlii@ing kgl cBlY as
t he sem conductor ,material an e on- e-pair. T

el ec? r ofNRBY EOBEHING Uil SHEPHEEF mﬁeﬁ“@ﬁg St i s M s gptpde of the
field obnRePoiiidd et Eectoitdlbie (S180RHE BREIvNIagér) I RpeeReLALGH
el ectron-hol e-pair. 0044] Exanpl es of photovoltaic cells include,
but ar eohthe fisheleatpdeoThe elsptrolytellayes b ialipaied Hivca msial deoorated G5 petwork

call ed in.fil L G..C. ( ik, i ot d
B phot oV Fleclb ) WHUE R ShEelond dEqrbld of rodnbiey ohifkeP 3l mit i, in
phot ovottistase thel supercapaicitdr (8C3 aiil shed engrgysivederting tig ieyipahisfcagerthe fugl cell
used.in e The sijic ased tovqltaic,cells conprise eith
m)nggr y&é@tl fi ,afﬁﬁi F”IFF%% 1 ﬁ@g’w éﬁ?’c%sele &?' elf‘yegporé’r?@%éﬁﬁegﬁbmm
silica gges @ﬂb%‘?néﬁﬂ%@ihg|1ﬂe€EﬁmVV@jrdfﬁmh1§chafsr@ﬁgﬁtﬂzdhﬁi e edhaic el édtrode. "Bl
second el ectrode of the 20 photovoltaic, cell. 0‘94&]‘? Sﬂo%ﬁjge ot her hich
hand, t Rieptralytempoles syemlranc layen s Jollared By araetg desentta dfyork whie
mat er | ahﬁng W st ERW i FNELALSy EdtiveHing Hhithnflii BleBieAIBV@Inhadted weth s

are usually categorized according to the photovoltaic material used.
Common Ratlendtabrkcof thgomirey dhprgestiminghinit Grdicatest by itha blagk lige bnBighiem4).

Cel . g ) . )
e ARt R RRTErb 2 OB Bkl oy vf3 G e
t hi n- f i biectsodeiand the(fikt Secirodf 60%E fuehcelhirespbetivelyphot ovol tai ¢ cel | usi ng
organic ] conducting .materials conprises | ener al fihst. e
ang slec B@gﬂ cafs‘r?gﬁglfle E??‘E?Iﬂtgf gmfsng? %gﬁgﬁé@%%c?ﬁoggc%dgg h%%egé@&%%ex)
or gani CH¥ed gleétidded 8 pidzbale@ed nider]al (Gletgycopeating ynedhuav)els tairagpedediictnyan
[ 0048] Three types _of junctions (ener converting, medium are kno
for or gardacesdegien! @@B@%a?ﬂ?nd@fqrgﬁatl?&%?@e@?tﬁa P@tﬁré'g%‘e H%QWISCWI polar
ghOEQVOIa%iQ'bﬁt wRhAR o sPhhbdetti @Y BEntQT B NePHR bOMOh AR Sl GRIdd® cBffhrz crystals,

i spersed heterojunction photovoltaic cells. Single |ayer organic
phot ovoligai corystdlé snd eerteineprlymers, ewh| dsepalyvipyduenid 2)-nTlgh Piepoedectric

single g nic LS . A ' .
sandw cﬁg% &t %J’e%yrﬁ élﬁgéglldé\g%%ﬂgedg%ﬁo es%ﬁﬂ?@{;@?@@%@sﬁg&f xpostire
cryst al & af ehémghl fpreepnjchgatpeessurp stheeepy|ancelevbedipblesporsent s generated. Thus
ant hracene crystal, phthal ocyani ne or pogphyrins. A structure of ne
PV s PGB Gk it BFSSHTS B BONA SR Thatdh F e Hafan AGF
ar e 80t phifd4idf, ited an\elebEEATA) ifenéhtednd Au/ ZnPC( pht hal ocyani ne)/ Al .

5 [0049] In general, the material first mentioned when referr&en%hto

the conp¥4el i oft BrrpeRlecioIcoaTEton comprtes( ¢ firgfopl aesegond electrode Wherein
Ag/ mer Oﬁgtﬁ@{eﬂ]ﬁ{aeg%)ﬂefiﬁn{d%g 3 %Qﬁoﬁﬁg@ﬁ@ﬁﬂ%@éﬁ'(%efégcodvxﬁn%rmepdfﬂm) Whirta8ged

the materia ment 1 one rocyanine/ Al')" refers
to the whichase préhreeieckical thages upeharehahtord of a demppeoatoseadiffaienceckdiween

i rrespecgtive of . the_.kind_of otovoltai.c cell arge netal suc |,
Au, i ndf§mPve nsidss &% %FT@"HB&Q% 10 | TRt e?ﬁﬂgegt g?tggg e S hicdfod
30  Thermoeleciric materials have the property that when a temperature difference is generated
within the material, electrons flow to the cooler side of the thermoelectric materjal. Examples

for such a thermoelectric material include, but are not limited to bismuth-stibjum-telluride,



10 one electrode is nade of a transparent material, such as ITO

[ 0050] Mui nl ayer OPVs generally consist of an (el ectron) donor and an
(el ectron)waGeARkfg: Unlike silicon based photovoltaic €ehdSooddd6rss
donor and acceptor in an OPV are different materials and therefore
those cells are also called heterojunction cells. Exanples for OPVs
using a heterojunction include, but arge not limted to ITQ(indiumtin
15 oxide)/ CuP c/ PTCBI (3, 4,9, 10-peryl ene tetracarboxylic

bi s(benzj_mi . GPRGS: S RE T,

oxyaci dé:{agﬂﬁ%géﬂla%%rﬂ%%ped éﬁ%ﬁﬁﬁ%lﬁif 3 aftd SelHPuRS 'o¥ nepatichS 3hdle of a
| TO' DM EERbdiddthicmebtasidlpsrchias hismBikstibivo-tdhiusideli vekiclbarg iprdsehsl) tpgatdae. ¢/ Au,

| TO' DM PT.CR / H2Pg/ Au. .. 1.TQL.PTCBI /. H2Pc/ Au, 1. TQ\ RTCBI /. u

| T D ISFGE) 1 CRPEPRIOIES opihErierst P Py s st phieftietor

rrﬁl til ?B%e?ﬂyyoﬁﬁm t(oﬁrsm%nat danny iﬁ@gleaﬁfﬁpbﬁrthepmgpm&wéfﬁgt ﬁahr aells

characteristic HOMO | est Oogccup] e Nl ecC| y,orpit an !

(1 owkst aLGHHe @WEQOM%%&M&W cshpwhigh pseanegific light ?P“f‘f?%%agﬁgg@%
Lo St ; . : . and

0 € g@ﬁ%ﬂﬁ %51?%%']“@? ®ond ﬁe%_l_ .rGIHé é%\l?t%@olrtﬂ@ kel éﬁﬁlﬂ%ﬁél\b%tegnal difference

counterparts 1'n accept or. bet ween the HOMOs "and LUMXs is
ref errets pencaedt hetwspn itwal clbetrades ayhien Thght hifst ¢ camicsaderiorapratesiek RHeFRYs
the m ninum.,25 wayel ength of. | ight r e XGih t.af, 1 i achr
mat er i af*uYEHEo H'I’ilimf%t gﬁ%ngeeflt r e?orﬁg%go glé%@%%eg'r qlrlr%l %%:Sg'{]efgﬁh etlgci te 2
an el ecpliqbvdifaienellhie tacdd o chet petdsioide effstt which menns timd tupge abseptnaof

free el ectron-hol e ir; rather, it creates.a. tight upl ed

el L0 o REHADH AP BE ek Febon I SONE T PO e at rgpieated

band- gaghiiif Geparmdd rthé Bat-ihTRIEHES PY-jisdidnwidch hdtresntbitativbh @ the

el ectron-hole pair. In order to generate the free electron-hole pair,

t he excpensretabeleairon-holeRadl. to the interface between the donor and

accepto ec :he 20l d h i
[jodIQjAt ?%a@?pl&r of géthtglE cels %ﬂhﬁe,vnﬁ%ltgﬁfé' 85t dndeliN® a thin film

el ectrode. e junctions, electrons, have been excited to
t he LUMBhabvdifaie cebl @ESICs alsoasallpd tpn iflmophotevolteivself (EFRY Daet @ silisa bagrd
hol ?iolv%]t he can WD 2011/021982PCT/ SG2009/ 000288 12 junp into
t he WPYHRE Fhnor. Thi's dissociation can occur only if the

di ff er e[upas] n eigs Qite binemaint hgpesiOMOmilinn  biddts phetogplaat eells, hwhichhare

bi ndi ng _.energ f the excjton. Thes hase- separated free.el ectrons
and hol EURBRACRPY IR0 o TR PSHEE JUB | 6 B PR Queo T BHEST Figse
in one gedinGRErystallfiedr GiMiGydmIife,| YPolRoyRilisgs @@ danephand silica as
acceptor 5 material. The organic donor conprises two sides whe eig
the firsamigpriiwctos leyercuhichcs aranged MetvaBdae Jiat PR ssertdnglectaie ol then
congjact i cceptor material. -The acceptor material also
corr%G?i sgﬁé\dté"\%ﬁgﬁ g‘s wherein the first side is in contact with the
donor nfi0es] al Oante tdikersbandndhisi Gl ighotomolbaintcsts uag tlayerh of ceigeaductor
[0053] The, SR SPNANE LhinGgiTak Sl SnHYath S loic RO hre AR RS
according to the photovoltaic material used. Common material categories include, but are not

Jimited to cadmium telluride (CdTe), copper indium gallium selenide (CIS or CIGS), dye-
25  sensitized photoveltaic cell (DSC), organic photovoltaic cell or thin-film silicon (TF-Si).

[0047] A thin-film photovoltaic cell using organic semiconducting materials comprises in

general a ﬁrét (anode) and second (cathode) electrode, wherein between those electrodes an

organic material is arranged as junction (energy converting medium).

[0048] Three types of junctions (energy converting medium) are known for organic
30 photovoltaic cells, namely single layer orgamic photovoltaic cells, multilayer organic

photovoltaic cells and dispersed heterojunction photovoltaic cells. Single layer organic

photovoltaic cells represent the earliest type of OPVs in which a single organic layer is



10 polyneric materials or small nol ecul es. Donor material s nust
satisfy several requirenents in order to function efficiently.

Absor pti onwofzomieidete or a light is vital for the convesshatroslooo2ss
photons into excitons. After exciton formation, the donor naterial
must allow for the nmovenent of the exciton to a donor-acceptor
interface and al so possess a sufficidlt difference in HOMO to HOMO
and LUMO to LUMO energy levels to allow for exciton dissociation. 15

Once di §3@GicBbd HRAGE R clebitod2®! BheBestingle 18y@bOPVE esked Scridtalsmfelighly
back to the anode. [0054] Donor materials are selected from pol yners

or smal tonngatedupaycychie melechisscfich 28 apiiracane amsitle PhSAgCYaRIS PO S.
C i 5 _ s : .
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be used he. si iKY spesiive\Bf ek kind of
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i nt'erac eo%ﬂ%cﬁm%ﬁn%%@lﬂ’glgltﬁ%%’??}#hglgfﬁgﬁbg&giaf erence i s the requirenent
t hat t h@oegrepviakilayet edPad gehahlly icomdstf o an efekctromn donokc ol tor (electron)
materials are | ected fro I S a mal | ol ecul es. Mat efd

whi ch cH#Aeer &eiWHOB&&SéHoEﬁ“é\E@{aWo‘EQEi e, €PF Gy A Bp e
(pol y- ( @srerhhexibrisls @R tHetdReeosy alieyare also called heterojunction cells. Examples for
301, 4- (1- cyanovi nyl ene) - phenyl ene)
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25 [0055] Acceptor materials must meet many of the same requirements as donor materials
with regard to absorption profiles, proper HOMO and LUMO interactions, and solubility.
The major difference is the requirement that the acceptor material stabilizes free electrons.
Acceptor materials are selected from polymers and small molecules. Materials which can be
used include, but are not limited to CN-MEH-PPV (poly-(2-methoxy-5-(2°-ethylhexyloxy)-
30  1,4-(1-cyanovinylene)-phenylene)), F8BT (poly(9,9’-dioctylfluoreneco-benzothiadiazole)),
R-Ptedi (N,N’-dialkyl-perylene-3,4,9,10-dicarboximide), PCBM (1-(3-



5 2007 WIley-VCH GrbH & Co. KGaA, Weinheim 4th edition). Goup 10

I ncl udes nickel (N), palladium(Pd) and platinum (Pt); group 11

i ncl udes oRBRRIRE4 . Silver (Ag) and gold (Au); group Hcridbehodss
zinc (Zn), cadmum (Cd) and nmercury (Hg); group 13 includes boron
(B), alumnium (Al), gallium(Ga), indium(ln) and thallium (Ti);
group 14 incl udes carbon (©, siizcon (Si), germanium (Ce), tin
(Sn) and lead (Pb); and group 16 includes oxygen (0), 10 sulfur (9,
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{0057] Thus, the energy converting medium can be defined as the medium which in

20  connection with the electrodes allows the energy converting unit to transform one form of
energy into electrical energy. In case of a fuel cell the energy converting medium is the
proton conducting solid membrane which is important to ensure separation of hydrogen ions
and electrons without which no electrical energy could be generated. In a photovoltaic cell
the energy converting medium is the layer or layers of semiconductor material which convert

25 the radiation energy into electrical energy. In a thermoelectric converter the energy
converting medium is the thermoelectric material which generates electrical charges upon
generation of a temperature difference between the two sides of the thermoelectric material.
In a piezoelectric converter the energy converting medium is the piezoelectric material which
generates electrical charges upon deformation.

30 [0058] The energy charge storing units of the hybrid device described herein can include,
but are not limited to a rechargeable battery, a supercapacitor or a hybrid electrochemical
capacitor (HEC).
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Zero dimensional (0D): nanospherical particles. (also called nanoparticles);
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ol oot 1 Sigdbal Bt GG SRAES ‘ﬂ"@é?*f‘*‘a??%%ﬁgﬁ?séf 26 B AL BRAC s of <

| i m t ecah Ol leymah jpmveml attiopetsr loglgaists at fead 3 3jon pr ptdeast 2 gmpardeivsiea apept

For Wy ahpreand 1Bh BRSO B bt ke SE E A B SR ety

t wo enedtgik igRrnettet.ng unl ts, wherein the at |least two energy
convertjing units are.c nnected to each other .in,series; erein th
CoTee oBPh " dhraetg e e nao wECC e PiAle of AP S cad i DR i} Siife-
el ectrogay whheh daﬁotﬁi:@&(srweﬁir} ydoeeranmt EdBordt Rendtibes t(DAENTY or multi-wall
converting unit to the energ%/ ch arﬁe storing unit. An |Ilu§trat|v

exanpl éﬁeboﬂsm@hhﬁeﬁWTb (pariog JiaBombes gan befleserihed a5 & graphite
F' g4 € f O A PholtodcMBHEN sk rg%@&ﬁ&m@mmt
]ﬁa%etﬁgcélge\%égeﬁe g%ittrl’l caﬁ% c%nne?:t ed 1V| as %évfa re with °
f | rst ecbrwedlmenlﬂom with aauﬁ epometryaed gygmm]r exhibitigg@rspiral @h@neeim Gaﬂed
ener gy @gﬁ rting unit does not have a shared el ectrode but is only
el ectri §"connect ed to the hybrid device having a shared
el ect r ope72]TheFs eganglepthe mgg/ofmrbtmrﬂam@bmmtelmdmmatenﬁi gmrpeoxade a high
conpri ses a seco

second éscfe%r@ygwﬁrcéfr ﬁﬁﬁl‘?r é@u&%@ﬁﬁrﬁq 5 %gﬁﬁ%‘%@é@;‘ hel‘f(iliTé’n

firsd elggh 6@%n12ﬁae%ergpeoﬁwmg aiefodse @ﬁétg?bhar @ stdihd ubis iongica vemh.ah
paste 500, such as a silver paste, or a | ayer of sol der. AItHoug not

shown, additigey Fhin daysess B caber nEiogbes cam be foigedeas FRPSBHENtSIERKD
the Seﬁlﬁé@g}ﬁ u%%gﬂa?%gyr% Jﬁﬁbl%ﬂ@ 0 é&‘%ﬁé}gﬁggf’ Farfge dAf fRY GRfe (RS ?be@'of

t han t e 7s also pos e to connect nore tfhan
t Wo enecagyoncreameiibes pgyvidei gosd mcmcvab sud @errhd ederiRisqud ¢ar be manufactured

e B AR OB o BN, A b BT R i

11, 24 WoprafiEig Réchnified Py Ebriektoncel | s (OPVL and OPV2) are connect ed |n
series Wwth a supercapacitor (SC. OPV2 (;@Eprl Ses

2011/ 021068APCTRESKEPS 07298 (HBRAPETUNEFE EaATiRE Fah #0 P P 9§ another materal
PuPe CoRi Gh bRiudesBut %& Rk Rddb LaRed R 08, GRYRinivPYRmitHids)ap6l s oletnd

| ay ered ructureln | ow ng
| TO’ PEDﬁiﬁdn&Maﬁmmmnmm @dadel eﬁ:tdlﬁn‘el)t ofothe afgpeRtioned materials.

| TO PE HT: PCBM A1+CNT. ,S oV o
(bl g ERerleeL i St Stpenigs et Ros” e YT ele o GFORG Kinfit fo0insthion
5 edectmedEoddes] TR, SaDebaatislauifides, stBMs S8, connect ed W|th t he f| r st

el ectrode 2 of SC V\/m le the Al +CNT el ec{]rode of V1, | ?neﬁ: efj
[0074] In one embodiment, the metal of the shared electrode 1s m st layer

(first metal Jayer) which is in direct contact with the energy converting medium of the energy




the at | east one energy charge storing unit is arranged between the
at | east two energy converting units; the shared electrode 30 is

el ectricalywy 6AmApgti Ng the el ectrol yte nmedi um 15 and t#erdona0063és
converting medium 22 of the at | east one energy charge storing unit
and both of the at |east two energy converting units respectively;
and the first electrode 10 of the at11east one energy charge storing
unit is electrically connected to the first electrodes 25 of the

ener gy g&{%\éﬁﬁa RS aH@ hereid t‘ﬁ@ﬁ@:ld:tr%{ﬁx%d ;x?atédal Eb?h"s als8sond lemépsﬁﬂlgéswh%

in which a supercapacitor 1s placed in parallel 20 withtwo organic
phot ov oﬁtsaiaqemﬂmeram the@pyoniddaysr dsin dirgeticantact wijle the ¢lestrplyta medivimef thse

foll owi ng. o deled %%HPEL@@ e Aot /ARG 88: 61 86!HR45 endif gbdd et

el ect ro er capacl t or |1 nnec
el ectr Oﬂa@ﬁtaa&a &id 4t e selV3inwd tiavh aguficientihickfiess rlmlsanm asuhmmilaq,er. (IhEEfore.a

transparent el ectrode mat |aI The s e
el et 11 Bk PRy SRR ge  Fit Srsey asﬂf Fenlien o g 100 om. T ono

super capaghdiRbnt3RG BRI RiEYis 4R YR ﬁﬁétilgay& Miﬂu@@at% ckipleB¥suchn
t his enbodi nent, the eneec)%y converti nggrredl um 22 of the OPV_conprises

a di spefeder is shewm jnuFigntest(Ad fin phbithekst slegtrads 1P wappnesthen s slestrolyte
devi ce hafuh B hgélle}%P hsto%ngluﬁﬁ%@ d18i%ro gﬁé ﬁ-lgﬁ‘hﬁﬂm? r51§ osxwds&n

el ectrodeés o e ener verti-ng units an energy char
st or i ngtherlayer oﬂnmsfmcgmneétnamnahgz | THeUsyer af @andstrudtingd meatdiBal 5a s d@oslted

| d d t
whi H o8P dis b ooy e B e dery it PR 57 ARG BBl R Bon"
Fi gure fbiembetrssered edctdigeldIerhd ﬁhaﬁbdﬁﬂéd:tfcﬁle talf® the position of the second

2011/ 021982PCT/ SG2009/ 000288, 21 [0 g I n anot her enbodi nent,
i |l ust r geetpdenofihg sReey canyerting vatapddicanergy cBuee 118098 Whpr i ses a

first ﬁm ]p44InQinoﬁwP BMBSifeat ‘tﬁeeﬁlet'ﬁﬁia?éﬂ 1@":‘01%@&%}‘ rhéthy s fAIREE tHak)a
a

with me rticles (44") or "a first [ayer nmetal particles or
nanopar umlﬁirmslawmfdnct@l {Thesespartieles caf be ﬁ@eﬁaﬁo”&lﬁa getal pagicheatcen jbg metal

(W ih et aré*&%l)@fzye@ %ﬁ{c?éseg NARRRL S ﬂ&kﬂﬁﬁddﬁ@ﬁsg%ﬂ g:l hqe(lﬁl%xameté

|
The secon%olf ayer aretl el'e ode Inthis e
made of raage aﬁm&iernanbmefedramge GB$}:‘&btlveT}hlIB one lembediareey thd wetat g@t@d@S Whlch

conpri sed I r r,ran ther The 8L lay, f
t he nantf&t g‘h&“f lgdﬁ%é??gfmﬁ’rgg “gf‘f G‘F’r‘i‘e T rasTal (98 %%Smgr(%{%E%ee%
first | ade 10dm tHebs@t Bor BA funC Msalhpusshrtided ba Wefzﬁﬁﬁxﬁialtdﬁ’tﬁensmn of
nanostructured material is arraneg?“(’j on the energg convertin

22, whebdpy [0 @ O Selg™ 20 . or0elpw 26 8y ST BEVERIL RRAVE 4 PHRte sﬁ@q %m»l?f
ar rfwgeg%éﬁﬂ\ﬂﬁ% 4036t 30 hidt of @aﬁﬁf m&pltotéaeuteicﬁﬁhr&l AoBt TTRAN tNbd& Phm] e

energy charge storing unit. Dependi ng on the energy converting unj t
and/ or ahwart gyuclesabget 2t wnjong maRimal dwensierhel adepst 1ok 3| q;ylemg Tggase those

however %&?lgﬁ g.ree 15?6 e%E1§ ng]flﬁrgcgpgtﬁls dlfBu a.lf Hﬁﬁeﬁ?ﬂbn gs iy E%ll tg %@ cﬁ&-ﬁét@[an the

i nvent i ® acturlng a h evi ce as
descri bpgitisleave. I n one enbodi nent, a nethod of manufacturing a

hybrid 15 vice co | ayered s f aflr nt,
a secon Eg}wpoﬁ‘eﬁ‘ﬂe %ﬁz?din?rﬁ tﬁa 8%‘1‘?{? m&@ﬁg ﬂgP?ﬂs"é’aﬂ“’ 8%3‘%8 (R
firss Cﬁ&ﬁh@ﬂﬁﬁbﬂﬁ@i@&tﬁmu@mh@hmﬂrdwﬁe RES viry NBoraka@PR] ¥ particle size
converting unit, whéerein the energgbconvertl ng unit conprises

an ener grystrrbohwmmﬁnangpmdﬁmﬂl ayiar obbetupkpedbobi al X imn & 2%113@@9321 bejabout £ 5

| ayer, 0 SIII nener char esorl
en)ér gy E’i’i‘aﬁl‘j ‘? F’ﬁﬁ ““8&96-3{&5%@%&02 ﬁ%eﬁ?g a%e‘% i to
arr anged; 9p, 8k §e55bott 803 1R @nd WSParticle size distnbutwn of particles with a size of

between about 2 nm to <5 nm can be about = 1 nm.

30 [0077] In another embodiment, the metal particles can be mixed with the nanostructured
material or they can be chemically bound to the surface of the nanostructured material. In a

mixtute of a nanostructured material and metal particles, the metal particles can be comprised



form ng the second conponent which conprises depositing a second

el ectrode | ayer being a shared el ectrode on the energy converting
medi um | ay®p 20112182 el ectrol yte nmedi um | ayer; 25 wher ei sprditosnnens
el ectrode | ayer conprises a netal and a nanostructured material;
formng the third conponent which conprises either depositing an
energy converting nedium | ayer on theg8second el ectrode | ayer and
depositing a further electrode |ayer on the energy converting nedi um
| ayer i 5*}&rge' 5 bet LD AR W9%510SRRLH YO CHBH Haset O IR tdddl weight oSfhe
depositing arr electrolyte layer on the second el ectrode | ayer and
deposi t hangstaickured ma‘reriely exchatwera abayied toolf WG, el katved 3 fe2Q wiler orjtetwasa

first c nt, 1:5,..an [ Q: V. | ' : :

2011/ 02RoRaPaTP BB S Y it P R hanoriored materip, o sitorange
f or mi ngofthByeEdl Gaieles een bebitwainnaboui 2 prt toe. £ par gyt cenalve be imie naiometsr
t he ener&g chﬁége,stor h@g%au% The above | ayered structure can be
mand acvith & POEE 19380 i n the art, such as filtering,

casti ngroe§9f N PRPhbADparfiflbd chABS Lidthical) RYhA Go Sivthurfaky 6f themiidstragured
5[ 0090] " Preferably, ﬁe hybrid device is printable which requires
that t heatsiialgvie 3 -sAdﬂHth§ nylscglegeapneging, he surrgecolathe mgnqstippfured

For exanpl 8. Lk ﬂ%vn%t?ll arﬁ&ésghrlﬁﬁ(%r Ohn RBcMMOL rchHeNA oﬂ;{":s%%%gé Qﬁycﬁfﬂxytrl

OPV and a supercapaclitor 1s between about 1 pin to abou mm or a
| east lgroup,0d phrheven] Bstenna thied, @y emiel ort icefonegsgrofp.okt e alshyitessible that

devj ces incl udi anot her Ki of _ener. vert i it . ]

t nel € 2t of Mpfog sapre rdb AlorRRatgied BEHE 4, fRa B tpd Ptlfen 2
ener gly SRMYE6F &@glnbaﬁ@sﬂmdj Uﬂiﬁl’éﬁarﬂ?ﬁéﬁﬁl}/Eﬂ&mﬂh i aﬂb%@it@ﬂeilmhl_afpph finwhtdepbut aFonot
exanpl e, in one enbodiment, for a ri vice as.i ate jin

Fi gur e Maited tx porghyiigy (ingludinasmipeer B AT RO i%‘.yceiﬁ"ff‘te@ g
| TO co %% ; igness of this PEDOT: PSS | ayer can
be bet \?\%‘gﬂ(ea ou'? Ogggtﬁgﬁg%gﬁlrgﬁm{s%%gg%uent ly, a 1:1 blend of P3HT and

pﬁsm i S[09FPh cloame¢mbadiznenh dhepmrkoryRmaup garehe coprprippdin highen wglnde, but
is. P3HT: P . } " . . . noic
i 5 PTG b BBl £40 08 DRIBRRRARON S, BidBic 300, PBIoidRINE G0

abo urn or getween Aimto abouf 300 nm or
bet weenadf)aiytlodlénd earbbryiit 22id9 oubenzoic avid. [Fastbernione) the hydrpxyl geewrean be

the thickness. of gn.active.,layer in. a V. | .e.. th i i

the chafJesepdy &ta[}“&FF {nﬁ]l?gg‘gp 'gtc%()t? Eequg?h gsqhg?gracgif &%cggg‘] hie
t oget hegychilinRe® 2 BonBeBMie patisled 18 thesirfice sf e aagisttcupdeneaial sevenhance
penetration of solution to form 20 the nanostructured material Put b
thin enbagisvice cemgyfensy Mile reliengiths irmal Fesistange, TERTSA 7948 P&

CP\o Th Al\frtl ¥ @Fe &RAL bited Bi 166 B@FSe OF tHGkMGARCured
aboqut S@tg%%gyocaﬁ?ﬁm%?&about 1ooeto 00 nm e[0092] The hybri d device

i || ust r matedal. (ThereforecinSeng pabedisiente thenmetpl parisigssarg eyenly distributed at the
supercapagito T I T Bkl i
devi ce ?qrfaﬁgp F g}eélgﬁ ?%ﬂg@@%g%rg%ﬁg@ (lgs? agsoggﬁo n ceg\&%%nabggtn%}tgﬁ%g)s@g k6%
[ 0093] bhehe eirEicalof theawbashucaredindieal dseoovired matiuthaotetat pattidles.ng net hods

k i h , . Coch o =
vgg\(l)m:i Iza}otiggﬁ ﬁfé& Hlb%gl:(t:lgaﬁélﬁﬁgc zﬁé %g%gtf regeggétiqc F?I{)%g r}g%%%%aggn%oﬁ),r @%%{ucent or
hydspt hgpamk. &XAhERS malAP 4llovdradia€los ook boEBkt, td Pdss tireugh @panatrahn

of a supercapacitor single walled carbon 30 nanotubes wth a
611?1 € seen

funct i olib¢ ioppeFitsUITPRAEE | PRAREY. RispwRIRnE gyaterials prq elefiel-o NWoTHR
Whi ch 1 SR ULLS I BN R o o R e G AT PRt
si de). famghtopasethemighdide | ayer of a supercapacitor can
[0081] For example, in an embodiment in which the enmergy converting unit is a
30  photovoltaic cell it would be necessary that light shines through the energy storing unit if the
energy storing unit is arranged on the energy converting unit and the light falls onto the

device from the side which the energy storing umit is facing. In such cases it is not only



WO 2011/ 021982PCT/ SG2009/ 000288 23 have a thickness of between about
20 nmto 100 nm In one enbodi nent, poly(vinyl acetate) (PVA) is used
as el ectrolwpterim@ghigeim of t he supercapacitor whi ch separgt®scloboobisgst
el ectrode fromthe second el ectrode. |In another enbodi nent, other
solid polyner electrolytes can be used, such as pol y(urethane) or
perfluorosul fonic acid. The polynmer ngrix can further 5 include
acids, such as H3PO4 (e.g. PVA matrix with H3PO4). [0095]1n the next
step t h&esﬁ%ﬁ? ?ﬁjat AN eLhbfeadfechill Berah Qb builhi SBINRE OSSR tiPdhel
formed rn ditferent ways depending on its conposition. Different

conf i gueletrgeostering urtih dhetefradn eneembedimentathe apergy chiprge s95ag VR ésmadarf

are illustrated in FEigure 4. o€l f 1.ng
the shaf BarErERtPRGEE B ricasd FaReRTRORRIL ol B8 LR Soort PRI
| ayer ofuditiohof a shevifiwtgjengthntograts. fy swohdiasey) thaphared tletthwlefand dhe energy
deposi { PHEE e RAGa GeETeal FArBr e S nanost r uct ur ed. mat er | ai
| ayer OEOO%QF ek dhat @Y QEetroli 0AChave 4 HRcIeRNOSH BERREen dbouS10 Bined abbut 200
Figure 5c (left side), a netal éﬁg{er, such as an Al 15 layer is

a

deposi t st @rhiedveenebPai-Hi0 PEEN Bbagiel00umm; prebetpeer HouelGRp © Pputidl AG or
ther Ml p g ARPAHA Ml L0 Bodib GOARSH dib A6 Hinfn Pl thaleR ¥R 68 BEleAE 10,

| east 50 nm or a urn, or between dbout Inn to about
300 nm 2®nr Botnee¢hicladout fidiher embodimenth thet 080401 thicknessrofathe dybitid dedewis

as ti.on of carhon not ubes i r asted ont o .t he

Sl BbeT et s T8GR S Be VPR BOMCE AP oI SlopliY Slppol
and a cakhRiicBanebuhel Had@ess cdh bk dégtet adithdirpasis lirgely ofi thdhickness of the
nanost ruct ured sol ution on top qof the already depo%liat ed

| .
the OP\sUbstrger AGUREES 62hPegohFURIHAECHERNE O SHORTYS AG-HE ?F?%“’reuré“ﬁ{ﬂe
shar ed gleehit ealemande HaeisHIPRRiA tol W1 RM/plasticQPBigds. | n general , the

sol ution o‘? a nanostructured materlzgilﬁj s of a concentration giving a
vi scosi [0p8Bhat It pr Alscepassiblerte censieat Seyeral PRSTEYROMEeIFRE PHES IR ISPIERT A in parallel.

adj acent, | ayers. . . i . r .
mat B 1 oo gl i by iy 1RO EAR M@ ol PR cHERY i erting
manuf actinits, mhersincthe atiteasti twp leeergptcenvaringumtseme caingeted facedch iffter i srgies;
bet ween cat hade and | TO anode.i.n hybrid devige rJ .an.
G B aerelior SO SEES PO BRI B HPIRE® PR SREE SleEfotsimlis
nanost r HgétHeA SAhédting ihé frst alditE adrvetting witoui aleept chadgesstoritpasdt. An
manuf acturing steps, are: A) Selecting a thickness raggin 3 .fro?th
e g. . 1UBSEEVaGEaRRerarouehe dSHET eHORpR FIEHF & A 52h PESER digup o the
pengs r akip ré%é&{ro&"@ ot dOfhe! Qefl Bk fE sIBARAL SUnitUSE tHeCEhUIRIL 8&iicd is2Bldctrically
ensures sufficient distance Tor ¢ argéa generatlon I n OPV. B) .

Sel ect i eapngctehivikmowte withahe fiesilectrode 25 mff o recond epgrey SPRGAENE YK} sThe

thi Cknessesco ({%Hérgﬁsqonverﬁng unit does not have a shared electrode but is only electrically

connected to the hybrid device having a shared electrode. The second energy converting unit
shown in Figure 2 comprises a second electrode 26. The second electrode 26 of the second

25  energy converting unit is electrically connected with the first electrode 25 of the first energy
converting unit using a metal paste 500, such as a silver paste, or a layer of solder. Although
not shown, it would also be possible to use a wire. In one embodiment, the second electrode
26 is made of the same or a different material than the shared electrode. It is also possible to
connect more than two energy converting units in series.

30 [0084] Figure 11 illustrates an example of a hybrid device in which two energy converting
units are connected in series. As can be seen in Figure 11, two organic photovoltaic cells

(OPV1 and OPV2) are connected in series with a supercapacitor (SC). OPV2 comprises a



WO 2011/ 021982PCT/ SG2009/ 000288 24 rel atively good sheet resistance
and at the sane tinme serves as a bather layer. C) Selecting a

sol ution ceaeenipilsson range of 3 to 20 ng/ M for the ngRESERbdobsed
materials to give a viscosity that prevents the solution from

penetrating through adjacent |ayers. D) In formng the shared
el ectrode, performng |ocalized deposittion of the nanostructured
solution on top of 5 an Al |ayer deposited on the P3HT: PCBM | ayer of

an OPV. g hf gééé&l%ée deRqsd §dp%aﬁcitémrg? WHieSTE htedget 0 GIOVLIOTVR BRrdvadd

of the c e of the OPV can preve unnecessary shorting between

t he shained leyered stueumnin theefollawing erder AEOGERPOT/PEHFRGBMA I CiNTishaesd
step th revi{ o [ r 1
et vor karyaP-oa v BURRRL SEITQ IR RO ENTIR: & it e
| ayer t kagend electrody 1 (ieidda blydred electendecwitinshe AIHENT ddyed of OPV2Yand a Jrst
left side). [.0010 I not h odiment. t shared electr ,S
forribd PROMR: 186 [EQrAFeRete O fl posrprit: B hipS i Sy ¢Rgs Wil
nanost r get Miredimelethdd® ofOPTN ik TofideRRarwith XRATTD telectodabf PRVRI ThedTor
wherein nmetal particles are chem cally bound to the surface of the

nanost r dlecirnde @t PRNVErip also epvessd Wikl a ghies dider gy converting medi um | ayer
of the foogst LRCHRRHLBIbBlindchPed!ib1ia Avibe BB RUSH ol erefty dhafi!

conpone depositing a secon ayer of a nanostructure i
mat er i atoxbing arnk af leasittwoagnergy ¢oDOErtag uiviis whialt are icogpegtedain parallel. Figure 3

nangstructured metal .or .netal.. oxi de decorat ed j al .S S

car g@n ﬁ@ﬁ%ﬁtﬁbﬁn FERIg ok & Pﬁfg}e?é%ﬁ?ﬁg 3 °€IA°%‘§ eﬁ%%# gﬁéﬁg% §I°§1§§P’P?c gst,wo
et al  Ouieddy qartitial a8t Fonxinple & slbk aeembodiarnbe carried out by a
met hod conpri si n%: 20m Xi rz}g a porous nanostruct.ured rrtgt eU al, wth a
sol uti oh rIPaST DG S0praY (Tieee SioFiBg idP agpnepd RerReenif gb g o e,
obtain a gy } @f#sOf the nanostructured material wth the solution

conprising the particle precursor or the netal oxide partjcle,
cheni caf | yhe shiued plgcirede g%ma eleptcaibe sonnssiing they plectiplyty megdiyrgelS and the

article t I .ecl Dt atd td :

P hel hanos PRy SPRYRGELRBLL 308 B of NawfilelhbleSthRiee cifing 51168 1B of
[ 00102] | nheoatéeastiivacinermytconvdreng wais réspactshidand ons duri ng t he

chem cal reductiqn ar.e 0 /a ted such.as ;to for rt.icl 1
o i " 0 o8 R 0 3BT 0 Dt SPIRE LA ety
aﬁout 20 I&Eﬂme&wt@ﬂ%ﬁfﬂrﬁﬁlﬁdﬁd&s@ﬁic@mmﬁrg@&mﬁﬁiﬂ@mﬁ&d by3adj ugtl io gg

t he concentration of metal precuyrsor, in the suspensian. .

Cheni cal00Beluckiger 1Grillustes shyerd QEBFPEEJUWEEGP aéPg‘Er?Pé’aﬂg)ﬂ'éﬁ 1918&5%%? el
be s@r 1 ix8H Rt orgshib praMVoRdic tdefs. Fd oPing pRbiedsh Aliyeeli fctoReimdtie

in the suspension to allow precipitation; or heating the suspensign

in a refliowing ewdanEFMPEDORRSHPIHTRGRYshates clpstrade, [Ehengrsiopleditde \lf) of
2011/ 024932PCT{ SGRO0% AROGAR 25 Bl ASPIE L 48 0PV RS SR o

<500C f or using a chemcal reduci ng agent, such as
sodi um divah i iofle( JIBH4 R ansparhdr cleettale inatiriatieBhe sharkd adec@ad 36r is

Myg112. [,0010 When adj ysti.n e o) I recipi i.0 e

can be ﬁ%&a@’t BOW@CWIHJ B‘er Qﬁ‘gﬁoﬁﬂ? rﬁ% eﬂg 5%%? SyP ?gapgagro#ﬂ4ﬁ‘P oen%%.
For 7 X apiilvertink PndIASE 28 o HeMOPV Ih €y embodihtent) $igrenefiyt ddaviting madinm 22 of
adj ust ed/ adapted to be about 4.3 <pH<7.3 _1n case %TdP‘géﬁlc so&g{gs
Used, e G3IY eemphies adiperedhaliRpieton of BROGBIRS andiy LisP G 1The

a platipyur [ , B Eam; ' RIS

4 Ito o] Q.H n%%%?ﬁ%?géﬁgﬁp@qt%%ﬁgﬁ@é:gn béaggj@%!sﬂtiig%gde%pt ed ? gtﬂgjeé?w
about Ilcdrvedingringased dhenemagmderestaingrudl A eonfigention 09 syatsh in Bighee
precur S% cgnatb%rlllsg i tase th,:clhul(ljy%ﬁdbéjetvic%g %rd %ed }nmatxﬁgdlﬁa(} é%i%'é{%e in which

30  different hybrid devices (“tiles”) as the one shown in Figure 13 are assembled togethet in a

module,



10 [Ag(NH3) 2]+ (aq), HAuCl14.3H20, H2Pt Cl6. 6H20 and H2PdCl16. 6H20,
Mh(NOO2., or ICwvnat. The concentration of the particle precursor in
t he sol utiwo 20f1/0ziv82 particl e precursor can be between alamsc28090vbise
about 150 nM [00106] In one enbodinment, the nolar ratio of Ag netal
precursor to nanostructured material in the solution can be between
0.18 to about 0.54. 15 [00107] For th& formati on of the
nanostructured netal or netal oxide decorated material, the
sus penstmqm;] hhﬁnc{i_ﬁé”tf)&hbtuﬁﬁlaﬁtﬁdllmﬁ?ihﬁﬂ Fvgui't élmmp tB@lshir%@)rellectrode (30)
conprising the particle precursaor or e netal qxide, particle can
react fepmprises adirgdavidn ofgornostrcsd %feaslda%xeaz(egﬁfﬁﬁeiﬁw%@i Wl etal
about 1ﬁlaﬂi9ﬁe§?ﬂ:?torg%5919yer Lo Qé-ﬂﬁial &Qﬁcﬂﬁﬁﬂ}?&h@ﬁd&ﬁﬁeg Bunf &4 thié st c Ok the
ca edu el o he

the che ction can be 60C. 1n one 20 enbodi ment, the
t enper ahancstricuroé mvaterial Hitly metd Qanopasivhe de@oated patnstragtored apwertal1 ¢ .o

25C i b 0C 10 C. 20C .2

o 55C. ThoRTaN] 1SV H % e aer SR oy Sybafinenc e Ao inbemptifea
sihze of niatwiamt as, c}m shﬁﬁdaét : lfdmﬁélﬁs @aiprised gﬂt\ﬁmlqybqsglrmnt _ gddl”l:mf suoh bttee Tife
t he nangstructured material stopping said preci ati.,on of . sai

par ti cl Srshiayend ofifhe nangsigictuy H‘I%R’Eﬁ%g{%‘feﬁé‘[‘@‘rtﬁ‘a‘q%@ BW‘%F’? °fﬁh%%@?@8f, of
in one dn BERCHIHBE bEDRA BB EHERGH the $5nsshABRIIdmbfRAaI0k Aaligddf of iR

metal or metal” oxide particle when the sjize of the .
parti cl elengy caowpiiing awedium B2 wheraipsharpconst lapgen HGhwiHbe panpstreghungd mafpriabis
ri In ADQAL IR r ' ' t.n?%ﬂﬁﬁi | d&roRfst

par 9C| %lggh%ggbet vv%en a (S)%Jl??? atﬁgq%%ag?}#} or bet vvel\éq@?;ﬂg%)ﬂ%r t%lgl Src?riri:l]%
or aboutmil Depeiding iom the enaxgp sonverting Wit awloradnegy ¢thaogebstoting unihused, the

anot her odi ment recipitation is stopped if the size of the

parti C@@i@?@ﬂﬁ@&ﬂﬁ:@@@'egﬁp YRS 2 nmor 3 nmor 4 nmor 5 nm

[ 00110] [0D88] Namos fuirthet Wsee:, Mied prekant iAo edferd @o anmethbd ol enanufacturing a
nanostructured material al read¥ nment i oned above.. I n one ?nbodi malgltb d
t he nanBYtidevifeed desaribed apoves Inypre epaqdimen), a nqthag of gguiacturing a hybr
20114 02338 LR R0N: 0002 8Buctfe $2 | UirkiQdbmpoH6ht #Secdhd B6MHEGHEL and a third
sol ution, before mxing it in the solution with the particle

pr ecur seempmentran gempliseoxi de particle. [00111] Besi des dispersing the
nanost r yctur e [ | ' t in one enbodi nent, the
nanostr uct#ﬁl?lggg{r@tfg%ticggpp%%@@gcﬁgémgg%égr%ﬂ% Xing it in the solution 5
conpri si ngr t depogiting ax leperpy ecunesiing urst othezein tleatneegit caxprting el dempuses

exanpl e an oxidative treat rT'EELt r sinteri,n %s eragures <500C, or
ot 1 uxi ng. | ni AGTEAPLOr0s SR R e ngsrt o st PELWPERt  such as
142@r 113 ofdepd2tifg Al Nhetgyeetap@ btorih® Qhik 2 vhErenrh tie tricegyt ORMdge eidfinkamit

carried out to npdify the surface of the nanost uctur%a terial to
i mobi i ze tWIE-SF%WC%OM?HﬁQWF%@F%%%QW 18t elegirofp RYehr f ace of

the 10 pangshhyehdtedndBbiipbAtnt WK cbipbisdsi dUpBEifing ARRLAd SRErcHe Tabid
surface of the nanostructured material, the netal particles or netal
oxi de par thieinges sbamd bilevttode onhis ecnergyk eanyeriipgnmsdises favenor dhe cleoimalyty]
After chem cd?l {aggluction, i.e. precipitation of the nmetal or netal

oxi de partniwc ES 'the surface of the nanostnictured material, the

t huss obt aimnegh@aintthedceottod estmile thyaatvagirisect metatl avida nabsnicaired matsiigly ed
t hrough a menbrane tpo obtain a.network canprised of the particle
decor at &d fﬂ%ﬁ%&%@?ﬁ@é@%@é’?@&f@%%%rk t hus obtai ned can be
used as el€ChdBefingahaely éifverlting mimitdapdrast HRd&cOid biserdigaid and
devi ce descri bed herein of as el ectrode material for any other _energy

charge st ori é’positing a dather plseisodedpyer an the energy converting medium layer if the firs

component is a energy charge storing unit; or

30 » depositing an electrolyte layer on the second electrode layer and depositing a further
electrode layer on the electrolyte layer if the first component is an energy converting

1nit.



[00114] The particle or nanoparticle decorated nanostructured

mat eri al which can be 20 obtained by this tenperature

deposi ti ongBheii@idgat i on met hod can be used to manuf actppgs@hfdobReeS
for hybrid devices which are characterized by an enhanced energy
density of the energy charge storing unit and reduced internal

resi stance. Gal vanostatic studies, elzmctrochem cal inpedance
spectroscopy and sheet resistance neasurenents suggest that the
enhanc Wi ' Fal I 5EhiHE ! : iEbepirddnOWith PR ener
parti Cf’@g@é{;nd ?@s@@é%ﬁcﬁg?ﬁ?ed tgﬁvZSSan P%%glg\%ggﬁ?&t er-tubeé)%ont act &
resi st acumgerting caste oo fheusiiangy wharge uthering b 1Ty abeveoyersdbdyicihcan bie
hybri d device describe rein i.s . due to i S 10 UG : _
the. UseTBI RPN MaPE TRTRE AP B R S eh F ST Pt Hoh dofR o

printi n@sﬁﬁ%)gﬁﬁ?jgganahﬂjapﬂﬁn@di ng on the materials used and the
101, [0R9Bie BRI 5t eyl gk reeh T TG unedG s of
both si ﬂgﬁygﬁ%hmcéw@ Gh§icRBlY Bfini RdréghmaleSthe o0EraR XidbRless b hylidr devick

to 3. Su ather layer can be nmade of materials which are
sensi t i melutlingconyQRY: 2atha swpsreapaeitor ahbetwhes2bosh |l 1at fo abapy 10 mm or at least 1

2011/ 021982PCT/ 9 Mo is ' @i
oxi dat i %lﬁ.or$%wbat I élrT ?%‘%gﬂ (ﬁ:lé%lé%?s scj(’)nbe r?%?%‘?gﬁx%sn?cslﬁ% Ert?)(t)l?e%r ovi%t e
nor e negleani @avertingust wesld be 0t keihe Fangei nventions illustratively

descri b erepn sui tahl y. be acticed in the absence a

oF o (o TE! G, Hackmpys, of thel 13t oftiing; BF, steey P et feflm P vary
di scl osgghepaih@rodl fis agflisasior. Foresamples. intdie &mbodimeapmRr 4 Siybdd device as
“including", "containing", etc. shall be read. expansivel nq B thoHt
i mi t atillystratpifierens (ot sidglea PEDATBSR) S%‘RB?%ESS‘*P%%O&E"H&%%@'G A& oAl
have be@stLk%ﬁ RS The %E%E%M%rpmo?mmﬂgy&% Ok bivbeh abhBRO 3180 nm.

there iS no intention in the use of such terns and expressions of

excl udi $upsequentiya VAl wendsofof3HR end @SBM ds spip eartcd patodas FEDEGPS? layer.
porid o t her,eaf, T i ri i dn Gatd e
posth bi 24 BEGERH of Whot et BEBEF PBRL et e el ap g By 8 dr et
shoul d {@utifTler BUanEor Betkeanl bhoiifle e shoets3idnm ovbeiweemateat 1 Wkte @bout

specifically disclos b referre odi ment s d,option .

f eat ur e%‘fb ﬁ‘l‘}écﬂ’ffait ieé’tgfi ﬁﬁ ‘Hﬁd’%\/% e ’itgﬁﬁﬂna"ieﬁﬁeo ' %@Cﬁ‘]ﬁe SR t énnﬁlgg)lljgd Le. the
t her ei nih&s i Whieh %icd éh?a@% SeR¥ratien tREOplacel ($uoh by at lapareo fSKEDOBPSStopdiker
art, and that such nodifications and variations are consifdseir']]led t 0. be

wi t hi n wib PAHIRCB).shewd e {iek ersmgh tspiesent sovererpraeiaiamf sgitipg Lo oo
desgy i bgd %fng: FurBD I QEDAT bikakliy HRNSE No GRGR Qhffktlet WAdm¥efor charge

SpEcCI es an ubgeneric groupings falling within the generic
di scl osganeratibs in 40PRV pHierefofe, theaciivalayaricen bavpr thickness gfledweaneabgind toc

descripjion of .the.ihy [ with a proviso or negative limtation
renovi n%dogl?wogﬁ%ﬁugz&?dqtﬁgppé’gpfromthe genus, regardless of whether or
not the[oere] sethdratybrid allevice ditestiatddcah | FigneeciScedefiesden.al®0 cpOPLIB] a

O her enbodi ments are within, the follow ng. clai d.non- l.j.md.tjnRo
exanp cEeICADIIEN { S cPRiTAP B PR alogreds Biavaia ot 8® B7oTthdeTiie dhoalsdSine
desgy | l5cli 86484 6h cBsKaRnmeguUPs, those skilled in the art wll
recogni zé that the invention is also thereby described in terng ]ggm

any i ndiogp3ual Inrasnerels carborspangtubep cut berampdedured using moEols KPPV By
25EXPERI I : ] n Si ; or, i e
voll oo S A Le%%ﬁlﬁ‘g:s&&%ﬁﬁm?@i labfE> izl iR o SRS A
car bon dgositivh esthodoopiiydpahemal $yndresisanoparti cl es decor at ed

singl e-valled carbon ngnotube, .0.08 g of single-walled ca

manot ub 0% bg. EvisR ot oS prentfin. 55 £ furira sblly Pofosarion

of el ORieabhe¥aHR a COOH functionalized surface (linker molecules) are filtered to form a
membrane which serves as the first electrode of the supercapacitor which forms part of the

hybrid device shown in Figure 5c (left side). Such an electrode layer of a supercapacitor can

Hny




30 followed by 20 min ultrasonic treatnment (120 kW. The di spersion
of silver nanoparticles was controlled through pH adjustnent (4.3 <
pH <7. 3) usbRe11d2isM NaOH (99% Merck) that was added tlstrﬁsdg@@,mzss
al i quots of AgNO3 (99.99% Aldrich) (0.1 - 0.15 M. The SWCNTs
2011/ 021982PCT/ SG20091000288 28 suspensi on was m xed with the pH
adj usted AgNGB sol ution and stirred Vd3gorously. The Agdecorated
SWCNTs were separated fromthe nother liquor by centrifugation

(15, Oogh%,g @ﬂlﬁlﬁné% Bibet%éﬂboﬁm wet6 889 pha Th 6 @kbdihédt adcdy(WBiyBacetate)

renmove tiple washing with deionized water, The final _product
was t he(fﬁ’wads sp@r@@ébctrnly@remadm@é& theFupPrCARICEPTWhish separa[t@dhﬁzﬁ]sf glegtrode

ver e pr S bacssghd SiBedfty SpSRERARABASHY RS, o Soupha ROl B e

of 3.0 usea aadm\/hd-lﬁul@dxﬁetbﬁﬂ)l@i@@ﬂﬂﬁosulﬁﬂom daidaThe polyier toharipiéan further

S el o SO B VSRR ok Zper e o e

sol uti omoyky Chyae Reeseihe shbredicldr¥dd@nMBisionhtd, Thaghied exeeﬂrcw dan be
period (15-60 mn) after 10 which the gold | oaded catal ysts

col | ect fsempinfdifferent Weys dependiesteits soapesitien LifigrenhoadiepRionse %lﬁfefio
renove I b
nanot ubasutig ive b b dp el WTHREAEShER Rl IOIE oL Bt BA 08
dei oni zmethvdbEforming thelfhastdediecirode bremptésss:r abl e pH (4- 9). SV\CI\I'I’s

sus ensj o 0..08 in, 15 nL ei oni. d

pr e%‘g%g}ngs@? {?tefaé A ?B’Pf)g%@é(af ?ﬁ/el ﬂl\l’%ég{g}'on oﬁr&iﬂr@?ﬁ%ﬁ%ﬁa}% Hi'%
as a r edugkr@kbmpditat SHHP eRsidlvtewialnag bepol tBE first compdheit)amd n and
washed several tinmes with deioni ze wat er . thlZé %1’ 4 t hesj s Oftal
Mh02 nahodreasdine] e PRAISTREINTRC B cﬁn% ArsHyctEred gn f’nqlrjgbeér?é‘s © me
nitrate M%MB)Z dissolved in 10 nL of distilled vvater was added
under vigorous stirring to Solution B containin KMh04 in 20

of
10 ni |, [08961di Shmithe e@b ment illyviatedag Jiigwp oo &@ﬁwﬂgﬂbrﬁ wetal layery fuch g gp Ad
h t
R R
24 h t oeuabdnatxm tTthe ﬂ;ur:kxttes:of amih amewdéamasmebb atdeast &0 nmi emwal Igast 1‘00 ﬂm or

distille he t he sol u

dried i% q‘ﬁ %Hygb 80 $5P%éfnﬁ.°r§éen ‘%qna%é’\]sﬁ?g%qal ned’ﬁqtnsﬁ@?%@hﬁl Ina
met hod ﬁi’iﬁeﬁﬂ@j]y\/@ dolutioh & f Tdatoh g etubés Isi dyup easkdd oﬁﬁ thé)(XIlZSjer.l BheMh@izd
decorated sin wal | , nanot ubes ( ?\&;)0}% ut| A (40) all‘{ueng
0.2 g -electeodg thys GRIPRIiRY I8 thl?tqﬂaﬂp 2 ?eﬁan ArfatonABpUpE 1ayer

di sgpl Vﬁ&al@edl@ep%hm 3@ﬂﬁ1ﬂaﬁ$sh@bt%£dd| éoﬁﬁmﬂ@ﬁlgb}%w&ea&@@@ dépdsifed Al layer

vigorous stirring to Sol ution B containing of 1Cvh04 in
10 niL -of2pe @P\bfs pﬁrgatrmpql QI PRRHETE NN EregRYY S@r@lggb%W eaiRrPhated cleriagdisrandy
in the t?ngl utddd} ﬁY stirring and heating at 50 - 80 C. The 30 pH
was con ftrom - 7 using 0.01 MHCL or 0.01 - 0.05 M HNGS
(dependjoog7ion Inhgenerbd, tﬁmoﬂMﬁﬁ qiartancsteicsirademdics pleis of 8 gon@nirgin givihg a

washed WRERLENGE PR e T o ing Gindeh SRRl wa'gy ot

V\Diﬁllédﬁaéﬁ&%%fﬁ@%&&%&rﬁ&ﬁﬁa&l%aﬂ QQibBﬁ%fbﬁ)rﬁg/ﬁﬂhESI s of TiQ
nanot ubes £00128 Titania (Ti 02) powder 0.5 - i/\pfgs added to ﬁai'lS

M sol ut [08ASlof Syerelof g plesve qeariiRetasing; fies VF@@W&?P figPrevept elppfd
the congg %HEV% Mﬁ&&ntmfﬁﬁ 56 rrg anBdin fﬁ%}{a( dovidel DRMISIPHMUnESEV $he &l
aut ocl ave

In the oven - 5 days at 170 C. The 5
resul t ammmtammﬁms mdnmhm&y eashauingdhedepositiono$ nwosimuctolr@.d sadptian tmﬁ@lcate

till pHis 7 a dried iLn the venat
Nanot ub@g B?%‘?%EIS&B ef GSW%BJET‘ CHIFIRE SIS Ay atﬁge1gct r&h%%éfi%ess rangmgf
Fi g3 € #6m, &)51 100 10300910 YVE thePidiioe Sayeh This a8 ppavent dtbers pesdtration of solutwn

decorated wi th metal nanopartij cl es.
to form the nanostructured material and ensures sufficient distance for charge generation in

OPV. B) Selecting a thickness of at least 100 nm for the Al cathode. This thickness provides



[00129] 1.7 Preparation of Supercapacitor el ectrodes 10 [00130] In
the follow ng the general suitability of the netal decorated

nanost ructwoedimaissi al as el ectrode materi al i s denonsgradedodanss
on the manufacture of an electrode material for a supercapacitor.

[ 00131] For preparing supercapacitor electrodes, a SWCNT or

Ag- decor at ed SWCNT suspension (0.2 ng24d in deioni zed water) was
filtered through a filter nenbrane (Whatman, 15 20 inn pore size, 47

ruin di gemively goollkhedthBsistaice ahd appe saritinbeevoy dos Barsitr ki@, €) Beletting a

form ng an_interconnected network. g}’nﬁr drﬂgEk %‘glgt he freestandl ng, CNT

net wor kSQlﬁBOIbé@lcé%F‘fE'PP eRgnek Ao 120 mgiml PRtk pElostragtees meterily €a

used as, (L)pﬁ‘%ﬁts tﬁ@&olﬁi?dﬂ)ﬁ'{;mgﬁﬁe 'hBQﬁx% \A%P(‘ﬁdﬁée‘ﬁplaﬁ}éﬁpﬁj ﬁgfcﬁ*mmg
ctr d % A

thlnfllm e consisting o ma- Al dri ch
3.5 urr) tlwrstlarsieNTirade, pg&m&bbﬂyedrﬂmm@on I@é thei nanwéimewrezieealumn@n tQmofz

20 f t 2
ool yib A dfust bl gt 2IE AR AN an O Pochiithel FAHERH, f e
ac :/\SI c n%c}mﬁ:neﬂ ecltuggi wih gogp/\aSthp (r;:etﬁa:ﬂeadf thy Oigatar;ngrﬁselg lmﬁ?demjymrg
owder a Aes - r iu i mol ecul ar
&e. ght) FWGS‘B%SEQI%‘? Blrtsads aaé{;t@)r/an ‘f ‘é‘éﬁ@aﬁe a cl egr gel -1ike
sol uti orposap OB aifeKbr sRYHOSHEPHEAk fbp%‘emsu brcapacitbtHé¥ers made of a CNT

(Sigma- Al drich, 85% purity) vvas ad ed Into is solution subjected to
cont i nuBetwosk layeriang a BV A layepmiestacked amie thjérom rastedgmetal lpyss thigsferming th

C pggegh@§&w£%yﬂmsgg§a&0ﬁ e%c g“% is solution was heated to 60

0 renpbve excess orma 0.5 mmfilm of pol yner
el ect r o[§t180] Thi anothes embaditent, ﬂlnslmcd/\decnmdms Hrmedim aohethod @fiprisatgnor k

F 16 wh I h t
B o) ol €l BT o Bebie BN B 0B 00 DAt
el ectrol ytlﬁrtﬂil@OOﬁG&I&rﬁﬁ bRl SRRRIat ofe bbémeﬂly thloend Vo ﬁbeﬁirfaﬁdefff the
preventing el ectrical r{a%t circuit but allow ng ion

transfer tgnesipgnmdameteninb@asifher e gnergy; eAnyerilg 4me 13&? Eﬁ@&t@aﬁm
chajact er i gatbftht oM 2REH419RIIGRBE Ty BOA9 A9 028 FomRt bAD135] Sil ver

in the Ag- s was characteéerized from X-ray diffraction ( XRD)
patt erns cd@msefertgeajsea@tddqu Oéhiﬂmwfaﬁeﬁm%ﬂé%ﬂ@rﬁfﬁt@%c) by step

scannin deHOZMagufgcﬁng Fh nbhdtRh %%m trﬂet&f‘@m&@ﬂéc%ﬁh@& ma enal such
Transm SI 0 ectron cr oscopy operating I'n eso utton
node wass € onbictaadiube dch:rai&l)fot&%ﬂﬁleowéh atﬂbln gleaal pamscbb,tra@ﬂ xfideDetidiag,
5 Capaci t an asuyed us ectrode configuration.
Cyclic %‘F’P‘g‘fﬁ%\i\%ng%“ %?%?1‘%%"?3 \Aeglﬁdrcé)@}%sglghar ge cycle test was
car po ed. OUlmikisi a@omnﬁ@mmmbmmrmtmdl edthbd gudtiteoit doﬁﬁirﬁmg(aﬁlaﬁﬁzle precursor

I nstrunent, AFBP1) the potential range of 0O - an rate
20 mvs- 1 ala Azt o %wpérﬁusqe@manf’éﬂf W?Swegﬁiwﬁev ‘vﬂh

i npedance \\gistifRashiRthathé Paiale phdtRRIARGRe ﬁm@%%mmiaﬂa;byzer
(Solatron, SI' 1255 71 npedance/ gai n- phase anal yzer 0 conput er

sof t ware zvhemipallst redusing eheperdicler progispr AC @ﬁpmp déﬂ@f pertigle, tq ralaw

55 kHz to mﬁ[ en .C n %@c@d
OQptim zati @ af’siltg‘/nnt e@fsb%gnh% t#gﬁgf%lrlﬁéecor a i on o sréllr uct ur e
mat 23 i al [@@ﬁ;&?a}hﬂr@éla‘ssﬂﬂnﬂg‘éc have shown that pH, reactl on tinme and

o spor < FBNOEn i obSiats- SR SHeRpT SEs, W PRUE PORG) "SGR 2t

0.15 M fH¥eadpted (shibiNas tbhsn@bbxﬁeréé %ﬁ%&nézﬁﬂﬁl Rideh b&twderflaldst SEQN\{@ abBut
Table 1 due to the presence of the acidic carboxyl groups on th

nanot ub@@nm or bem@m leto jebow; 30,5n. Faprehsavieal eqd@c@maadaeéﬂﬂ%qm%%bmdiaﬁmg
functi Oﬂle% ﬂ% Jf%%lé’?&ﬁ&logﬁ tﬁﬁ%“sﬁp al 20 decorating

si ngl e- wal on nan 3" conc. (M .
30 {00103] Chemlcal reduction of the pamcle precursor or the metal oxide can be cartied out

(/)

using any of the following methods: adjusting the pH in the suspension to allow precipitation;

or heating the suspension in a reducing atmosphere, such as heating in an 5% Hy/N; or 5%
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Ha/Ar atmosphere at a temperature <500°C for 4 to 8 hours; or using a chemical reducing
agent, such as sodium borohydride (NaBHy) or other metal hydrides, such as CaH; or MgHo,.
[00104] When adjusting the pH to allow precipitation, the pH can be chosen to be in a
range of between about 1 to 7.5 or 4 to 7.5. For example, in case a silver precursor is used,
the pH can be adjusted/adapted to be about 4.3 <pH<7.3. In case a gold precursor is used, the
pH can be adjusted/adapted to be about 4 to 12 and in case a platinum precursor is used, the
pH can be adjusted/adapted to about 4 to 9. In another example, the pH can be
adjusted/adapted to be about 1 to 7 in case a manganese precursor is used.

[00105] Suitable precursor materials can include, but are not limited to AgNO;,
[Ag(NHz)]* (aq), HAuCL.3H0, HyPtCls.6H,O and H>PdCls.6H,0, Ma(NOs),, or KMnOq.
The concentration of the particle precursor in the solution of the particle precursor can be
between about 3 mM to about 150 mM.

[00106] In one embodiment, the molar ratio of Ag metal precursor to nanostructured
material in the solution can be between 0.18 to about 0.54.

[00107] For the formation of the nanostructured metal or metal oxide decorated material,
the suspension of the manostructured material with the solution comprising the particle
precursor or the metal oxide particle can react for a time between about 15 min to about 120
min or between about 15 to about 60 min.

[00108] The temperature for carrying out the chemical reduction can be below 60°C. In one
embodiment, the temperature is between about 15°C to about 30°C or between about 15°C to
25°C or is about 0°C, 5°C, 10°C, 15°C, 20°C, 25°C, 30°C, 35°C, 40°C, 45°C, 50°C or 55°C.
[00109] The method of manufacturing allows controlling the size of the metal or metal
oxide particles forming at the surface of the namostructured material stopping said
precipitation of said particle at the surface of said nanostructured material. Therefore, in one
embodiment the method comprises stopping the growth of the metal or metal oxide particle
when the size of the particle/microspheres is below 100 nm, or below 50 nm, or below 20 nm.
In one embodiment, the reaction is stopped when the size of the particles is between about 1
to 50 nm, or between about 1 to 20 nm, or about 1 to 15 nm, or about 1 to 12, or about 1 to 5
nm. In another embodiment, precipitation is stopped if the size of the particles formed is
about 1 nm or 2 nm or 3 nimn or 4 nm or 5 nm.

[00110] The nanostructured material can include any of the nanostructured material already

mentioned above. In one embodiment, the nanostructured material is dispersed in a first
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solution, such as an aqueous solution, before mixing it in the solution with the particle
precursor or the metal oxide particle. _

[00111] Besides dispersing the nanostructured material in a first solution, in one
embodiment, the nanostructured material is treated before mixing it in the solution
comprising the particle precursor. Such a treatment can include for example an oxidative
treatment or sintering at temperatures <500°C, or refluxing in inorganic polar solvents; or a
plasma treatment, such as Na or H; or O, plasma treatment.

[00112] Such a treatment can be carried out to modify the surface of the nanostructured
material to immobilize the already previously mentioned linker at the surface of the
nanostructured material. With this linkers immobilized at the surface of the nanostructured
material, the metal particles or metal oxide particles can bind to these linkers upon
precipitation.

[00113] After chemical reduction, i.e. precipitation of the metal or metal oxide particles at
the surface of the nanostructured material, the thus obtained particle decorated nanostructured
material is sieved through a membrane to obtain a network comprised of the particle
decorated nanostructured material. The network thus obtained can be used as electrode
material for the shared electrode of the hybrid device described herein or as electrode
material for any other energy charge storing unit described herein.

[00114]) The particle or nanoparticle decorated nanostructured material which can be
obtained by this temperature deposition-precipitation method can be used to manufacture
electrodes for hybrid devices which are characterized by an enhanced energy density of the
energy charge storing unit and reduced internal resistance. Galvanostatic studies,
electrochemical impedance spectroscopy and sheet resistance measurements suggest that the
erthancement with particles can be influenced by the size of the particles and is also related to
an improved inter-tube contact resistance in case of using nanotubes.

[00115] In one embodiment, the hybrid device described herein is due fo its layered
structure and the use of materials printable and compatible with roll-te-roil printing
processes. Thus, depending on the materials used and the thickness of the components, the
hybrid device can be flexible or rigid. In one embodiment, a bartier layer is arranged on one
or both sides of the hybrid device illustrated for example in Figures 1 to 3. Such a barrier

layer can be made of materials which are sensitive to oxygen and moisture and thus seal off
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those skilled in the art will recognize that the invention is also thereby described in terms of

any individual member or subgroup of members of the Markush group.

25 EXPERIMENTAL SECTION

[00119] 1. Synthesis of metal decorated single walled carbon nanotubes
[00120] 1.1 Silver decorated single walled carbom nanetubes. To prepare silver

nanoparticles decorated single-walled carbon nanotube, 0.08 g of single-walled carbon
nanotubes (P3-SWCNTs, Carbon Solution Inc.) were dispersed in 15 mL of deionized water
30 followed by 20 min ultrasonic treatment (120 kKW). The dispersion of silver nanoparticles was
controlled through pH adjustment (4.3 < pH < 7.3) using 0.1 M NaOH (99%, Merck) that
was added to a 100 mL aliquots of AgNO; (99.99%, Aldrich) (0.1 - 0.15 M). The SWCNTs
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[00122] 1.3 Platinum decorated single walled carbon nanotubes. The solution of
H2PtClg.6H,0 (3.0-6.3 mM, Aldrich) in deionized water was adjusted to the desirable pH (4-
9). SWCNTs suspension (0.08 g in 15 mL of deionized water) was dispersed in the Pt

15  precursor solution followed by the addition of methanol (Merck) as a reductant. The
suspension was aged at 75°C for 10-60 min and washed several times with deionized water.
[00123] 1.4 Synthesis of MnO; nanoflakes
[00124] Solution A containing 0.2g of manganese nitrate Mn(NO3); dissolved in 10 mL of
distilled water was added under vigorous stirring to Solution B containing 0.5g of KMnQ, in

20 10 mL of distilled water. The resultant solution was stirred for 2 h and then transferred into a
Teflon® lined stainless steel autoclave and placed in the oven. at temperatures 140 — 170 °C
for 1 - 24 h to obtain the product which was washed several times with distilled water until
the pH of the solution was 7. This was air dried in an oven at 100 °C for 24 h. Nanoflakes
obtained by this method are shown in the TEM image of Figure 14.

25 [00125] 1.5 MnO; decorated single wall nanotubes (SWCNT)

' [00126] Solution A containing 0.2 g - 0.5 g of manganese nitrate Mn{NO3); or manganese
acetate dissolved in 10 mL — 20 mL of distilled water was added under vigorous stirring to
Solution B containing 0.5 g - 0.9 g of KMnQ, in 10 mL — 20 mL of distilled water. 0.05 -
0.2 g of SWCNT was dispersed in the solution under stirring and heating at 50 — 80 °C. The

30 pH was controlled from 1 — 7 using 0.01 M HCI or 0.01 - 0.05 M HNO; (depending on the
pH the MnO, particle size/dispersity varies). The resulting suspension after stirring for 1 -2
h is centrifuged, washed with distilled water and dried in an oven at 100 °C for 24 h.
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[00127] 1.6 Synthesis of TiO; nanotubes

[00128] Titania (TiO;) powder 0.5 - 1.0 g was added to a 15 M solution of sodium
hydroxide and stirred vigorously for 2 h. Then the contents were transferred in to a Teflon®
lined stainless steel autoclave which was placed in the oven for 4 - 5 days at 170 °C. The
resultant dispersion was washed several times with 0.1 mol/L HNOs fill the pH is 7 and then
dried in the oven at 80 °C for 24 h. Nanotubes obtained by this method are illustrated in the
TEM image of Figure 15. Using the above methods the TiO, nanotubes can be decorated with
metal nanoparticles.

[00129] 1.7 Preparation of Supercapacitor electrodes

[00130] In the following the general suitability of the metal decorated nanostructured
material as electrode material is demonstrated based on the manufacture of an electrode
material for a supercapacitor.

[00131] For preparing supercapacitor elecirodes, a SWCNT or Ag-decorated SWCNT
suspension (0.2 mg/ml in deionized water) was filtered through a filter membrane (Whatman,
20 nm pore size, 47 mm diameter). The CNT were trapped on the surface of the filter,
forming an interconnected network. After drying, the freestanding CNT network was peeled
off from the filter (thickness about 20 pm) and wsed as the electrode. For comparison
purpose, we also prepared a thin film electrode consisting of 2 wt% Ag powder (Sigma-
Aldrich, 2 - 3.5 um) and SWCNT by mechanically mixing them in deionized water (0.2
mg/ml) and filtering through a membrane.

[00132] 1.8 Fabrication of polymer electrolyte and assembly of supercapacitor

[00133] The acidic polymer electrolyte was prepared by heating 5 g of PVA monomer
powder (Alfa Aesar, 98 — 99 % hydrolyzed, medium/ high molecular weight) in 50 ml
deionized water at 90 °C until a clear gel-like solution was obtained. Subsequently, a 3 ml of
H3PO, (Sigma-Aldrich, 85% purity) was added into this solution subjected to continuous
stirring. Air bubbles in the gel-like solution were removed using vacuum desiccators, and this
solution was heated to 60 °C for 4 h to remove excess water, and form a 0.5 mm film of
polymer electrolyte. This was stacked in between two strips of Ag-CNT network (Figure
16a), which were secured on to a polyethylene terephthalate (PET) substrate using double-
sided adhesive tape. The polymer electrolyte also acts as the separaior between the two
electrodes, preventing electrical short-circuit but allowing ionic charge transfer to take place.

[00134] 1.9 Structural and electrochemical characterization
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[00135] Silver in the Ag-CNTs was characterized from X-ray diffraction (XRD) patterns
collected using a Shimadzu diffractometer (CuKocr) by step scanning (0.02°, 0.6 s dwell time)
over 10° to 140° 20 range. Transmission electron microscopy (TEM) operating in high
resolution mode was conducted using JEOL 2100F operating at a voltage of 200 kV.
Capacitance was measured using a two electrode configuration. Cyclic voltammetry and
galvanostatic charge/discharge cycle test was carried out using a computer controlled
bipotentiostat (Pine Instrument, AFBP1) in the potential range of 0 - 1 V at scan rate of 20
mVs™* and at the constant current (0.4 to 1 mA), respectively. AC impedance was measured
using an impedance spectrum analyzer (Solatron, SI 1255 Impedance/gain-phase analyzer;
computer software ZView) at room temperature with AC amplitude of 5 mV, from 55 kHz to
1 mHz at open circuit potential (OCP).

[00136] 1.10 Optimization of synthesis condition for decoration of nanosfructured
material

[00137] The findings have shown that pH, reaction time and AgNQO; concentration are the
main parameters controlling the dispersion and size of AgNP on SWCNT. After infroduction
of SWCNTSs to 0.15 M AgNO; solution, the pH decreases from 5.6 to 3.4 as shown in Table 1

due to the presence of the acidic carboxyl groups on the nanotubes.

Table 1: Silver nanoparticle characteristics as a function of pH and reaction time for metal

decorating single-walled carbon nanotube

Sample  AgNO; pH;s® pHsc® pHn® mxn. time average Ag
conc. (M) (min) crystal size?
(nm)
AgCNT1 0.15 5.6 34 4.3 120 15
AgCNT2 0.05 5.6 34 6.3 15 1
AgCNT3  0.10 56 34 63 15 3
AgCNT5  0.15 5.6 34 6.3 60 4
AgCNT6 0.15 5.6 34 6.3 120 6

AgCNT7 0.15 5.6 34 7.3 120 10
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“ pH of AgNO; solution. © pH of AgNO; after added SWCNTs. © pH of suspension after

added NaOH. “Determined by TEM.

{00138] Subsequently, the absorption of AgNOs; with these groups on the CNT forms
COO0-Ag groups (Figure 17). The addition of NaOH solution is a critical step in conirolling
pH to ensure that the quantity of hydroxyl ions is sufficient for the progressively reduction of
Aglto Ag’. Table 1 shows the silver nanoparticle size of three different samples as a function
of pH and reaction time. At pH 4.3 (after added NaOH), the Ag nanoparticle size decorated
on SWCNTs was the largest with the diameter about 15 nm (Figure 18a). As the pH increases
to 6.3, the Ag nanoparticles size dramatically decreases to 6 nm (Figure 18b) for the same
reaction time. This phenomenon might be due to the reaction between excess hydroxyl ions
and the COO-Ag groups at higher pH, which promotes the reformation of carboxyl groups on
SWCNTs with concomitant release of Ag-OH. Consequently, the number of available
nucleation sites and the growth of Ag nanoparticles decrease. By the reducing of aging time
from 120 min to 15 min (at the same pH condition), the size of the Ag nanoparticles
decreases from 6 nm to 3 nm (Figure 18b and 18c). This indicates that longer reaction time
actually yielded larger Ag nanoparticles through the crystal growth and aggregation after
nucleation. The variation of AgNO; concentrations (0.05 - 0.15 M, pH 6, aging time 15 min)
was studied to optimize the condition which the colloidal Ag cluster formation can be
prevented. At the excess Ag precursor than requiréd for nucleation and growth (0.15 M), the
mixture of large colloidal Ag clusters (20 - 100 nm, Figure 19a) and Ag decorated on
SWCNTs (3 nm) were formed. The absence of Ag clusters with constant size of Ag on
SWCNTs as 0.15 M condition was obtained when reduced the ApNO; concentration to 0.10
M. The lower dispersion and smaller silver crystal size, 1 nm, on SWCNT surfaces (Figure
19b) were achieved at 0.05 M AgNO; solution. XRD pattern (Figure 20) confirms the
formation of cubic Ag’ at 26 = 38, 45, 64, 78, and 82.

[00139] 1.11 Supercapacitor electrochemical device testing

[00140] Cyclic voltammograms for six supercapacitor device types with following
electrode materials: reference device with CNT electrode, Ag-decorated CNT for four
different AgNP size ranges: 132 nm, 7+1 nm, 41 nm, and 1 nm (1-2 nm size range), and
the 2 wt% Ag powder - CNT mixture (2% Ag+CNT) are presented in Figure 16e. The
specific capacitance of all the devices as determined using both cyclic voltammetry (CV;

Figure 16¢) and galvanostatic charge and discharge (GCD; Figure 16£) methods, ranged from
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0.03 — 0.24 F/em?” with the reference CNT devices showing good agreement with literature
values, Specific capacitance was normalized with area rather than the mass per electrode as
unlike lquid electrolytes, polymer electrolyte only wets the surface of the electrode and
hence only the surface rather than the entire mass of Ag-CNT electrode would coniribute to

5 the formation of the electrical double layer. The specific capacitance of a dense CNT
network is 0.09 F/em® and its CV curve shows the peak at 0.2 V, which can be attributed to
oxygen containing functional groups contributing as pseudocapacitance to the overall
capacitance. Functional groups, surfactants, and impurities contributed by the CNT synthesis

and device fabrication process, intemal and extermal device resistance resulting from

10 unoptimized device construction and external device contacts are thought to lead to the

deviations from the box-shaped CV characteristics of an ideal supercapacitor.

Table 2. Specific capacitance, internal resistance and sheet resistance measured for all

devices using both CV and GCD methods.

15
2z
Area per | Mass per | C (®/em’) C(8) | gnergy | Power Sheet
h . R | Resis-
Sample | electrode | electrode density | density (ohm) | ta
(cmz) (mg) CcvV Galv| CV | Galv (Wh/kg) (kW/kg) (ﬂ ::;3)
P3CNT 0.56 1.10 0.09 [0.082]46.5| 41.9 1.5 2.7 83.19 | 15.74
13 nmp-
AzCNT 0.60 1.20 0.046 (0.033[22.8| 16.5 0.7 1.3 159.92| 10.26
7 nm-
AsCNT 0.70 1.40 0.087 {0.060(43.4 | 28.3 1.2 24 72.83 | 591
4 nm-
AgCNT 0.54 1.23 0.15 |0.100]|67.5| 448 1.9 3.1 65.49 | 6.34
1 nm-
A2CNT 0.52 1.22 0.244 10.206 (105.8| 89.4 33 2.5 83.00 | 10.20
2% Ag
+CNT 0.54 1.65 0.120 10.120{39.3{ 39.0 1.4 1.1 140.79| 5.08

[00141] In comparison, redox peaks at V = 0 and 1 V can be observed for 1 nm Ag-CNT
and 4 nm Ag-CNT, which also exhibit significantly larger specific capacitances of 0.24 F/em®
and 0.15 F/cm?, respectively. These redox peaks are seen more clearly by using 1 M H;PO,
20  liquid electrolyte, due to the higher mobility of ions contained in the liquid electrolyte as
compared to the solid-state aqueous electrolyte (Figure 21a). The appearance of the redox
peaks strongly suggests that the mechanism in enhancing the capacitance in the 1 nm Ag-
CNT and 4 nm Ag-CNT devices may be attributed to the fact that the Ag-NPs participate as
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particles into the CNT, denoted as 2% Ag+CNT device. The recorded capacitance, 0.12
F/cm?, was higher than that for the reference CNT, 13 nm Ag-CNT, and 7 nm Ag-CNT
devices (> 5 nm AgNP), but lower than the 4 nm Ag-CNT and 1 nm Ag-CNT devices (<5 nm
25  AgNP). The capacitance of this 2% Ag+CNT device is higher than the reference CNT device
suggesting that the Ag particles did not block the CNT surface and that the Ag did contribuie
through its pseudopacitance. The observations detailed in the preceding paragraphs thus may

be summarized as follows: specific capacitance in Ag-CNT supercapacitors comprises of
contributions from the electrical doubie layer capacitance and from pseudocapacitance; with
30  the former governed primarily by surface area whereas the latter influenced strongly by the

size of the AgNPs. Smaller AgNPs do not decrease the overall surface area; whereas they
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intersection occurs in the real axis Tn the high frequency region,
foll owebphgymr of Ag-CNT electrodes was further investigated with AC impedance spectroscopy

(Figure 23a). An intersection occurs in the real axis in the high frequency region, followed by
30 a single quasi-semicircle in low frequency region. This semicircle in the high frequency
region can be attributed to (1) the presence of an interface between the electrode and the

electrolyte, and (2) the presence of a RC loop involving a double-layer capacitance in parallel
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(1) andCP¥)davinge mhitbputibe presanee phipseurdnsepaciancs i sivi Btire 23a were 20

enployed to estimate the vglues of the elenents of the equival ent
cirgslit 708 B .;a.ad_g@.c._The estimted val s are summari zed

(Tabl e 3). Tabi®R$, +donpeRefis $1of the equiprment circuit fitted for
the i rrpﬁ)%%ggle ig%g} fri%msirépél\eﬁ Bagd (101 ng-Cﬁ\]OI) dé:vl%ceg I??{rllt:h S : at).ldiggrlla.l element of
pseudocapacitance, the equation of the impedance, Z is expressed as:
Z=R, +— R, ! _
JoR,C, +1 . JjoC,
chdf +—._—
JoR,C, +1

@

[00150] Equation (1) and (2) together with the impedance data in Figure 23a were
20 employed to estimate the values of the elements of the equivalent circuit in Figure 23b and

23¢, The estimated values are summarized (Table 3).

Table 3. Components of the equipment cirenit fitted for the impedance spectra

Ch Ca Ca +Cp
Sample Ry () R (D) (uF em™) (Fem™) (Fem™)
CNT 1.51% 28.13 18.252 0.03 -
13 nm Ag-CNT 0.84 87.24 46.883 0.017 -
7 nm Ag-CNT 2.301 47.8 13.611 0.01 -
4 nm Ag-CNT 0.945 3.773 18.699 - 0.054
1 nm Ag-CNT 0.467 1.38 50.409 - 0.117
2% Ag-CNT 0.61 26.38 36.515 0.035 -




(Fen-2) Cdl +Cp (Fen-2) CNT 1.511 28.13 18.252 0.03 13 rim Ag-CNT
0.84 87.24 46.883 0.017 - 7 nm Ag-CNT 2.301 47.8 13.611 0.01 - 4 nm

Ag- CNT
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[00151] The electrolyte resistance was approximately 65 {2, this relatively higher value as
compared to the liquid electrolyte (<10 Q) is mainly due to the lower mobility of ions within

“the polymer electrolyte. The Ry value for each Ag-CNT electrede accounts for a major

proportion of the overall resistance, whereas the Ry plays a minor role. The charge transfer
resistance, Ry, decreases as the AgNP sizes become smaller, and a significant decrease is
observed for 4 nm Ag-CNT and 1 nm Ag-CNT devices, with Ry in the range of 1-4 € (Table
3). This observation indicates that AgNP in the size range of 1-5 nm effectively reduce the
resistance between the CNT electrode and the electrolyte; whereas, larger AgNPs (> 7 nm)
possibly reduce the electrochemical redox kinetics by blocking the pores on the CNT
surfaces, yielding Ry values of 87 £ for 13 nm Ag-CNT device; significantly higher even
than the reference CNT device (about 28 Q).

[00152] The double layer capacitance, Cg;, obtained from impedance analysis increases as
AgNP reduces from 7 to 1 nm, which is analogous to the observation from CV measurement.
The psendocapacitance, C,, for 4 nm Ag-CNT and 1 nm Ag-CNT devices contributed to the
overall cgpacitance as Cq + Cp. Again, 1 nm Ag-CNT has the highest capacitance among all
the devices, further supporting the findings from CV measurements, which indicate that
pseudocapacitance is an important contributor to the enhancement of capacitance for the
<35nm AgNP devices. The values of Ry and Cp (contribution from the electrodes) were
negligibly small compared to the overall resistances and capacitances (Table 3).

[00153] Fermi level alignment is expected to occur whenever a contact is formed between a
metal and a semiconductor resulting in charge redistribution and the formation of a depletion
layer surrounding the metal. The Ag-decorated CNTs will also experience such an effect and
create a localized depletion region, acting as a charge scattering site and creating a potential
barrier within the nanotube, leading to a decrease in mobility and intra-tube conductivity. It
may be argued that the depth of the depletion region (and potential barrier) increases with the
number of atoms in the nanocluster, reaching a maximum value somewhere in the 5 - 20 nm
range, beyond which this depth may remain constant; the width however increasing with
increasing coverage of the Ag nanoparticles. The contact resistance between metallic-metallic
and semiconducting-semiconducting tubes is known to be negligible. On the other hand, the
significant inter-tube contact resistance between semiconducting-metallic CNTs has been

attributed to the creation of a Schottky barrier. The semiconducting-metallic CNT junction
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highest amongst all the AgNP sizes evaluated in this study, 1 nm to 13 nm. The inter-tube

resistance on the other hand is probably highest for the 1 nm AgNP device owing to the Ag

coverage on the CNT surface. Adding AgNP to CNT leads to a reduction in sheet resistance

from about 15 Qem™ for the reference device to about 10 Qcm™ (13 nm AgNP), about 6

10  Qcm™?(7 and 4 nm AgNP), and about 10 Qem™ (1 nm AgNP) with decreasing Ag sizes. The

reduction in sheet resistance for the 13 nm and 7 nm device may be attributed to improved

inter-tube contact whereas for the smaller AgNP devices, the probability of a Ag mediated

CNT-CNT contact has reduced duve to the reduced size / surface coverage of Ag on the CNTs

and therefore, the sheet resistance for the 1 nm AgNP-CNT increases slightly to about 10

15  Qcm™? which is still lower than the reference (about 15 Qem™). The sheet resistance for

2%Ag-CNT device is the lowest at 5 Qem™ arguably due to large silver clusters and possible

percolation paths within the 2-5 pm silver particles. The response of the internal resistance on

the other hand comprehends electrolyte effects in addition to the inter and intra-tube contact

resistance issues and although does show some AgNP dependence, it is best compared with

20 the EIS; and previously described, the ionic diffusion resistance resulted from the pore

blockage by large AgNP results in high internal resistances of 160 Q@ and 141 2 for the 13 nm
AgNP and the 2% Ag+CNT device, respectively.

[00155] Thus, it can be said in summary that a metal-decorated nanostructured material has

been demonstrated fo be an effective charge collector and electrode material for

25  supercapacitors. Capacitance per area of the device can be increased by decorating CNT with

silver nanoparticles of size smaller than about 5 nm which will not block the mesopores of

the CNT and complement the double layer capacitance by a Faradaic reaction induced

pseudocapacitance. The internal resistance of the device can also be reduced by adding in the

AgNP with size ranging from 3 - 8 nm. The presence of AgNP can help in reducing the inter-

30 tube contact resistance of the CNT and leading to a decrease in the overall internal resistance

of the device, which is important in improving the power density.



10 surfaces, yielding Ra values of 87 K2 for 13 run Ag-CNT device;
significantly higher even than the reference CNT device (about 28
12). [0015ﬁb21[ﬁ§312dj9ybl e | ayer capacitance, Cdi, obtai negb#<caon002ss

i npedance anal ysis increases as AgNP reduces from7 to 1 nm which is
anal ogous to the observation from CV neasurenent. The

pseudocapaci tance, Cp, for 4 D11 Ag-eNT and 1 rim Ag-CNT devi ces
contributed to the 15 overall capacitance as On + Cp. Again, 1 rim
Ag- CNT SH:G the devi ces, further
support : Je1 £€whi ch i ndi cate that
pseudoc §EGT] aMﬂlelfBlltﬂﬁing ﬂmﬁztxﬁuﬁatcttﬁs ﬂfii hjﬂaﬁcbtﬂevtca i$ ﬂ@cﬁhﬂdaﬁﬁmxbmpfary
capaci tance for the < 5run AgNP devjces. The vaI ues R?

(contri E@PP@FPEPFO et BT GeYIF ROBIPTIRRT &0n QREPRIGT BY I (Bgﬁ%)eﬁseﬂ‘wf@’

the ovepgllerffi2SinH A8 8p& a&&ﬁ%@bﬁé@f@?ﬁrﬁé@&lﬁgtﬁﬁt 20 [00153] Fermi
| evel alignnent is expected to occur "whenever a contact is forned

bet ween [@0148} aP.1dfabricatomptenganistphoteveltaic(ORY)i n char ge
d f 2
re 'S”iifﬂ*ei%%@- TRALoLOE o100 IR ARARL nfiBRY.F 0ARy") BXChcRE WIBLTCT B9 Jibe

net al . ora a1 50 Texper I enc suc an ef
create i dacdkedz@d) defeh)ethen nlenmgl lnysimpodetargeraDbwatbn agaaomcmﬂ ttmprapgnol

it t tial .b t h | eading t ¢
> tecr okedt 7 Rt BONER R e, stk ks DR The Bhsa e Bbwid
ar gued Wﬁsﬂ%ﬁg%ﬁtﬂaﬁa thenddek ot inﬁﬁtéselﬂlr@ﬁo(f@%a@ﬁhgﬂirt ahd txﬁtslaefa&e

i ncreases wt he nunber of atons in the nanocluster, reaching

maxi runiroameat SbREERROT R SShwehusion ip gpin; Gepted g thesybittsRAtEn ﬂtemlgsma
dept h ﬂ&taﬁlﬁggmegs%% @@hpmtf&e?’d"b didp ﬂ-g&iﬁ%ééeéf %Bﬁ{ﬁﬁ&h%%%tmned After
e Ag nanopar es

i ncreasing coverage o e contact resistance
bet weenspintcadtinge su’oetrabs drg tramefersestiio gbave ok iand bakedioo arhwindate fay HOuhigstes &

it or - ¢ D veanpane®. g 08 £ b, el R orb i 20 AP Bt o ik

has beeMem rInd)tR(BMt({B,tﬁ]kmleﬂylaégl ibatyriofacid riethyitesdey plraliasidfrom Tmo-C) (1:1

R e o o

reduct i 9ms kggdt e a%ﬁb@t 8 wa.t thiidelss o abisiit 1g0 hﬂﬂeDblﬁtfsﬁfonfdﬂb&temed Al
contact resi stance 154] e observations, of increased sheet

r esi st aprtboderig dppe By ﬁapg ﬁ@épgftraﬁ%énéfawq%W% anbas ¥ sy aRaation fefeef 0.2 Ass
cont exty 3bt§1ﬁ%ﬁf<ﬁe%9 bf &touﬁgommt itfe DY BblidRsn gs;caeﬁgttte@ml%mmg after

i nter- tube resi st ances. One may argue t hat Intra-tub
resi st aAt depeisition 281 FHMCAGNBOD indnyesy t}@bieywh p@f@tatlanmﬁmm in Figere AP

Siz te t hi 0 13 nm The inter-tube
res?@taiﬁ’ég® ?ﬁﬁgfﬁ O'h(ét;gid}ﬁerc actarbl y highest for the 1 nm AgNP
devi ce mmoilay tmﬁmepa@ggﬂwmpagepamoﬁ,lﬂﬁ:ﬂgre-wnéchmbommdomgesﬁ@mFSWGNT

CNT | eads to reduc i nce fr t 15
Che 1 o Biehived fiopt Lomen Saien 1x) 85 SMNATSE AHrAIFE bt e anp et A1
12cm 2 ﬁlﬁh@%éﬁdﬂﬂlﬁﬂ%ﬁﬂ P&'lg\?ﬁblq@'tcoﬂﬁm@l e 3, (Xétoﬁiiﬂ%“\@ﬂgbxyﬂcte&d These

decreasin sizes. The reduction in sheet resistance for the 13 nm
and 7 nw%a\t cevermfiltped dhropgly @ Eler Bemhtave (Ahatmes 20 G@ep‘?,rérﬂ?&cfﬂ mm

s e SO e YRS gl P BL f f ronncd
sur f acenmufkr a@@erodryﬁng the fréﬂataﬁﬂiﬁg GN® nellmmrkfﬂne(thtckeess habemt 20 um) was

resi stanc t he 1 ncr e | i out..10

o 5 ofelod O ot e 15 AR bt e o AR B SbBtsatacieds TR dfialy ol
sheet raﬁétﬁil}?te%sf[ﬂépai’é’dﬁ@ ﬁl‘aﬂin? Vi o€ pbl?vﬁlbﬁalb&mﬂ’\fﬁi nfonb@er @Alfa Aesar,
arguabl é/aTdue to gﬂe silver clusters and_possible percol ation pat hs

within $$89%. @eﬂglm/ ghyagle artwezglat%m Shal #@gryéws‘éatét atPReC taobiaiibd clear
r 633 t a %k@ oiﬁﬁn%r@ﬁlcﬁ' %Pﬁ’]% ub é?E@aemﬁEﬁ Oé 9|% g)%ﬁssadd@d under

ition tot I nter and tact réS|st i ssues and
continuous stlmng Air bubbles and excess water in the gel-like solutxon were removed using

a vacuum desiccator, and heating to 60 °C for 4 h respectively to obtain a polymer electrolyte



WO 2011/ 021982PCT/ SG2009/ 000288 38 [00156] 2. Manufacture and testing
of a hybrid device [00157] In the follow ng the manufacture of a

hybrid devwgqohﬁmi;%crr bed. In this exenplary enbodi menggr/ddraodnniiss d
devi ce conprises an organi c photovoltaic (OPV) as energy converting

unit and a supercapacitor as energy charge storing unit. 5 [00158]
2.1 Fabrication of organic photovoltagg (OPV) [00159] I TO coated
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the supercapacitor device with SWCNT electrode and PVA acidic polymer electrolyte are

shown in Figure 6(a) and 6(b). The results are representative for a standalone supercapacitor
25 as well as for a supercapacitor forming the energy charge storing unit of a hybrid device
described herein. The CV measurements are carried out at the scan rate of 20 mV/s at room
temperature. The near-rectangular shape of the CV curves indicates good capacitive
characteristics of the device, with specific capacitance of 84.5 F/g. Charge-discharge
behavior was measured at a constant current of 0.2 mA. From both measurements, a power
30  density of 0.15 kW/kg and energy density of 2.96 Wh/kg are obtained at room temperature
for the supercapacitor device, which are within reported ranges (0.01 - 10 kW/kg) of

commercial supercapacitors and comparable to flexible devices reported.
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net wor k, which acts_as both separator and el ectrolyte of the

super capight pwrent prefile, short-ciicafs crlgeletodremsy (s)aasdigly 2a186RanAy’ could be
free-st i
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[00165] Cyclic vol tatnnograms (CV) and galvanostatic charge-di scharge

( GCD) c §eRslateof t he super capaci t or devr ce with SWCNT el ectrode and
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resu ts are entative for a stan | one super capacl t or
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hybrid devi ce descrihbed rements ar.e ca |ed
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2.96 Wi/ kg are obtained at roomte erature for the super capaci t or
devi ce, siilag tp thatofigings devicepb 3@Vt Jleyigesyere coneripf lyjeriss, significant
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anbpent Frgiﬂes@\wftﬁmge((AA\MCNTassﬁmhbumraaé)l on (100 mMWcnR). The |-V
curves of both_dark | ight current_are shown in Figure 7. The dark

current [HEPS | E Wo@@l%uﬁtdééhatdéﬁw Vo anch Fupereapaier dagoesHSETFe dojunder
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cn? whi ch was expected judging fromits relatively gih fill fact?11
Figure 9(a). During charging process, OPV converted solar energy to électrical current which

flows from anode (ITO) to the cathode (Al electrode), and charged the adjoining



20 the whol e devices. Wile current inprovenment was observed, Voc
remai ned very nuch simlar to that of single device at 580 nV. Wen

devi ces wewd ganapeied in series, significant increase pdr@odRbRYL
1000 mV) was observed while the Jsc remains close to the behavior of

a single cell (7.75 mA/cnR). [00169] 2.6 Results of neasurenents
with the hybrid device shown on the | efit of 25 Figure 5(c) left inage
(Al + CNT as shared el ectrode) [00170] It was denonstrated that the
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Figure 9(a). During chargin rocess, OPV converted sol ar energ
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with constant current of 0.6 mA, the internal resistance of the
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di scharc{; external Toad “of | c, the supercapacitor can be
char ged [P 74D Bowwalsmﬁmhn$t§atqc}1t’élabpmn emneehing el PRYeinoferiepys whawn iy
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ol  age e BGeles RrBRIGH SGRs B S FefR s HERRS ol 180 HeflefBan ve
charge anpgkeel 66 M3IORV Gutivg daf tinhe AN kd chadlgs/isaRidpystoieting tme/@p@l%\d dcitor
series are plotted_as a function of tinme as shomd:jaﬁllcﬁ’gure

Hence, tHéchAet d hange soraggiienice ohnibg davithisispnisely @gglsplpqayge will
and,§he tﬁéagfa s éa@dta)g ﬁ&%a%gbﬂ Pehsq %yaﬁﬂecgwél?f % a%ett B%%%tswﬁ%h %

charge sto V|ce evice I's conngcied to a I oad
di schar geedsi lfor igBiakizikgcetaacapplivatbisat el y within a short period of

cert ai nI0H3P] B Gnlisthes 4375 bell e Hte kRS “pAg HIBA devi co
r ef er r efoG1g6UNTRE baddeiagrat in Figure 12 illustrates the electrons and holes transfer of the
hybrid device with Al + CNT shared electrode. Photon (hv) is absorbed by P3HT which upon
30  excitation will generate excitons. These excitons can get dissociated to produce free charges.
Holes will remain in P3HT, while electrons will be transferred to PCBM. Due to the

difference in work functions of the electrodes, both charges will be driven towards the




[00176] The band diagramin Figure 12 illustrates the el ectrons and
hol es transfer of the hybrid device with Al + CNT shared el ectrode.
Phot on ( 1wyoi2s11@aset bed by P3HT whi ch upon 30 excit ati opcmgddoos/noo2ss
generate excitons. These excitons can get dissociated to produce free
charges: Holes will remain in P3HT, while electrons will be
transferred to PCBM Due to the differd2nce in work functions of the
el ectrodes, both charges will be driven towards the WO

2011/ 02 LRRRBEH/ PaAGH OPRA8Sfrdd BORKD Il@@ﬁaf PIHAns BRilitated bpahesrehéredof
HOMO |l evel of P3HT is facilitated by the presence of PEDOT: PSS before

it reachEPOTESAR6MES iteppcherl IR mdw@ﬁ éhe féll@é@mb elecpR N Y evel of
PCBM ar %dﬂl@%é’%ﬁsﬁgﬁ%@mﬁ 1§~i c&ﬁéd&oﬂﬁa eeﬁ’ébﬂb&'& @ﬂuﬁgésr&g?t into
charges can get stored percapaC|to

d ai ns BWENRdod istrefleimitheesupersgpacgomg:  an ener gy converting unit
comprising a first electrode, a second el ectrode and an 5 energy
converting nedium arranged between the first el ectrode and the second
el ectrode, wherein the energy conversion takes place between the
first electrode and the second el ectrode of the energy converting
unit, and wherein the energy converting unit is selected fromthe
group consisting of a photovoltaic cell, a thernoelectric converter
and a piezoel ectric converter; 10 an energy charge storing unit
conprising a first electrode, a second el ectrode and an el ectrol yte
medi um arranged between the first el ectrode and the second el ectrode;
wherein the energy charge is stored between the first and the second
el ectrode of the energy charge storing unit, the second el ectrode of
the energy converting unit and the second el ectrode of the 15energy
charge storing unit being a shared el ectrode electrically connecting
the energy converting unit and the energy charge storing unit; and
wherein the shared el ectrode conprises a nmetal and a nanostructured
material, wherein the metal of the shared electrode is in formof a
first layer which is in direct contact with the energy converting
medi um of the energy converting unit and wherein the 20
nanostructured nmaterial fornms a second | ayer arranged on the first

| ayer and wherein the second layer is in direct contact with the

el ectrolyte nedium of the energy charge storing unit. 2. The hybrid
device of claiml1l, wherein the shared electrode is transparent or
25transl ucent or opaque. 3. The hybrid device of claim1l or 2,
wherein the shared el ectrode has a thickness of



bet ween about 10 nmto about 200 nm 30 4.The hybrid device of any
one of the preceding clains, wherein the energy converting unit, the
energy charge storing unit and the shared el ectrode are made of
printable materials. 44 5. The hybrld devi ce of any one of clains
1-4, wherein the photovoltaic cell is 43el ected fromthe gr oup
con5|st|ng of a thin filmphotovoltaic cell and a silica based
photovoltaic cell. 6. The hybrid dewlammof claim5, wherein the
photovol taic material used in the thin filmphotovoltaic cell is
selected fromthe group consisting of cadmumtelluride (CdTe),
copper ji ndi yngshd devReS@hfMsig: (A S or A GS), dye-sensitized

phot ovol taic cell (DSC) material, organic photovoltaic cell materi al
or thin-fil rm san tsogy CdiFe8ing uiit cafhp‘isﬁuygm ifistbbactrode, of seaonyd eleetrate anden

di | wh t h tOr | t
Pechar geabl e bATTEY gonerira Bea SRt adinged by e bt Harindsrasinbrisgand
capaci tor (HEGectdri@; Wherelty el éihef-:ngcﬁﬁe@foncmésw&ee vheeai et 9t eREEEH:

converting unit |s an organi c photovoltaic cell. 9. The hybrid device
of claim1 or &d heaeesnd elperadgerighe @n@rggecogvmlng]gnmmrtd w8ergin the energy

super capaci t or nt%grtﬂigel%n-{{]?can Ec%cfj grg Vlc}tcee%r%IJ? 6&%}{%1%%1 &oha %t&’oﬁg%déeﬂg

cl ai ns, mhereln consi sti Ag’

of a noble et tlermeel dobti@ton@siteleanda piedodlechicl @yvertdn; i ntermetal lic, and
m xtures thereof 2511. The hybrid device .of c|aim 10, wherein the
nobPe metal "i sASEICERY ehres %tﬁ#l%em@ﬁ@aan%&é.f%ﬁﬁ sleptigrle.cq $egand electrode and

pal | adi um go e T |
of claim 10, W%eregilcﬁm n%n&%&?%&‘g eﬁ%? tr%ﬁﬂc&% gl?doﬂﬁé/ sBond
consi sting of @e@@deV%&elm/ﬂﬁSenefMZGﬁrgd\hsOﬂone&lZﬁtwde’n@h@ﬁrstLanﬂeﬂﬁQ second

Li Mh203, 30Li 2 04d Li.2Ti O3, 02, Ag- IVhOZ Al 203, M03, Ti 02, Si02,
Zn02, Sn02, F¢ 3§K’QP Ehs © @§®St B3%1t W03 and ni xt ures t her eof

45 = the second electrode of the energy converting unit and the second electrode of the

15 energy charge storing unit being a shared electrode electrically connecting the
energy converting unit and the energy charge storing unit; and wherein

» the shared electrode comprises a metal and a nanostructured material, wherein the

metal of the shared electrode is in form of a first layer which is in direct contact

with the energy converting medium of the energy converting unit and wherein the

20 nanostructured material forms a second layer arranged on the first layer and

wherein the second layer is in direct contact with the electrolyte medium of the

energy charge storing unit.

2. The hybrid device of claim 1, wherein the shared electrode is transparent or
25 translucent or opaque.
3. The hybrid device of claim 1 or 2, wherein the shared electrode has a thickness of

between about 10 nm to about 200 nm.

30 4. The hybrid device of any one of the preceding claims, wherein the energy converting
unit, the energy charge storing unit and the shared electrode are made of printable

materials.



13. The hybrid device of claim 10, wherein the alloy is nade of

el enments selected fromthe group of elenents consisting of group 10,
11, 12, 13, 14 and 16 of the periodic system (|1 UPAC nonencl ature).
514. The hybrid device of claim 13, wherein the alloy is selected from
t he group consisting of alloys of litAfund al umi nium Au, Pt, Pd, Cu,
In, InSe, CuSe and SnS2. 15. The hybrid device of claim 10, wherein
the intennetallic is selected fromthe group consisting of Ag-Ni and

Ag-Au. 10 1 he .hypbrid device of an e of clai tp .15, wherei
the Tt | anemSBrdgrist of 88 & A et Elonbereh Badhotupifcel ¥ ot
hybrid devi gg®fthaolpeonbisGh@iofa inin0 filf. pNASTHalt 1cBE 4Rt ! siliga iH3sed
the formof 15nmetal "particles.” 18. The hybrid device of claim17,
wher ei n t he phetoabligarceli.cl es have a maxi mal di mension of < 100 nm

2019. The hybrid device of claim 18, wherein the netal particles have
a xi mal di mensi on of between about 1 rimto about 40 nm 20. The

hybri d gdevi ameybfill dleticd 81 clhif 15¢ whetete theBshetovBR4it ingdt€$al RigaPindthEBhth Fikn
di mensi on of between about 1 nmto about 20 rim 25 21. The hybrid

devi ce of clPhpievoltaic wplkiesehectedelrpmyrthe grapsqonsising of Fasimipantetpiide (CdTe),

ticl i Si . About 12 [ 0 i
Rher ef n' ¢ he col; BB Ll RGBS 6 CIBH]Pafitsdiliy81 Mot U
of between DECY niatdriaindrganid ghatovoliak: ctlontiterial of thin-di@l sieh§TR-Sihe

particle size distribution for particles with a size of between about
302V= to < 5 nmis about 1 nm 46 22. The hybrid device of any one of

claims 717 t gl piied&idR fhzﬁly“ﬁﬁéi b . B
nanost r7ucture§ r¥at e(raclI a?. &23. The h{/ﬁf}l %Egidg?gcgfag?@aﬁgggﬁﬁethgfeh%@giCrlrlsarge
17 to 21, wheriggmnithe amethelrgqahlet batessoraa supercapacitor or a hybrid electrochemical

capacitor (HEC).

15 8. The hybrid device of claim 1, wherein the energy converting unit is an organic

photovoltaic cell.

9. The hybrid device of claim 1 or 8, wherein the energy charge storing unit is a
supercapacitor.
20
10.  The hybrid device of any one of the preceding claims, wherein the metal can be
selected from the group consisting of a noble metal, a metal oxide, a metal alloy, an

intermetallic, and mixtures thereof.

25 11.  The hybrid device of claim 10, wherein the noble metal is selected from the group

consisting of silver, palladium, gold, platinum and mixtures thereof.

12 The hybrid device of claim 10, wherein the metal oxide is selected from the group

consisting of PtO;, V203, V,0s, NbOs, N10O;-xH,0, LiCo0,, LiFeO,, LiMn,Os,

30 LixMoQy, LiyTiO3, MnO;, Ag-MnO,, Al,O3 MoOs, TiOs, SiO,, ZnO,, SnO,, FeyOs,
NiO, Co304, CoO, Nb,Os, W-0; and mixtures thereof.



5chem cally bound to the surface of the nanostructured material. 24.
The hybrid device of claim23, wherein the netal particles are

chem cally bound to the surface of the nanostructured material via a
l'inker. 10 25. The hybrid device of clgén124, wherein the linker is
selected fromthe group consisting of hydr oxyl group, pyrenes,
esters, thiols, am nes, a carboxyl group and m xtures thereof 26. The
hybri d 1devi dédedfyboldaiemic2®f cleimr ), whersin deer dloyyis mpdewd demantsrpel¢tatifrom

a nol ecul e sel ected.fromthe. group consj,st,ing.,of., form.c, acjd, .
oot o aet o e EsEpis A CotRitg 4R SR 10 a2 Ol & 16 64 Hie pemiogic
aci d, cycloaygaﬁqnggAQQ%ﬁhhgaﬁ@éds and benzoic acids. 27. The hybrid

device of claim25, wherein said hydroxyl group is conprised in a
20mol ecul e selected fromthe group consisting of phosphoric acid and

L son 2 e 9 TRSe P, SENIEE B Pha 06 i T ool

nanost r uct urgdllemteitfmlSuatvah eau Vil Pd,[dhe Ighsd, (adethe RES,. 25

29. The hybrid device of any one of clainms 22 to 27, wherein the
particles are evenly dispersed at the surface of the nanostructured
mat er | gk. S%hzhlgbﬂﬁlﬁ’ebfée% Y ﬂf, il e ﬂ1fte B! ﬁcs%ﬂalc fﬁérﬁ'tﬂ@ oup
wher ei n”t he nandstruct ured naterral has a surface area of at |east
about 50 nR/lgonsidihg of Ag3Ri ankh&giMbri d devi ce of any one of the
priﬁfding clainms, wherein the nanostructured material is selected

fr t he group consisting of nanotubes, nanow res, nanofl akes,
nanoparki ¢! ate nBACUEAES of ARNGI diTHiRR] BABDWRRLAPHE Lt 114 of metal has
af orenenti oned 5nanostructured materials in a mxture. 33. The hybrlg
devi ce of clEtknesPof atfessel 0 ithe nanot ubes are singl e-wal l ed or

doubl e-wal l ed or nmulti-wall nanotubes. 10 34. The hybrid device of

cl ai m 33, wherein the nanotubes are carbon nanot ubes.

17. The hybrid device of any one of claims 1 to 16, wherein the metal is in the form of

15 metal particles.
18. The hybrid device of claim 17, wherein the metal particles have a maximal dimension
of < 100 nm.
20 19.  The hybrid device of claim 18, wherein the metal particles have a maximal dimension

of between about 1 nm to about 40 nm.

20. The hybrid device of claim 18, wherein the metal particles have a maximal dimension
of between about 1 nm to about 20 nm.
25

21.  The hybrid device of claim 20, wherein the particle size distribution for particles with
a size of between about 2 12 nm to 20 nm is about + 5 nm; wherein the particle size
distribution for particles with a size of between about 2 5 nm to <12 nm is about + 3
nm and wherein the particle size distribution for particles with a size of between about

30 2 nm to < 5 nm is about + 1 nm.



35. The hybrid device of any one of clains 1 to 33, wherein the
nanostructured material is made of a material selected fromthe group
consisting of a carbon material, a ceramc, glass, alum nium
oxynitride; a polypyrrole and nixtureg of nanostructured materials
15made of different of the aforementi6fed naterials. 36. The hybrid
devi ce of any one of the preceding clains, wherein the nanostructured
mat eri &2. i s Thenedoidodeyice of ampnoned 6 chaims Adnostl, uehareie dheranasali pdrticle0 are

37. The hybrid _devi. conpri sing: n. energy converting unit

conpri si ng éﬁ??&%@ﬁzP%%$Eﬁﬁﬁ?m§d§&§ el ectrode and an energy
converting nedi um arranged between the first electrode and the second
el ectrode, wherein the energy conversion takes pl ace between the

first @Pect ridgehybrd daviceselcamidoes of clane 1dftot He veliveeigythe arsidrpartiges are
unit, and | r rtl b d ected fromthe
gro%p consrgﬁéﬁgﬂgﬁggwﬁﬂgﬁg%%ﬁ gggyggpﬁ@&%&ﬁﬁ%ﬁhggﬁgétric converter
and a piezoelectric converter; an energy charge storing unit
conprising a first electrode, a second el ectrode and an el ectrol yte

medi um4r r ad@edyBEe sEise R Slaimy 33, veiesein tkpimetih garticles e shrmisplbe bpuyeto
wherei n t he yangrg¥e 6PRE YndshrustulidlaBibWESA kG, f1rst and the second
30el ectrode of the energy charge storing unit, 48 the second

el ectrode of the energy converting unit and the second el ectrode of

t he_energy ar stqQri.n ni.t. bejng .a shared.el ectrode el ectri.cal
co_ﬁﬂec??ng t %ﬁ’éﬂdgae‘%%\f’gr‘fl?‘ﬁb%n%@%ﬁﬂ tﬁiﬁgh érlﬁysege!‘iﬁ:ﬁg oy Hig ﬁ{j%l’
uni t; and Wagk&ithg of a hydroxyl ghGups poFeRts, @kl 1R6S ﬁﬁfﬁ@é,'é&?b@;ﬂ%ﬁb and
and a nanostructured naterial, whefein the 5metal is in formof netal
particl es amdxtwesrthéraof he shared el ectrode conprises a first |ayer
of the nanostructured material mxed with the netal particles or a
first layer of the netal particles bound to the surface of the

nanost pgCct uTad hiBli@aévate of a3 Mehetady Ble cAfbokiEeroam asdoimieistd Btk molecule
material arranged on the first layer. 1038. The hybrid device of claim
3715 wher ei ns¢lpeted jfragp thaygroupfconpisting wdsiormet aeidd ageticepfidl pr9piewic wicid
the netal p LGl.es..or T I of f.he a

to the surfgééhﬁf %ﬁ@ R%ﬂ%gﬁéJ%Fhre %ﬁ%ﬁe?%§|° S6%#g§né%g8%ﬁﬁt%§HQde
ener gy conveetdongadiddi um wherein the second | ayer of the
nanostructured material is arranged between the first |layer and the
el ectrolyte nedium of the energy charge storing unit. 15 39. The
hybri dydevi gge QfyhARYdRAE B cldif 95 eehidhfid eﬁhq{?ﬂﬁ) 56 B LGy |
devi ce conp??gegfat ?east t&b energy convgrti g Jﬁ?@%fﬁhﬁérgﬁﬁ %ﬁérgﬁ
| e23t two enmigpplecwieetdtirang thengrowp emmsistog nEgticephdrie aat mdotubdnic acid.
series; wherein the first energy converting unit in the series
conprises the shared el ectrode which is electrically 20connecting the
first eger gyneapmed Hévite siNiry diR JfREIMESD &Y 28N GBinYeRldeAULYM §% t4 Bbout

The hybrid device of any oné of clainms Ito 38, wherein
80% of the surface of the nanostructured material is covered with the metal particles.

25 29.  The hybrid device of any one of claims 22 to 27, wherein the particles are evenly

dispersed at the surface of the nanostructured material.

30.  The hybrid device of any one of the preceding claims, wherein the nanostructured
material has a surface area of at least about 50 m*/g.
30
31.  The hybrid device of any one of the preceding claims, wherein at least one dimension

of the nanostructured material is less than 100 nm.



the hybrid device conprises at |east two energy converting units and
at | east one energy charge storing unit; 25the at |east one energy
charge storing unit is arranged between the at | east two energy
converting units; the shared electrogi is electrically connecting
the el ectrolyte medi umand the energy*converting medi um of the at

| east two energy converting units and the at | east one energy charge
storing unit; and 30the first electrode of the at | east one energy
charge ,stori is.electrically,_connected to the first el ectrode

it
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conyerting unj i .he .ener. converting unit 5conprises an
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or depositing an energy charge storing unit, wherein the energy
charge storing unit conprises an electrolyte nedium|ayer arranged on

a firsB3el ediedubrifgdexice of clainy 32.nvhggein Hbe sareipbescBpsiiginwaligd endouble-
conpri ses d%ﬂﬁ%&%i&%hﬁu&ﬁ?ﬁﬂ&n@%@CtrOde 10l ayer being a shared

el ectrode on the energy converting nediumlayer or the electrolyte
medi um | ayer; wherein the second el ectrode | ayer conprises a netal

and a nostruct ur. material ;_ . fqQrm ng the third conponent which
cogBri s o B‘ﬁi‘é’g&‘gg%%@i{ %@W%W%F%?%%ﬁ@gwrﬁgar PERANREer on
the second el ectrode | ayer and depositing a further el ectrode | ayer

on the energy converting nediumlayer if the first conmponent is a
ener gy 3éhar Jaedybiid deyicadfi gnyame of claims 1 to 33, wherein the nanostructured material is

made of a material selected from the group consisting of a carbon material, a ceramic,
glass, aluminium oxynitride; a polypyrrole and mixtures of nanostructured materials

15 made of different of the aforementioned materials.

36.  The hybrid device of any one of the preceding claims, wherein the nanostructured

material is a mesoporous or macroporous nanostructured material.

20 37 The hybrid device comprising:

" an energy converting unit comprising a first electrode, a second electrode and an
energy converting medium arranged between the first electrode and the second
electrode, wherein the energy conversion takes place between the first electrode
and the second electrode of the energy converting unit, and wherein the energy

25 converting unit is selected from the group consisting of a photovoltaic cell, a
thermoelectric converter and a piezoelectric converter;

= an energy charge storing unit comprising a first electrode, a second electrode and
an electrolyte medium arranged between the first electrode and the second
electrode; wherein the energy charge is stored between the first and the second

30 clectrode of the energy charge storing unit,



depositing an electrolyte layer on the second el ectrode | ayer and
depositing a further electrode |ayer on the electrolyte layer if the
first conponent is an energy 20converting unit. 42. The nethod of
claim4l, wherein the shared electrodg is formed by: deposi ting
the metal as a netal |ayer on either fe energy converting medi um

| ayer of the first conponent or the electrolyte nmediumlayer of the
first 25conponthetsecandctledtode sf theragetgdyeconugrtisg noid tand 8w seedrek ¢ledtrass ofi the
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Clai m 41 wher STREX fbara RS brGE R ph s et o PR hf the
30particles a_r@ne?%})(%v’éﬁin% unf@nd MOSHFHCEHAF Rt SO @ hnd whlkefth. The
met hod of claim4l, wherein the netal 1s in formof particles and.
wher ei n t he "patheisbired elecodehenmprises ¢ nistal rad eaanperustirédpeten], tHgrein the
nangst nct ur ed rd.ale.  45: Th h f.clai 1 rei.n the .netal
o P form of Ba i et ot e rfBURg iR et IR PTG
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of the first conponent; and depositing a second |ayer of a

na%) St rggc t urT%cg hr{rﬁxt-ﬁ rdie\?ilce(c)) clta?nel 3f7’|, EN tere&na %rﬁrst layer of the nanostructured material
mixed with the metal particles or the first layer of the metal particles bound to the
surface of the nanostructured material is arranged on the energy converting medium,
wherein the second layer of the nanostructured material is arranged between the first
layer and the electrolyte medium of the energy charge storing unit.

15
39.  The hybrid device of any one of the preceding claims, wherein the hybrid device

comprises at least two energy converting units, wherein the at least two energy
converting units are connected to each other in series; wherein the first energy

converting unit in the series comprises the shared electrode which is electrically

20 connecting the first energy converting unit to the energy charge storing unit.

40. The hybrid device of any one of claims 1 to 38, wherein

. the hybrid device comprises at least two energy converting units and at least
one energy charge storing unit;

25 Ll the at least one energy charge storing unit is arranged between the at least two
energy converting units;
" the shared electrode is electrically connecting the electrolyte medium and the
energy converting medium of the at least two energy converting units and the at least
one energy charge storing unit; and

30 s the first electrode of the at least one energy charge storing unit is electrically

connected to the first electrode of the energy converting units.
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A method of manufacturing a hybrid device comprising a layered structure of a first

component, a second component and a third component, comprising:

forming the first component which comprises either

= depositing an energy converting unit, wherein the energy converting unit
comprises an energy converting medium layer arranged on a first electrode layer,
or

= depositing an energy charge storing unit, wherein the energy charge storing
unit comprises an electrolyte medium layer arranged on a first electrode layer,
forming the second component which comprises depositing a second electrode
layer being a shared electrode on the energy converting medium layer or the
electrolyte medium layer;

= wherein the second electrode layer comprises a metal and a nanostructured
material;

forming the third component which comprises either

» depositing an energy converting medium layer on the second electrode layer
and depositing a further electrode layer on the energy converting medium layer if
the first component is a energy charge storing unit; or

» depositing an electrolyte layer on the second electrode layer and depositing a
further electrode layer on the electrolyte layer if the first component is an energy

converting unit.

The method of claim 41, wherein the shared electrode is formed by:

depositing the metal as a metal layer on either the energy converting medium
layer of the first component or the electrolyte medium layer of the first
component; and

depositing the nanostructured material as a nanostructured material layer on the

metal layer.

The method of claim 41, wherein the metal is in form of particles and wherein the

particles are mixed with the nanostructured material.
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45.

46.

50

The method of claim 41, wherein the metal is in form of particles and wherein the

particles are chemically bound to the surface of the nanostructured material.
The method of claim 41, wherein the metal is in form of particles.

The method of claim 45, wherein the shared electrode is formed by:

= depositing a first layer of the nanostructured material which is either mixed with
the metal particles or wherein the metal particles are chemically bound to the
surface of the nanostructured material on either the energy converting medium
layer of the first component or the electrolyte medium layer of the first
component; and

= depositing a second layer of a nanostructured material on the first layer.



