WD 2011/ 021982PCT/ S&2009/ 000288 1 | NTEGRATED ELECTRODE ARCHI TECTURES FOR
ENERGY GENERATI ON AND STORACE 5FI ELD OF THE | NVENTI ON [ 0001] The present

i nventi orwoehewei4se the field of electrochem stry and elPeEiSG2em000288

engi neeri ng. BACKGROUND OF THE | NVENTI ON 10[ 0002] Har vesting sol ar energy
directly utilizing energy converters, such as energy converters using

phot ovol tai c technology is currently cbnsi dered as an essenti al conponent
for future gl obal energy production. Organic photovoltaic (OPV) devices are
al so recogni zed as a viable option for |ow cost power conversion technol ogy
to conpete with the currently existing silicon-based photoyol taic devices.
Hovever INFEGRATEBI-ECTRABEARCHIR BG LR SFORFNBRGK GINERATION m { o
their existence in the market cofgRg) §TiofeAv;g2s @ stand-al one devi ce.
Integrating OPV with energy storage devices such as supercapacitors and
batteries thus offer a promsing alternative approach to neet the

i ncreasi ng power denands of in general. It is
recogni zed that conbining pﬁgﬁﬁﬁ?‘@@%&@ii&ﬁh energy charge storage
devi cegogMab! e PRskAthRABod NeRfd -8 it &M loPVelbittitheistiyath®Ngecdich SUCh
devices aré 20 deénmed essential for w de spread adoption of photovoltaic

devi cesngin@od®d. There are considerable efforts in devel opi ng
phot ovol tai c-battery nodul e by coupling on top of each other or
side-by-side a thin filmsolar cell and a lithiumpolynmer battery. Such

constructions require elBACKICROUND SETHELAVINIMINCh i ncrease the
i nternal nechani cal resistance of the constructions and are tépi cally not

suilPabll@0Q2dr dfpvesting snar eriey rrsdy viilising | encsgib soRvariess, 02f| erigy,
her e haflge st P BRGRNESID LS Sl SR eh, L B Ben
first dephaire dldtal pie@ge ptoduttid Org@ihit photiokekdie qOPY) deviydy drel a6 tecgnized
conpri Sals r;lg\:/iabl\é\%ptzlgr]i 1f/019 lz()jﬁs?-ggsl’?gévgregg?v%{rs?gg %e%%nolo gy to compete with the currently
existing silicon-based photovoltaic devices. However, the low power conversion efficiency of
15  OPV devices has limited their existence in the market competitively as a stand-alone device.
Integrating OPV with energy storage devices such as supercapacitors and batteries thus offer
a promising alternative approach to meet the increasing power demands of energy storage
systems in general. It is recognized that combining photovoltaic devices with energy charge
storage devices enables 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 afirst aspect, the present invention is directed to a hybrid device comprising:



2 an energy converting unit conprising a first electrode, a second

el ectrode and an energy converting nedi um arranged between the first

el ect rodevanrdiiiesgecond el ectrode, wherein the energy ®OHBERHIIN2BAKkes

pl ace between the first electrode and the second el ectrode; an energy
charge storing unit conprising a first electrode, a second el ectrode and an
Sel ectrol yte medium wherein the energy charge is stored between the first
and the second el ectrode, the second electrode of the energy converting
unit and tfieceregoeshvettRRtunidenoirisidyea fise elpytrody hgecaidaml¢on@de and abensgy a
shared el ectrode electrical|y connecti g% t he enerqy converting, unit and the

ener gy OREFTHBE S1GHYA GIgREed befgen bl Brsh Slgirpde and, Hiccspcend glerigerde: Wifnses a
nmet al L Lal . e present
ovent | et BARARHEH kA pIER R Bt ARl o e e ol

conpr i si ngama chayy rchargs tstaratgrn@t cdmarifing st ficso rjrotredd, ,a second eledirederpohent and

a third conponent,. conprising: formng the first conponent which conprises
it Her | FECHB TG AThariary CORYaPAERgS GHEd DRFEFBINF LI B dhggecon
convertii@ubdt conprises an energy converting nediumlayer arranged on a

first electrode layer, or depositing an energy charge storing unit,
wher ei r* t htheeveeoryly elshttodge of ttog ienergy rdonverting rurgie gndthee second allgotrederendi then

| ayer arranged on first. el ectrode |ayer form.ng the secgnd conponent
wh oh cameY, St shiet Py e cofirel Eirads Gedfirateini s M

el ect r a@gy&iing Hisit BREIRYen6R BhideRBbriidindhdyheredf the el ectrol yte nedi um
| ayer; wherein the second el ectrode |ayer conprises a netal and a

nast ruct e sharpd eleelirede comprises Agnetal and pinpaotwepeeimetedipl ch conpri ses

o1 cot 1 d980T oy 3F bHEDESER, BRGHReal BRYFIHL PR T AU P BERREE

conver thybgd edicel s sihg iaflayeied §tiuchire @0 APRSIDINpPoReR, £B0OGY compogat shdai ng
unit; or, depositing an electrolyte |layer on the second el ectrode | ayer
and depBsd epmBonent, SPMRESING| ect r ode | ayer on the electrolyte layer if the

fzbrli} 02108 ggﬁgtggéggf’%’%%@ﬁ%ﬁ : "i"%%@%ﬂ O\Iv\o OF THE DRAW NGS [ 0007] The

i ndént i on=widepodiingd et teaergyrnuarstiogdniti tvhereid @recerregyt contviesingadrai C@uprises

descri ption . .
P an energy converting medium layer arranged on a first electrode layer, or

—f
s

* 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
20  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
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



when considered in conjunction with the non-limting exanples and the
acconpanyi ng drawi ngs, in which: 5[0008] Fig. 1 shows a schematic setup of
a hybrid Wewou&2i82cri bed herein. The hybrid device of BCHEGR00D/00E8Pri ses
an energy charge storing unit 100, such as a battery or supercapacitor,
whi ch has a shared el ectrode 30 in conmon with an energy converting unit
200, such as a photovoltaic cell or a 3uel cell. The shared electrode 30 is
conprised of a nmetal and a nanostructured material. The energy charge
storing unit 100 conpBRIEF PESCRIPIIONOF THEIDRAWINGSf i rst el ectrode 10
arranged on an electrplyt% iumlayer 15. The electrolyte nediumlayer 15
t

. e I .

is in dOP&eh cHieiaventigntwi lth‘ég%tFPérU@éeréTO@étW’@HéefSWn%F% etdgtraled Gesrsipting
second C . d i L 0,.4T :

ol oot r o Lo il RanfREAGY vEIANRE nbh Ml \RofophdPind! I, SQBhRRying

| ayer Idvawings,dn whieh: ot her side with the energy converting nmedi um | ayer 22

of the gy gconyerting unit 200. Thus the shared.el ectrode 30 alsp .forns
75 She BOGURY BEek chows doeheate nne ot GonPER SR ArEBBbNeTT e AP gy
conver tdeRgte SO Fipid 3y 8m 3séssa@reﬁalgg%ap§e bagink | drif 160 GIhORE a2BatRly Whe
energy converting unit 200. [0009] "Fi g. shows a schematic setup of a
hybri d stpeticamaciér, avhicthkas @shadd risatroden3 v comirios Wil en @netgy iconvartngpuiies

nore t one ene cpnverting . .unit er el h n convertin nits

e cortBerh A proNEREK ShhoF i st SRl slgtfror 56 BooB e bl A BebTL hovs

a 20 seidPa Shnéstii¥farddd ntiedti2 e TROTEREIS EXhrERtoBIAS! €Mt 00 VRIiprRes WMialsred

connected in series, wherein the first energgmconvertlng unit and an energy
E!

chdPge ssuwefurnel ufirt elegirede A8 asangesior pe clectalytamediprelaye bhd herdegnplyte
convert j j i ch g t he. shar .ef r-ode C ri ses
ST o fhutTilen 195ER diRl Ol f MRS ok LG RREn B AE e st o
| ayer Zlecaiodane@ dnetgyeshardcotin®utit €00. rTirkeshar?d, cletfirodd eors 860side &l @ieédtode

26 of the second ener%%EZS converting units is not_ a shared electrode. In

cont r asentachwith ghegiertol ve megaan ryer he apd pa theeptBergyde itk Breranargy senyertias
shared r i - j ' r ode
6 of TR 2 O 2 e e P e
finst ehestoond ele2fsodsf oft the ehenggtcorvitiny urio 20@r Thengnergyi ¢tonveiting neediwh ddyepast e
500. SiJ].ver paste, or_.a layer, of_splder, may be.used the netal paste
S00. 307 ebieoy fudefbtits die Frersbetp BB 4l o' device of anot her
embodi MBOGo] N MBI £ dwia SHBRafc SQYp 68a BPPIT S8 SRR HeP 2RbLOMMANR Wlich
converting unit, wherein the energy converting units are connected wth the
ener gy thﬁgnygedsiew‘ﬁr@mmisps inporg athanh |cske, eneyyy 200veridee 98PETASE 0G0 £090288 4
[0011] Fig. 4 shows_ an enl arge i ew of section of. the hybrid deyice to
1 st eaieering PEYSoP SRR, Begely R i blit b Fud P Be 06T,

Fi gor esefpAY a OB dedicErompasifg Bro sha sy dohieefisitinieydoadén@inSseribs, wididif er ent
structures of the shared electrode 30. In Figure 4(A) the shared el ectrode
30 is dberprt saerayiconvering unjt Apd pnFmergydchargeasterng yaib Mpke thegharpd glectrode
nanost ryyc terl all rg. I
ayer i i0erRedfRl Sy, caf e I RSt ICHG BRI IE MG RORdT6 ) o
t he enebgipricesw first elegtrody 25, wsebend ¢lectruie @t andinuenethynain@ertiak nhenan 132ri S i n
direct contact with the electrolyte nmedium| ayer 15 of the energy charge

st or i ng4rapgadbetyvgenthg e elgetipdes Jre 26n Hhcipcend eletserle 2900ithedRcpad enggay
physi c i i S i In
DS o hn Py il nFs MlarBEHEUELS 1ARn sl OB OHE MR R ey o1
whi ch kasveréhglunitaisop ahéied| @ectindiendatithtthe tepemyyr tlarge 3Rringnuine Birebsationdnt

t he metal nanqparticles e bound at .the surface . of, the nanost.ructured
it er | FICYPAC 20| FribErSCERUl FOTER SeRYSTHRE Hf) 15 QIPRicHT CRIMEPEL PG Tst

CoNpri $Rkndde 25 F 1R it RABRSIdoHFEMNE IniBlsld 2mdd FRE 0l a¥Sfer Pastef o€k t her
a physical mxture of metal “particlés and a nanostructured material (44')

or a némrsfsqldﬁrwmembﬁﬁsﬂhfopthmewatste.ﬂ&)s metal nanop articles bound at
30500868 (Mo ohSRL b pEtlis 348 oL RYR PaS SIS IRL ek GRESHSMAL T e
the hybrid device comprises more than one energy converting unit, wherein the energy

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



(OPV) which serves as energy converting unit in one of the hybrid devices
illustrated in Figure 5(c), nanely the enbodi nent of a hybrid device shown
on the | VO 20f1/RIYAre 5(c). The inset in Figure 5(a) sh®ad/S&2¢@0e§8 aph of
the OPV. This photograph shows an exanple of 20 an assenbl ed device
configuration in which ten devices 502 are arranged on a 1" x 1" substrate.
One end of each device 502 is the OPV4l ectrode while the other end is an
extension for clipping. The circular inset in Figure 5(a) shows an enl arged
vi ew 0fod1Ng a®id.v4# shayweranoénl AL -REBNfO4 skdtivpnOBbl theT hgbrsd keeice do | illngirate

represents polyneric chains of P3HT while the circle re sents P C60
bucky Biffarenitempadiments gbthechytaid devieg descbed hgwwlﬁﬂ%ﬁegn ég)Bané

repr esﬁ@g%ﬁ&@ d?iffergﬁ'teerﬁﬁécfi%mé \ﬁfth adl%‘é‘f@fg{ %ﬂ%@eg %Fltﬁec—‘@lar\é@ %tr%&é 485 S

ener gy orirn I'n evice i ustrate In Figure 5(c).
The i nFgturé n(zsl thel slear&( bl):ctsdda\m) 8 cpimphsnglr aljrhmefal talyer Hupek chyaciangrisedofjur e

5(c) shows sche I C re rese tions of two different  enbodj f.

hyb?i dad@@P@@Cﬁ’ﬁA PF?éer! 2 ¥ te i 8 Stacked PP ol other 1?8@1 ﬂ%ﬁﬁs‘}\??é‘%av of a
hybr i d gen! Gl HleNthoRly 5 AR mheRthiP! @@ $OheIRFS) eoﬁvfaanéouﬁbar ed
el ectro e (A'+ conpri sés an alum nium (Al') layer arranged on

n?n ;)st mdnlteuhedaﬂl@jmctumdnmjateﬂebla@rér 82uid én direst aoutaet withrthe ledectriolyite mﬂlum gure
5(c) shows SS section vi ew of . a, hy d devi ri \/ and
o Slpeldihde: bt arer hame ShiedmiossBn Eass deih P ShbidoReyilis L

el ectr egfReuRy bl%%fcaﬁﬁnﬁﬂréj@f?ﬂﬂéﬁatl SertffishRl SRR uRE tHREKal 6. ¢r F &@on
nanot ubes "whi ch' Rave bound A Ag nanoparticles at its surface. 5_{8013

6(3) sHOUB ‘dnecy}m'rq:d: alesitodemiy reompaises R gun@stez(cbyre@ Hoetsriga whigho Swat m@ta& har ge
w1 3 SSRGS e BHRSL MRS Sl es v AU sl o
ﬁyngl 11 IatI gﬁ sr,chzfab@ Qf e heﬁfbsﬂ?@d‘tﬁreﬁ’%&feﬂﬂsﬁd aqavceel vdupe ThiFeghrt o(DRIht shered t he
electrode 30 comprises a layer of a nanostructured material 42 and a layer 44 of either a
physical mixture of metal particles and a nanostructured 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 17 x 17
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 (Cgp 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 (AI+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



[0015] Fig. 8 shows I- V curves under AM 1.5G il lum nation of the

P3HT: PCBM based OPV device connected in series as well as in parallel.
Figure 8 WD20114R982 an |-V curve of a 10 single OPV for PCHBGANI9H00288
[0016] Fig. 9 shows a schematic illustration and circuit illustration of a
hybrid energy storage device with drop-casted CNT network on Al cat hode as
shared el ectrode during (a) charging process (b) gal vanostatic discharge,
which is done by connecting a 1 kS-2 resistor in parallel to the hybrid

devi ce ¢lethsdE bsthfigsed R Al 8eddedte cabio asnaiibd hawbylyrijedcadbon nancmitesphldth ed
15as a function of tine in Figure 9(c). [0017]Fig. 10 shows a schematic
i |1 ust have bavndrs eanopaticlesiaf §S8HECPon of a hybrid energy storage device

or oces S0015T ° Bk el o e % FMftle, BSARRPECRF 08 FiHS 68 Mus BpalCAABLGHGS
resist Qhafgél apardisdhetget @urtdyefon\supéerdagheitoc deviddsewithaS WENAN @ledirgdsh andy @ Veur ves
VA

of the hybrid device are plotted as a 20 function of tinme in Figure 10(c).
[ 0028] prigic polymsr dedidyts schematic illustration and a circuit illustration

of a hg@ddugi d%‘féf"f‘ sﬁcﬁQWI—@gcﬁrogs SHHRE MFPRSGLHALMGRRBE Hrest AL EYBMRNed

connec n series during charging process. Figure 11(b) shows the charge
and di 9ihadgdceuedas cadsttubiethbhipbridideiasd.ces shown in Figure 11(a) which are

Pl P ust 100188 h U h ARt 4t e s alsh -+ LRgRon coete BE At ae 800,
Fig. 13HEPauict BendXRE ih TEMs3s wal sPindaraldYBEié T8N SRowdanviircduridier £har ge

storing unit 1s placed in parallel with tw parallel connected OPVs. Figure
13 10ur shgte OPVUst eanpmisbhe current flow within this hybrid device. The

char go GG nd and 5ORE o SRLERKT ahialion 280 Skt JUETRGPh TR mtllP SFAZLEY
bet weeRtdr il RREIOWitR GP(gﬁédsida%Nﬂfi dedwork: 6 All Rafhbls a€ diseed WRcBUSdurinJa)
2011/ 021982PCT/ SG2009/ 000288 ) _ _ _
charging process (b) galvanostatic discharge, which is done by connecting a 1 k) resistor in
parallel to the hybrid device. The charge and discharge curves of the hybrid device are plotted
15  as a function of time in Figure 9(c).
[0017] Fig. 10 shows a schematic illustration and circuit illustration of a hybrid energy
storage device with Ag decorated CNTs (Ag-CNT) as shared electrode during (a) charging
process (b) galvanostatic discharge, which is done by connecting a 1 k{ resistor in parallel to
the hybrid device. The charge and discharge curves of the hybrid device are plotted as a
20  function of time in Figure 10(c).
[0018] Fig. 11(a) shows a schematic illustration and a circuit illustration of a hybrid
device showing the supercapacitor connected with two OPV connected in series during
charging process. Figure 11(b) shows the charge and discharge curves of the hybrid devices
shown in Figure 11(a) which are plotted as a function of time.
25 [0019] Fig. 12 shows a band diagram and illustrates how charges are transported in a
hybrid OPV-SC device.
[0020] Fig. 13 shows the experimental setup of a hybrid device in which the charge
storing unit is placed in parallel with two parallel connected OPVs. Figure 13 further
illustrates the current flow within this hybrid device. The arrows at the left side indicate light.
30 In this embodiment, the energy charge storing qnit, i.e. in this case a supercapacitor (SC), is

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



6 [0021] Fig. 14 shows a TEM i mage of WM102 nanofl akes obtai ned by a nmet hod
descri bed herein and which were bound on the surface of a nanostructured
mat eri al .w8calgnz2pwz 100 nm [0022] Fig. 15 shows a TEM PERGSE2000/079288

nanot ubes obtai ned by a nethod described herein and used for decoration

wi th netal nanoparticles as described herein. Scale bar 100 5nrn. [0023]
Fig. 16(a) shows a schematic represent@ti on of the experinental cell
assenbly of a supercapacitor using silver decorated carbon nanotubes for

t he sed00@llel ekigr béishoved e MEM image cBin0n nanciidkeb ebtairedityen fuethold deb@iiedode
(CNT/ Ag- CNT netywork). Figure 16b shows CNTs decorated with Ag nanoparticles
( Ag- erﬁa@vﬁgﬁ%hd%%rﬁ@pgﬁld L S%fgcqﬁﬁa(%aelgﬁféumqegmeqaé $qaiﬁgtear t0gare 16c

shows st N i i 3By, 61 . ( 2100

nm . Fﬁggr 1\6/3‘21@'5 %%%%Q%%Mr %ﬂé%eﬁﬂ(fi on %&Rﬂ%ﬁgﬁgﬂ’%{l Q%Qﬁamﬁl%\gll-o %\#gr%lsb%gl e
bar 5 rheminwhd lveed-fgudeeotation shitwsnatal alancparotlesasrdegcaibed hereirCl$Eale bar 100

sup rcar%ziﬁ:_i tors with 13 rim Ag-CNT el ectrodes, 7 nm Ag-CNT el ectrodes, 4

ri mAg- el ectrodes, 1 rim Ag-CNT el ectrodes and 2% Ag m xed with CNT (Ag

+ CNT) ebest r arigs16(k) v alwheﬁiaaw@ep&&%nﬁﬁbﬂam%te%géﬁméésmql%gaﬁlﬂy ange
curves for the correspondi ng supercapacitors. [0024] Fig. 17 shows’ proposed
r eact i ciperepelivswRing sitvet dpcarhted derbos inpienbes fog ithevsecomheloctrodstraatsrialtand

b d t | g4 f . Sil. d i d
swons etfitptofloes IS R Citetiogb JENTERE AT Hentins e JRFCHR Gy
wi t h Agleqandakith Alensdopagiods {)P@Q—Clﬁ“) Mangla ARimdter’ dbBuaNY nhl{scBerdafiodhe
images in Figure 18(a) and 18( 2 are the sanme as in Figure 18(b) and 18(c).
[odge] )y Fignoe $¢rosho wsndg<iNE #tithoh g aaneparticheydigmetar of phewirdsen (scateckantlO8t i on

(in thi . ' ' | ctur .

o 4 PSSO 5 SLEh SASEALEL A0 B A RENRSSLSUEL S e o
and ( b)Figwer bigesi®maecyclici voleimmo @amM fHAGDNT SperdapdcfoR itk 1¢. nA0Ag<CNT XRD
pl ot show ng the meréal lLig ?i I vgr reflections of AgCNI6. [0028] Fig. 21(a)
Oyclic %tqog?ﬁwﬂgma T slsctipdogy Acper %@N%mlea@ﬁ?@eé 1R AT CN Te gleftyoder ows

r edox k : -@r I [ e Qi and
i gur e B0 B Shauact nA® CRT (R NCRY] cARibalt, BENE Jor ity BEEpLBloti e
supdér c appargetdischaeicoeass fHrob opFegpondlg bpeacdpacitarhart whi ch shows t he

i nt i St. d sheet i St 0. f t he. . it
dovi cod0aifendyr o Pt PPt Trechga0; 0D, I2ReapSsRBua Rt ot
| npedanfa@o@yRhIS at T %Sﬁfouﬂ) Rf SVIONT's 234 W) BRPSSoIE & Vel HEGER M Yrorh OW

ok
i npedance region. (b) Equivalent circuit nodel for CNT, 13 rimAg- WO
2011/ 0 BWEPIcFrdames@bhigh®@B8 7 CNT, 7 nm Ag- ONT and 2%Ag- CNT devi ces. (c¢)

Equi val Ci Ui del 4 nm d. m._Ag- devi ce [,Q031]

ia. 580 ikls JOE TR el AU Sith AR ERR I E PS5 Iere! g
uni20 i bp6 htedndc@) B nE Qhediftthgtdin Eigeed\B(HRAIB (5! Q6 kHdsattRl ds ih Figure 18(b)
supercapacitor (SC). 5 DETAI LED DESCRI PTI'ON OF THE PRESENT | NVENTI ON

[ 0032] 1394 d 8¢Q)r st aspect the present invention refers to a hybrid device. In

afir St[O%OdiﬂEnﬂ rsltﬂcﬁvpiﬁyéf?ecg%‘f’iacxgarﬁﬂm&ﬁeﬁ"ecursor concentration (in this case

AgNO:;) 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 (AgCNT?2).

25 [0027]  Fig. 20 is a XRD plot showing the metallic silver reflections of AgCNT6.
[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-



an energy converting unit conprising a first electrode, a second el ectrode
and an energy 10 converting nmedi um arranged between the first el ectrode and
t he secoriOgbHiRi®Bde, wherein the energy conversion tak@STHIGAY/besseen t he
first electrode and the second el ectrode; an energy charge storing unit
conprising a first electrode, a second el ectrode and an el ectrol yte nmedi um
wherein the energy charge is stored bétween the first and the second °

el ectrode, 15 the second el ectrode of the energy converting unit and the
second C'ECt R dRg-OINT hed enes @Y Nhdedeess (O iBygivalént chrenibgnaiieh fiar£dmehget r ode
(directl electricalhﬁﬁconnecting the energy converting unit and the

ener gy prgbl sOAEHREN i

f¥icesand wherein the shared el ectrode is conprising
a net al a SkI ' i i ¢
connect T 2" HIE ERbUS v S B EhlRla ac i E R kR et B 560

ener gy fisdl @Ell (BC)anidttheleneegy blyarpe stbring uhinés aepdrdapacitar $Ced connecti on
between the two units or in other words without the need of electrical

i nt&rconnecti ons between both units for operation. Figure 1 illustrates the
general setup ofpgUGh r%h BEYCRIFRIOR OF A7 PRESENT INVENTRIC! T ode 30 i
deposited between the energy converting unit and the energy charge storing
uni t t hees2f or i ngy fastl aspece dhe tpresehtu ieventiomhietdns tthea dhybridddeliext Inodefis0
takes over the 25 function of an el ectrode of the energy charge storing

uni t a§n§Eﬁ¥n%%aFﬂB%Baé¢§§e§8WP€$Fing unit. Usage of a shared electrode 30
can reducg LNesy BifeRite ﬁrﬁﬁboﬁﬁﬁr@sﬁﬁ%Q%W&tﬁ% ha $6tohé eldcB084ind¥h ReEPY
charge storingunit is a unit which is adapted to store energy gener ated by
t h&0 enepymerigng wedivinn grramged. batweerh wnfifst eleetxedepinsl the eicenst elsctiodep whgepits, an

energy charge storin nit.co ises, a.first electrode 10.a X
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unit is theesdray @ladk atdrind anid ConlpPidid] 4 HestedledtayieC anveesrd Hectuniet aiomyert s
any formof energy into electrical energy. For exanple, the energy

conver elestiolyts medimm; cuherein theraeray changs tpystored chehwveamtheniiisypnd dhe gssandyy  Wo
2011/0%&%§35CT/SG2009/000288 8 in formof pressure, acceleration, strain or
force into erectrical energy. As shown in Figures 1, 2 and 3 the energy
conyer t«i NgheBtdnd 2treaepf ttkadheyf donsértiag @aitrand ehesecandl elrotredesyigiie emager t i ng
nmedi um 22. The_second el ectrode of the energé éonveréjg uni.t 200 is the

same elCBUEE HRIng YRt hswg pyshated WRefody (Erthe SedrrHly Gmectitd MgHEeY the
shared .6l 8¢ty Qﬁté%t%}gghélgg@igargte%to%@g&gﬁ; SRIWR&EING unit 200 and the energy
C ny

charge stori unit e a own” energy converting unit 200 and
ener gy =c hthegharsd electnglelinicompiing mas@alcndweaiapostf@d8#d Batarpl.es of ener gy

i its include, . but, limted t | cell .
phot ovaPeSHlc b aboge PiGid SEyisE chrEctsoaart sperih aftslriie o6 Eneray Fopverting
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converts the chemCal 10 energy of a fuel (hydrogen, natural gas, nethanol,
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cell ¢ rises a.first d.secaopd electr ~ehanely. YR : ed
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fuel cell construction generally consists of a fuel electrode (anode) and
an oxi gtermgaméicthpnieminge hogesd Steiciup i whish thy shared slectradrid@ taksy oXeltteei al
(energ nverdin i L Q- j s a
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t he ot hait, Ugsgeaifatshimgd eleettbdé 80 tan redadesthe dmemblaatistahO0BSWeen bathendet ai |, in

general, in a fuel cell a proton caonducting solid nmenbrane
[0034] ~ An energy charge storing umt is a umt 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



(PEM is surrounded by two | ayers, a diffusion and a reaction |ayer. Under
constant supply of 20 hydrogen and oxygen the hydrogen diffuses through the
anode andwoReldi2i8asi on | ayer up to the catal yst (nor malPC¥/S&200900e288ret al
catalyst), the reaction layer. The reason for the diffusion current is the
tendency of hydrogen oxygen reaction. Two nmain el ectrochem cal reactions
occur in the fuel cell. One reaction &curs at the anode (anodic reaction)
and the other at the cathode. At the anode, the reaction rel eases hydrogen
i ons  apfifphestp@Bere\ReRrdtioa SR br fofcelintCelogiioal eherggnAs gtowwn adBighiesnt, The
hydrogen ion on its way to the cathode passes through the PEM while the
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net wor boélﬁba{’y%ﬂm%ééfa%@@eid WRkEveBRr aﬁrgéaecmnmhemtcwmooéonﬁpmeemr ay
charge storihg unit, i.e. in this case the supercapaci tor (SC), and the

ener gymnmneimt:ﬁmgg mmpmal, ji.ce.anj AngrEY scapyg@inghmedivar. | qtherowopds) fughgelshar ed
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el gst r@s&ﬁratér@eayebﬂclbmﬂonﬂwmgl mmnarmgefmr@ne;ohmng Imedloﬂnb ovsdh by aa fvet al
decorated CNT network which forns ghe first el ectrode of the fner(gy

conver CPRCHAE Mmeapaanas(Suthers & Naten ymewhr?é!ei EEKEER RATRLOVIUPIRSISRBPE: 3R ¢ he
ener gy lkack line in Figure 24). 15
Furt herhg&l%lgus??éarﬁfeéa%ﬁyIgeﬁe&éﬂeﬂg%g?}sﬁ%wat%ﬂ(}\%d&‘ the reactants (H2 and 02)

t hr ougli0@3%@ sharmoreedeait rmdger&rﬂd ihe fuel s¢ll @l potondendicting esotid ehergbiahe

res pect(l %1(\34') % surrounded by two layers, a diffusion and a reaction layer. Under constant supply of

20 hydrogen and oxygen the hydrogen diffuses through the anode and the diffusion layer up to
the catalyst (normally a noble metal catalyst), the reaction layer. The reason for the diffusion
current is the tendency of hydrogen oxygen reaction. Two main electrochemical reactions
occur in the fuel cell. One reaction occurs at 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



[ 0041] A piezoelectric converter conprises a first and a second el ectrode
wherei n between these el ectrodes a piezoelectric material (energy
converti nyoretl/aamys82i s arranged whi ch can produce el ect r PERISGEHR0Ge88 upon
deformati on. Piezoelectric materials are materials with polar 20 axis but
wi thout a symmetrical center. Exanples for such materials include a-quarz
crystals, liquid crystals and certai n9pol ynmers, such as pol yvinyl fluoride
(PVF2). The pi ezoel ectric effect can be explained with a displacenent of
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20  axis but without a symmetrical center. Examples for such materials include o-quarz crystals,

liquid crystals and certain polymers, such as polyvinylfluoride (PVF,). The piezoelectric
effect can be explained with a displacement of positive and negative charges upon exposure
to an external force, such as pressure whereby an electric dipole moment is generated. Thus
an external force, such as pressure can move charges in such a manner that an electric
25  polarization, i.e. an electrical field, is generated.
[0042] A thermoelectric converter comprises a first and a second electrode wherein
between these electrodes a thermoelectric material (energy converting medium) is arranged
which can produce electrical charges upon generation of a temperature difference between
the two sides of the thermoelectric material arranged between the two electrodes.
30 Thermoelectric materials have the property that when a temperature difference is generated
within the material, electrons flow to the cooler side of the thermoelectric material. Examples

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



[ 0045] There are four nmain types of silica based photovoltaic cells, which
are distinguished by the type of crystal used in them The silica based
phot ovol tWDQOt&2U982conpri se either nonocrystalline, nul PCESHIORIV28S,

pol ycrystal line, or anorphous silica as sem conductor |ayer which is
arranged between the first and second el ectrode of the 20photovoltaic cell.
[ 0046] On the other hand, thin film phdovoltaic cells use |ayers of

sem conductor nmaterials only a few mcronmeters thick. Thin film
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phot ovo ce er organi c photovoltaic cells,
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singl e yer used crystal's of highly conjugated, polycyclic nolecules,
subh aHgharifyhhasanieondysdrahatephit dnadletypadiohepair. Per gésironrhwle-pais is grvetated of
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conposition of photovoltaic devices (in bold, e.g. Ag/merocyani ne/Al)
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cei$ appotbRél@fisSeelisuch as Al, Au, indiumtin oxide (1TO or Ag. In general,
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distinguished by the type of crystal used in them. The silica based photovoltaic cells comprise
either monocrystalline, multicrystalline, polycrystalline, or amorphous silica as
semiconductor layer which is arranged between the first and second electrode of the
20  photovoltaic cell.
[0046] On the other hand, thin film photovoltaic cells use layers of semiconductor
materials only a few micrometers thick. Thin film photovoltaic cells are usually categorized
according to the photovoltaic material used. Common material categories include, but are not
limited to cadmium telluride (CdTe), copper indium gallium selenide (CIS or CIGS), dye-
25  sensitized photovoltaic 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 medjum) are known for organic
30 photovoltaic cells, namely single layer organic 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



[0050] Multilayer OPVs generally consist of an (el ectron) donor and an

(el ectron) acceptor. Unlike silicon based photovoltaic cells, the donor and
accept or wR28n/@Pg2are different materials and theref or ECTIS62009960288 ar e

al so called heterojunction cells. Exanples for OPVs using a heterojunction
i nclude, but are not limted to ITQ(indiumtin 15
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12 junp into the HOMO of the donor. This dissociation can occur O{%Iéy if the
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20 [0051] In a multilayer OPV comprising a donmor and acceptor each material has a

ek

characteristic HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) energy, with the HOMO and LUMO of the donor being higher in energy
than their respective counterparts in the acceptor. The gap between the HOMOs and LUMOs
is referred to as the optical band-gap. This optical band-gap determines the minimum
25  wavelength of light required for excitation in each material. Photons hitting either donor or
acceptor molecules excite an electron from the HOMO to the LUMO, but this does not
generate a free electron-hole pair; rather, it creates a tightly coupled electron-hole pair called
an exciton. This is due to the optical band-gap being smaller than the energy required to
generate a free electron-hole pair. In order to generate the free electron-hole pair, the exciton
30  must travel to the interface between the donor and acceptor molecules or between the organic
molecules and the electrode. At these junctions, electrons, which have been excited to the

LUMO of the molecule, can jump into the LUMO of the acceptor, or holes in the HOMO can



10 polyneric materials or snmall nolecules. Donor materials nmust satisfy
several requirenents in order to function efficiently. Absorption of
visible ovOoizRIVG2¢#82 is vital for the conversion of phot @80%/SG2009/086288t ons.
After exciton formation, the donor material nust allow for the novenent of
the exciton to a donor-acceptor interface and al so possess a sufficient
difference in HOMO to HOMO and LUMD tl@ LUMO energy levels to allow for
exciton dissociation. 15 Once dissociation occurs, the hole nust be
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used iametgydeetwien ther HOMOS of AUMOs tis greater than the binding energy o the exciton.
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into electrical energy. In a thernoelectric converter the energy converting
mediumis the thernoelectric material which generates el ectrical charges
upon generation of a tenperature difference between the two sides of the
thernoelectric material. In a piezoelectric converter the energy converting

mediumis the piezoelectric material which generates el ectrical charges
upon deformati on.



30 [0058] The energy charge storing units of the hybrid device described
herein can include, but are not limted to a rechargeable battery, a
super capaNPt20r1/31982 hybri d el ectrochem cal capacitor (HECI/SG2449000288
2011/ 021982PCT/ SG2009/ 000288 14 [0059] A rechargeable battery conprises a
first and a second el ectrode between which an electrolyte (electrolyte
medi um) is arranged. The electrolyte Ban be a liquid electrolyte or a

gel -1i ke polyel ectrolyte. Exanples for rechargeable batteries include
NETr CUT dhetHdk Gée@borSRpEd M1 - g&ieﬁﬁs 61CHN, ok ORI fulligebhe gRfictidtiatikel byetshg a
hydride, nickel-zinc, lithiumion, 5|ithi umnmnganese, |ithium polymner,

| i t hi uneiyleon dptivasivealnstead pf Gsa i lemene itds alpe P?ﬁSlhkf 0 Wsgrearhen ngrotyhesy er - zi nc
bat t
capaci 19560 B AR doB ok S AT Ea HBAAGn oM RS AER he

el ect r pflepivshé ameanaﬁidned ylectrypdeddrlayid klectron abaptoeay) mied todethettdéornf r om a
supercapam tor. 10[0061] El ectrochemni cal capacitors often cal.l ed as
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conduc |ve s an ry separator, e supercapacitor crosses into
bat t er thet exidterek @fwn Haﬁponﬁnmtglsamemrklalcﬁigewhmh chstrandamhh@ke cdnr todvel ghrough
(electrol¥te medi unm) (L troche cal capacitors differ frombatteries in
hat o g erronge st v e 510 QDD Featsoruel¥ P BS (Rl TSREe TR

el ectr gflg S! fHaCdifoms %@%ﬁé@e@&mqﬂbw@ﬁ@% QhR ﬁ%%ﬁs@%hggfeét&f Qleéhon

el ectrostatic interactions that occur in the electrode and el ectrolyte
i nt@r f affinitydgaspiory | wluilk hewhabe-intdueediboliss erd mgetlczﬂx liahkempn@mmtti) dle

I d b d r.o
Pt el R g R N L T S

devi Ce?hot%ﬂﬂfhuﬁ@elpééﬂ ﬁ§d €N PRWIb]&1Hel QyittOMEH - 2PNEGUsh afth NTOMEM TS Ca.
20el ectrolytes in either liquid or solid state. [0062] The shared el ectrode

i n t he Otlydsr exarmeles cimchislsc rhbedrenarodi Hmilsapite sEO/RERD Psﬁ/ﬂi’éH&" PCBM/Ag,

nanost ny netal that ca lgﬁg rial
can al i%ﬁ}éé@gg@a@& th/:‘%{rf\ode mat eri al forﬁﬁg’%ﬁ e}?%eﬁ ctro ]z?ﬁé‘g
enpodi mpmxp}:«njter@etm 4Lem>b1a@he1$oxylﬂubpheae)mt limted t ®SS(puliseremstfbnaty/ et al
oxi de, a netal

af or enbel %WQQBH‘E( ){13 IT%%@%FP@“QFWBEQ@E%%%W%P bzmlﬁgé"é‘e@ﬂ%ér
C | ver O Bl B R B TR AL
oxi des MED@T(M/IDM@BPBV RSBMéLlE/éPd LiondTOAMPNIOtPR e BABMIAINi ted to Pt 02,
V203 "\l MRS 1N G2 xrB0, LLCros, LIFS0, Lanaon U 2808 20,17 Ce
ND2§S, MBR3HE &ithl the W&SroHBEhBRTs the\@e?égllédrﬁraﬂtﬂl%aﬁgrfos@%rpeﬁe?&ﬁm 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).



15 [0065] The netal which fornms part of the shared el ectrode can al so
include an alloy. Alloys can include but are not limted to alloys which
are made WP 2811én#982s sel ected fromthe group of el enent #CHISGFHWOOP028Y), 11,
12, 13, 14 and 16 of the periodic system (I UPAC nonmencl ature recomendati on
of 2006 according to Fluck and Heumann, periodic system5 2007 W/ ey-VCH
GrbH & Co. KGA, Weinheim 4th editidd). Goup 10 includes nickel (N),

pal | adi um (Pd) and platinum (Pt); group 11 includes copper (Cu), silver

(A9) apdsep! da(AtharedbRUWhitER éd?ﬁﬁri’s‘é@ﬁ #Etn@d (Zdttond al@mr@tm heBahperpwicHRECUr Y
(Hg); gro 13 includes boron '}I al um ni um ( .. gallium (&),
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tollthlun1aiumn|um Au P Cu, In, InSe, CuSe and SnS2. 0067\l’ln
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i nternet nposi tion which consists only of
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non- st @pe0] onAt lﬁyb@ldr deitescheiniaiebgitof (HBCH is laheaiemartoahdammal emargjad’@ratgf Ni or
Ag- Au. [ 0068 Nanostructured materi al s as ﬁ 916 be u %‘ﬂ he. shar ed
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can beu% ﬁ&z{o about 50 nR2/g. In one enbodi nent the surface area of the
nanost T ict material is about 100, or 200 or 300 nR/g. 20 Another factor
thidt  cE6tpnt Eldotudehetrmicdl hapsmtofrsa(:léCs)foﬁehecaﬂadmt‘Psupttrgatmdltwm’t’ @rd electrigali t s

orosit Th n.one enpodi ment the na ructur t o _whi,ch
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mesopor ous nanostructured material is use . pores with a maxi nal
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one enbodi nent, at | east one di mensi on of the nanostruci}gr ed terial is

| ess tthawghoﬁeﬁmtatlﬁ intaeactiens Bigbeeiuriththe deqidsspd Flaatfiobde MiETICPEA%s a
di nensél(s)g 1 tﬂlé/ dbiie ﬁﬁ%r ECs have properties complementary to secondary batteries

and are composed, e.g., of carbon based electrodes and an electrolyte. ECs and other energy

charge storage devices, such as batteries, can employ both aqueous and non-aqueous
20 electrolytes in either liquid or solid state.

[0062]  The shared electrode in the hybrid device described herein comprises a metal and a

nanostructured material. Any metal that can be used as electrode material can also be used as

electrode material for the shared electrode. In one embodiment the metal includes, but is not

limited to a noble metal, a metal oxide, a metal alloy, an intermetallic, or mixtures of the
25  aforementioned metals.

[0063] The group of noble metals includes silver, palladium, gold, platinum, mixtures or

alloys thereof. In one embodiment, silver, gold or platinum can be used.

[0064] In another embodiment metal oxides can be used. A metal oxide can include, but is

not limited to PtO,, V,03, V205, Nb2Os, NiO,*xH,0, LiCoO,, LiFeO,, LiMnyOs, Li,MoOy,
30  LipTiOs, MnO,, Ag-MnO,, Al,03 MoOs, TiO;, SiO,, ZnO,, SnO;, Fe,03, NiO, Co304, CoO,

Nb,Os5, W20; and mixtures thereof.



30 from1 to 100 rim (where 10 angstrom = 1 rim =1/1000 m croneter).
Nanostructured nmaterials can be classified into the foll ow ng di nensi onal
types: Zewodiwmetes2zonal (OD): nanospherical particles. PETS6G2¢MI00e2ES
nanoparticles); W 2011/ 021982PCT/ SG2009/ 000288 16 One di nensi onal (1D)
nanor ods, nanow res (also called nanofibers) and nanotubes; and Two

di nensi onal (2D): nanofl akes, nanodi sids and nanofilns. [0070] Thus, in one
enbodi nent, the nanostructured material can include, but is not limted to

nanot ul@gs] NPV &S, whRRAbHAK @art dTefhe shbiddCéledrodeatindalse snchadenad iallop. or 5
conbi nat i ons of the aforementi oned nanostructured materials in a m xt ur e
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addition, thin layers of carbon nanotubes can be formed as transparent
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printing techniques for fabrication. [0073] Besi des carbon the

nanost mebdgrAegtNyar ALiA% can al so be nade of another material which
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20  Another factor that can contribute to the surface of the nanostructured material is its porosity.
Thus, in one embodiment the nanostructured material to which those metal nanoparticles are
bound can comprise pores having a maximal dimension of between about 2 nm to about 5
pm. In another embodiment a mesoporous nanostructured material is used, i.e. pores with a
maximal dimension of between 2 to 50 nm. In still another embodiment, a macroporous

25  nanostructured material is used, i.e. pores with a maximal dimension of between or > 50 nm
to about 5 pm.

[0069] Nanostructured material refers to a material with dimensions in the nanometer
range. In one embodiment, at least one dimension of the nanostructured material is less than
100 nm. In another embodiment, a nanostructured material has a dimension typically ranging

30 from 1 to 100 nm (where 10 angstrom = 1 nm =1/1000 micrometer). Nanostructured

materials can be classified into the following dimensional types:

Zero dimensional (0D): nanospherical particles. (also called nanoparticles);



[0074] I n one enbodi ment, the netal of the shared electrode is in formof a
first layer (first nmetal layer) which is in direct contact with the energy
converti nyoretl/aames8df t he energy WO 2011/ 021982PCT/ SR 0OBOTGORABR0(2ES
converting unit and wherein the nanostructured material fornms a second

| ayer arranged on the first |ayer and wherein the second layer is in direct
contact with the electrol yte medium df the energy charge storing unit. The
first netal |ayer should not be too thin to ensure good sheet resistance

and atoid\@inRAbBnil (TB):haverods sishbwvitelsot dallek nassibiers) ard uancsbebpardi er | ayer .
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bound to surface of the nanostructured material. In a mxture of a
nanost additiarr, gbiinniayensi ofl caalpah nastosubep zanibel fozmed 198 trppsparer Aleqirode end dhuspe
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Examples for ceramic materials that can be used include, but are not limited to transition

30 metal oxides, TiO2, SnO, or metal sulfides, such as SnS,.
[0074] In one embodiment, the metal of the shared electrode is in form of a first layer

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



10 m xtures of different linkers of the aforenentioned group are used to
bind particles to the surface of the nanostructured nmaterial. Exanples of
sui t abl e WORREYR192an i ncl ude, but are not limted to poPFHBG2e18/000288] udi ng
am ne groups) or polyethylene glycol (PEG also known as poly(ethylene
oxide)) (including -OH groups). [0079] In one enbodi nent, the carboxyl
group can be conprised in a linker indluding, but 15 not linmted to fornmic
acid, acetic acid, propibnic acid, butanoic acid, pentanoic acid, hexanoic
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transparent or franslucent or 25 opague. .A.transparent material all.ows
r adi a? P’@ﬁl_,unkh%ﬂ}*& ep?rgmcgartge sionag “B’rﬁ'rqﬁl_if‘gﬂe t%%@?laﬁéyefﬁ 150%[?8§1fetde°n
pr oper L}gé 1h%r%?%ah<§s¥mc%aﬁﬁlat%ﬁﬁﬁ?2.nmeqayélo? mah6sthlcRRéd fatefial BHRYdGRBIdE Seen

t hr oug translucent material allows only radiation of a specific
wale| engitie metahdayer 8rgThe dayreg of nengéusturg natgytal i32. andobe petddeyendhfira in

T wouliBelber gt 8ual s 10 Hhec HATRds CErairg R eh e DeringR 4B BERst AT T

the en@l%eefocﬁeg%fﬁﬁ%nufgéﬁcohserﬁhg@ﬁaaﬂd 2R cnbyeharadktapMeit i ng unit and the
light falls onto the device fromthe side which the energy storing unit is

f aci ng[007A] subhanabersemhodinenfotheontipl layey Boleuned b st pesicksooihedErsa 19
t

desirable th h h | ect: ' }
compongn e, BF ai e FAOR B e RRRAPTHE mpt] pBERs B RIS o

t hes engfigpaitialed ®r Sh@hll Aghophiticldssi.aEiteigf a anixifiab danansionnii theiraicromhetesone
cases, it rright be desirable that the material used c}grélhé aijl ows, radgi.gtion
of a sproeefnd thapaosienyangs, Fespsctively. Jgane imente thephptatpafigles WD and
the en ' ol j i@l &G Ridh SEbRNE&! -

[ 0082] %%ieée glﬁg&r]g{jagel cbﬁdog%l%gelﬁésﬁggéeh ggﬁeﬁgﬁﬁégﬁ?ﬁl bet ween about 10 nmto
about 2B&utrimey tobstione @norabSuim1 Betah nianopdortivkes 180 ame aomatigtahdimersibsuof 10 nm

to about. 50 bet b 0 pmt t 10 | di nent,
e anirien Dty SRR S iietars 20 560 oF DabY s AT s popC AT g OF "
embedi gB&k1 4o W& 0! nrh NbiCAHRBE $ nff tol AMBuDYORind odl@Bbel s 3 AbaBHEmlof i Mt o

about 10 nm I'n case the hybrid device is arranged on a substrate
suppor tbauy 2trhe talebout @0 trher oveaxanhl dienkioe 9f atleaste 2h ghdrmnpHRGAsHEPENds

I I n. the thick f bstrate A.sub trat
cui L abPtEls® CipBTEoDY ueioab by iaeehoinrih & KBl e APE imaR of e EL T

is not yhidieked to a polyner/plastic or glass. [0083]It is also possible to
connecP sever al energy converting units in _series or in parallel. 15 For

exanpl €076h o og diament thepariiglsr sige distilugionorfpranspartighes VERER 2t &8Cener gy
ti its. wherei . : :
CORE! AL SenS PP s e R 04 SASHRY SEPUERLIB YA, g

N series; er energy converting unit
i Nt he 3@t fon ©P ARApRR RIS B 8178 Of Béteek: Abkait Whi1ohhnt f 20 @tcah bakbout + 5
connecting the first energy converting unit to the energy charge storing
unit. Am;ithé patickt size diskémpbe offnagoparticlesiwithce size of fretweenrabPivgdr & nm tAs can
be seen in Figure 2, the 20 first electrode 10 of the energy.charge
stori nglamm cat berpbortysd amyapd dee partighecdits fishijugion o MeEL L %’}tg aaSIgﬁ PE with

the first electrade 25 qf a second ener converting unit. The second
energyi’ﬁ%’é?ﬁ?‘ﬁ lﬁﬂi%? <§dgg°%ﬁeﬂ%3}§i§ lgﬁ'ar ed el ectrode but is only

el gt r if6@AY IRRARSEECEMbAREL, Mdhet] PaMichs dAAWendixdd Shidl 81 Rhesticated The
second “ener gy convertlng unit shown in Figure 2 conprises a second

el ect r ouhgerd or They can eatieadbyradad 26 thet surfeee o demprpstruied gyaterilyBr 2 i ng
it is. tri | | t i i t el t S f t j t
oner oy Tusiert 4 RgreetpRtRA T aT ot ekl Bafil & w® AGM P ellibe Bttt

a layer of solder. Al though not shown, it would also be possible to use a
wire. In one enbodi nent, the second electrode 26 is made of the sane or a
different material than the shared electrode. It is also possible to

connect nore than two energy converting units in series. 30 [0084] Figure 11
illustrates an exanple 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
super capaNP20r1/02882. OPV2 conprises a WD 2011/ 021982PCPLCEEER0Y/0028288 20
shared el ectrode with the supercapacitor (SC) which is arranged on OPV2.
OPV2 is provided in a layered structure in the foll ow ng order
| TQ' PEDOT/ P3HT: PCBM Al +CNT(shared el d8trode). OPV1 consists of
| TQ' PEDOT/ P3HT: PCBM A1+CNT. SC i s provided as a second el ectrode 1 (being a
shar edpe} %&&%eoéﬁbwvvte@n tApBuAD AV thasenut 20 RV 2ased dnathki torll veeightl efctheode 2.
The I TO electrode of OPV1 is connected with the first el ectrode 2 of SC,
\g;lv |2 e %mstf‘grogmfrrmt@% oo betwsen @put 3 to KbWiiee PeBCtCER St!A0 Wi Y Se of

. e 0 trode, of ..QPV] is. ed. W Sis g 0085
e RS R GeBRE Py B BB iR bR i AP0 R 0]
char geofstheniehsl paReldt cah ®aTetword HOBr YUnCoB/Sin byt wnidwm bdhindhe asenwernect ed
in parallel. Figure 3 10 illustrates an exanple of a parallel connection of
oné eln‘efrtbyhftfhmeﬁ&w%%@rm@i@?’(@ﬁﬁbo‘@ﬂd two energy converting units. For
exanpl S t . ! uni t
P (R R s A R PR T L S e
il5ect r @deridDviasa ¢kt m%j tiakédryiscomudeilencprineeting &t suwfage @f thel namastr8ctyred t he

energy converting nedium 22 of .the at ast_. one ener charge, starin

uRi tfdﬁé’feﬁé}c Wltbfth% wetaépam@%?étAtIW&%F@r’&&J“gSﬁ\@Pf 1 aw%eu@eg%%éﬁw ;g and
the fi e f - t B g hit 1S
el ect ré@gﬁ é%%énl%ég?(]aegte?’oat gl’?iinr gljtﬁﬁgl %lgtgfcodes&g?(g?ﬁgﬁgs g%grpgggglg%gtrti ng
urict s. mix0R6]dFi djfferentl Bnkdrs 0 theatfoseraentipbed grapvireaisgd tovbinghpagticles to the

supercapacitaor. is placed i.n paralLel 20 w.th .or ganj c. |t aj

f'(la'lol’ Ii . Surfpse %%\t}g? g ;Wtﬂf@g; € aﬁl {E(Wélﬁs \é\h‘ﬂ&%bﬁér)]é&f%g? ﬁ]e"&c{ﬂ%fs’ggv/\n&n%@g&der
Shan PR RN IR 0RE YhiRt . polf&hilens glyebe chisolhonfn 4sh

supercapatgl&)t pﬁj I's” connect e.d%t o] 1t hgf‘(f‘ul&)rg)(sj? peci gftir]odeg y§5 ((ﬁH(the OPVs nvvhi gh

aLe rndaplteilymﬂtlylméhmgqéﬂ)) ﬁn@rdlde—(}frig)l)o}lp@-transpar ent electrode material. The

share rode i s..el ect.ri i ecl J 15 of

the su@ﬂg palt P SapedipRH g‘ﬁ:‘ec%oxéls& %gﬁ\%g}rl "P ?gaﬁjﬁgﬁuﬁf&f %ﬁég{h@hﬂeﬁ%\ﬂ/ﬁ? I'n °

this epbagh&Mo fobhR LML kaNicRRY prdpivide aEid] buritic adidf frmt(DBié ctiheimer a

di spersed heterojunction of PEDOI: PSS and P3HT. PCBM_ The whol e device is

cgver edlcignoychyaldne fparbogylie acids Py BensRicerRl niriipanore, the Rydrexyd | gZoqn GRS of

t he ener .conver t.] URRS & . Al itoc: .

cont 1 oo BT o B e e B i 8 ybr i

devi cesudhllnkiefetd dofnet thechaltirlesstorthe surfazeiof theianbst@gctatied omaterial cryenhiagce

A BTN ERORR B CR SRR

20  obtained in case the metal particles are evenly distributed at the surface of the nanostructured

material. Therefore, in one embodiment, the metal particles are evenly distributed at the

surface of the nanostructured material. In one embodiment, between about 5% to about 80%

of the surface of the nanostructured material is covered with the metal particles.

[0080] In one embodiment, the shared electrode can be transparent or translucent or
25  opaque. A transparent material allows radiation, such as light, to pass through the material.

The opposite property is opacity. Transparent materials are clear (i.e. they can be seen

through). A translucent material allows only radiation of a specific wavelength or wavelength

range to pass through it.

[0081] For example, in an embodiment in which the energy 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 unit is facing. In such cases it is not only



[0087] I n anot her enbodinent, illustrated in Figure 4(D) the shared

el ectrode (30) conprises a first layer 44 of a nanostructured materi al

m xed (pHyoi2orl/o2edsgt ure) with nmetal particles (44') or RCEISGR009/088288 44 of
nmetal particles or nanoparticles bound to the surface of the nanostructured
material (wth nmetal nanop article decorated nanostructured material)
(44"). 5 The second | ayer 42 of the stfared el ectrode in this enbodinent is
made of a nanostructured material. Thus, the shared el ectrode is conprised

of twogdsAysIE Stha’%rtlﬁ@ﬂgi?&i SlBctRAe s ﬁﬁﬁ@ﬁarenfbﬁt dlid e dteyronhbnaits bhthersangy
structured material m xed with the netal &ertlcles or the first |ayer_ of

the nethargestoting et Thereforer th eneecrabodiment, dc engeeynehenss Soreag vbisdsofal i s

he- nehBerPat LPL R B AP Chic B B A A B B R R e

el ect r @li4kien BEdisyerifid valvelehgthed gy It hashgasay die shgredreldcirode pad termperyy t he
energy converting unit and/or energy char ge storlng unit used, the order of

| ayPer schesge sienies et eanses Bade fiadranshicentong8iali n a4 furt her aspect, the
presen en M 1oviRhi+8 86M 7R as
descrl@eggzbo@“}ég %gé)%fee%tés odi ment Ogg’?%ret %lfﬁéf-‘t%v%ﬂ algturl ng g hybrid 15
devi cem@oitdtwedigatiout dpamedo aboutctodrenpdr betvieers tbaus rifomre o ,abauts &k omdor

conponent and a third conponent can co t t
i o s shesit 89 Pl SDABL O 1 e BIReERRE G ST Rhg et de 1S RHERETR t he

ener gy & Qpver i ic a FRARY SR5 AR OYvE AN YBICkARIS offerl HBd@Ueficaly anged

on a fi rs?\éel ectro eh{ ayer, or 20 depdsiting an energy charge storing unit,
whier ei sbdubé janeoe ghoutHdr men. 31 oaserthe bybtid dovipe issasanged en @cﬁﬂlb%ir%t@ sUpPeHingm

| ayer r nged_on a el ect | a for ent
whi ch e@ed’é@@bt{j kﬁeﬁ"%‘é%g‘%ﬁh&é@%‘&e@ P‘i\%}@& e?hg afgls a?csgg?%

el ect réﬁiﬁtr% GRS WAn I MBY bitRErafdesditdble! RYRippoft dlderictentdsolAy btabldi um
| ayer; 25 wherein the second el ectrode |ayer conprises a netal and a

nanostsluxstrame@dn ireclste) it is nétdimitedytorapolyp/ plagiisngdd®it  whi ch conpri ses

ei t her t | n Y

R e o
corwer Fbﬁ&aﬂ’ﬁﬂé Yioh@¥@bodimeht) €hd hytiid dsigeoieiprises atae&m &W@ynﬂgﬁcgwesﬁrrg i ng
unit; or 30 cep03|t| ng an el ectrolyte |ayer on the second el tr.ode, Iayer

and depisy, wheeeim te sttt o £Re1EY GRNY SRS u@,t,s R SOBNRSETS ) %?F 8t 5§1%°5¢ he

fZEJ?L:SL; 0%%5%%%%}fgé§@%&}ggb§3%1ngglﬁln‘i’tqﬁtthé'Qbrfég lcbmpri¥¥3 the shared electrode which is

electrically connecting the first energy converting unit to the energy charge storing unit. An

illustrative example of such a device is shown in Figure 2. As can be seen in Figure 2, the

20 first electrode 10 of the energy charge storing unit of the hybrid device is electrically
connected via a wire with the first electrode 25 of a second energy converting unit. The
second energy converting 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



[0089] Thus, the above nethod allows form ng a hybrid device beginning with
the energy converting unit or the energy charge storing unit. The above

| ayer ed swouetwmesgzan be manuf actured using net hods knoRETiSG200940e288, such
as filtering, casting, spin coating, roll-casting, spraying and inkjet
printing. 5[0090] Preferably, the hybrid device is printable which requires
that the single layers of the hybridZevice are sufficiently thin. For
exanpl e, the overall thickness of a hybrid device including an OPV and a

super capagl d&irods waet e eipadiputitol (8C) tvbidkhie utradgednon OPVat OP¥ass plovidath or

bel ow 10 nm The overall thickness of o\txg&lr/ h%bri d_devi ces in@#J gsl 2’%@

anot hein kilayered semetes i dhe dpiowigauender REBQT/RSH K ECBMA Ly 3 h

[ 0091] The i S : AT ERRNGY. SeNKEhidvitikdMedium can
vary deelﬁcgﬂodifﬂgégn%i t§ %&gsﬁiﬁﬁcwgﬁﬁdﬁjggg%w I nl\g%eggnﬁogf ment , fgr a
hybr i dsedeid eRcasdd I I(bsihg at shated dedtode veith the Al+CNTdpyeraof FERH) B86adoktut i on
is spin coated onto the I1TO coated. gl ass substrate. The thicgk f.this
PEDOT: pestrqdgyle Thg A Opelegadged r@l’a\@otﬁt003‘&3‘3?"8éj %&%%ﬁ’? %ﬂ@i@&&gﬁ%‘&? GS%Z "@?ﬂf bl end
of P3Hf.a | lof 5B Breli NGt EROTT BSTediRMerof @PVIhELE hTokness
of thrgﬁe%%cﬁg%?@can zgl%%ﬁ/\eegn albout 50 toeSOO nom or between about
50 to Qé&rodnodiOREl isedso averetl withOa glasst sbiidebout 300 nm or bet ween about 100
to about 240 Q t least 100, n l. eneral , the thickness of ctive
| ayer ﬁw%?éh ﬁjla 1{“ er qopodimentthe ?yWE@%Y]Fﬁ€OEW5’F6§eatSISBS 36 BR e a%egg_aepl ace
(such %riﬁ%laﬁ&%f 16kt REPEHeBpeohReghd ahitWiticPaidTediaBddd is g@llallél. treedrbisck
enough to prevent severe penetration of solution to form 20 the

nalbst ilustratee dn resmpleadt bparallel pormsotierh of one renergy chargd #pEpg VEItAENM® f or
charge generatign in.an OPV. Therefore, t iLve | ayer can have a

t hi ckn g%‘r“"WSﬁW&e‘fP‘tég%‘Htex%‘Bp ot ﬁﬁ%"' r%%%%g%“tt 100 to 300 nm [0092] The
hybri de degnd GE1dabtl o5 Ertk @ chargEbOHhE vae il 2fahgsd Begveah sk atokpstite@sen@rgy

super capaci tor. The supercapacitor electrode material of the hybrid device
i |l ustrateedverting28niy;gure Sc i s based on carbon nanotubes. [0093] In
general, .gcarbon a ' nawg,d d he
art, sucﬁﬁ%éﬁ%rfgge[g&?%ﬁgs% & glg g?é@%@%@ég%ﬁ%@%%%ﬁ%rﬁon net hods,
chegri cal eneRgr cofepeinitmatumEhafthe at 1daytdomt rexggthaynstodsg snit[200Both o one
enbodi ment, for the preparation of a suge‘%ﬁapaﬁi tor single walled carbon 30
nanot ubedhewptlgash teOERereY ARAVEHHE YBHS e YL 49 nker nol ecul es) are
filtergd E&fma ape i e REIHE SerRgy RBarkh ! 611 @Gltr BdGe@ticdl
supercapé&?tt%g{\%}r??g opngpp%g:ta of tr?e he;/br%}fj d_e\{/gi ce rgﬁéown in Fiegurengc
(left si dehnechutto the fiedt elcrirodhs 25af de afergy eanyertingputst or can WO

2011/ 021982PCT/ S&G2009/ 000288 .23 .have a.thickness of between ahout un to
100 unf&qgﬁfon l%‘ﬁ%ggiﬂﬁﬂﬁﬁﬁ,es 63\3’51(1@%?{/1?:6 gb%’b&#‘e&) S“(pﬁ?ﬂ?ac?ts?r &s@%cegslgéofégte i; ol yte
meslh UMy, £t PRI PEABACIEAIO celd)i THE EPPRTADeSildE i bl Byerel atuttee id tigm t he
second el ectrode. In another enbodi nent, other solid o%yner el ectrol ytes

can befalbsdng suddr ITO/PBPOTR /RAAEP B M{sherad eleestadier dae dirsicelectrodel ool ymer

matrix . can further 5 inclu aci.d S P r L h
BPOr) e DesppiTERds Saiedefi o8 PR dicl ey Z T ne bvs PHtTRE bl
shar ed jh@st fifdieanTte), orw@dpirontdefebRodntmaterysl. ditpesitiray ohwetrbds 30 is
conmposition. Different configurations of the shared el ectrode &gve been

di scus skeetrigbldy connertingethe| sledrolye enedipmril § plethe. sunsrepactiored; hentnergthe

net hod of formn r I . i . | £l t al
o8 ey P TnDoiohl'%> EE G UtooB O, BEnerk{ coflRpiisy et PEOE &
conponeff OPV dofgprizkes dispbrgeEheteiunttibaye PERXOT:RES fand $BHIGMERNMe he vehode
depositing the nanostructured material as. a nanqQstructured material |ayer
on t he dpeEals seypesd o m‘@]ﬂlrl ? §levs s@%aaﬁenéwg 9Qver aﬁéﬁi{ slactrqﬁiefri%@?eee@egx | ef t
side), c@n\%%r?é uhifyY 1 the YaPre§Schafbe dtoring unit. A configuration as illustrated in Figure

13 can be useful in case such hybrid devices are used in a modular structure in which

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

module.



15 layer is deposited onto the P3HT: PCBM | ayer of the OPV for exanple by
using thernmal evaporation. The thickness of such a netal |ayer can be at

| east 50 WOR01H2192 | east 100 urn, or between about 50 RET{SG2e1900028800 urn,
or between about 100 inn to about 300 nm In a further step a solution of
carbon nanotubes is drop casted onto the Al layer. The shared el ectrode
thus conprises, in this enbodinent, &lretal |ayer and a carbon nanot ube

| ayer. 20 Local i zed deposition of the nanostructured sol ution on top of the
al r eadprodeposin @dothbr lepibotingint! eusPRYdi i Pogdrer4@®) the giaeaderlecuioded®sary
shorting between the shared el ‘ectrode and t he ano&(ﬁyof the OPV. g;50097 ]In
gener atqmprigss soingt layer 4 oha mansiuetuerd materighmixed{physicalrmixtyrehwithmelal on
giving_a .0S ough
2] accRitiPlsy (PPN 0P B BBl P o b R P L b o L D

i s abopdnostricura Iﬁuéml (Wi0R8aBenasmitidé detmratabmasostantfrad matéria) GHEPs are
|rrpl enented to_prevent electrjcal shorti ngmg tglween Al at ode ai}g | TQ anode
i n % hybe peroadlavece 4¢ s Shetrdotledrodenty tin %ﬁ‘é}t&%ﬁ’& ¢ Pbft NARGFHEA

ocour AfAp e, FERRRES MOl IO0ARHIUE HHtRd 15k b el On' BN bERL eTie

connon hese manuf acturi'ng steps are: | ecti nfg1 a thi ckness
r angi nfirs3Gayler ¢4rpf e ganosﬁﬁletlm«mi Beerialnmixed mﬂetham@ta«lqoak’ra;l@rqr tihfiest bavar @ﬁ' event

severe penetratio Iut on to fo t he nan uct ur d materlal n
ensur etsheslﬁf?ﬁai E%‘ﬁ{}’ 31%‘{’ r‘i%é § 8Yr ‘?Pr‘?a‘?trg‘g‘] © JEREY Q{quﬁﬁé LRy ﬁh

t hi Cknaﬁgg Edlﬁ{ihow RHBin thesetbnd BiyBPAE of THY rﬁanbﬁwﬁﬁ% mammy mes
WO 2011 2PCT 62009/ 000288 24 relativéely good sheet resistance and at
t hED sameartgedﬂ)emenéhe fisstdayeamnd dhe tlagterlyte@nedivmeky Dﬁ@leeﬁngwmq storing
concentrat on range f 3 to 2 he nanost al;s. to
gi ve aUiit-sReRsndipe gi,the p‘?“«?{/@'nf%nvt”ﬁglgs%rflgf‘?‘i{ﬂr FPEaY 5 pe ?r?n%qﬁgﬁ#ﬁgégg hlﬂ%e

adj acepfdet YRy &rs cB) hd et al¥b B réhgsedhar ed el ect rode perfor m ng | ocal i zed
deposition of "the nanostructured solution on tog}S 3 an Al er deposited
f

on the[G0SBT: PEBM ﬂlﬁb@r aS@ﬁctaﬂleClﬂvsenlt_é%‘@lnPQ’édef%ﬁo hO%P m@@u acturing a
d.
nanost ég%rl‘;éjjﬁe & éi'éscrggef*d) P Ogmihar b pde ﬂtath%ﬁ%g%\ﬂg?agﬁg%gea\’?yrﬁrhe PV

unnece ween t el'eé¢trode an

[ 0099] déﬂc@ccﬁrﬁﬁﬁéﬁ@g aSdyeped ﬁmcpxre\uf@uﬁ’swcqm}ecp&nedt sopel cappwichband ayterds nmade
of a CNT network |ayer and a PVA | ayer are stacked onto the drop casted

met al p@m@n@ha@mnﬁsm t he 10hybrid device as illustrated in Figure 5c
(left gi %HR’ the shared electrode is forned
in a net ﬂ%émnkqg%ﬁlgll %&Hp&%gigrglfc& ng glls?r%{h’erl ayer of the nanostructured

mat eri al !I\hldeﬂibsltﬁlgailt hmrgymmcémug nityewladreipathe ieobrgy onveting enit qentpaises

particles are chem call bou d to the surface_.of panostruct ured
materi al on 2BPRAHEY CRINE &ug’olﬁvgraﬁ H%e‘{r%rﬂ? gﬁsitle&i?ﬁ?de Y¥he first

15g@mponent gefosiie ﬁ{ Qaldg! Mia?gé*@@hﬁ?} Undty 8FheRéint the drefdt cm%e;@mmg; urdnd

depositing a second | ayer of a nanostructured material on t first |ayer.
[00101] Mangbmptisesianglasfrobytoenedism layenareggedonp fast ahactrafe ByPde decor at ed

material,_.such as a cay bon nanot decor e
metal parPrOEst erﬁff’%ﬂ SHPHES: ruﬁl’j est n%&se(a (Irsgts g ﬁereo efé@létrrr{gl% &B/gr ri ed
out by a wEfdedsaedPkiesirb@ on the energy convertlng medium layer or the electrolyte

medium layer;
25 » 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
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

unit.



20 m xi ng a porous nanostructured material wth a solution conprising a
particle precursor or a netal oxide particle to obtain a suspension of the
nanost r ucworzet/azeéa82ri al with the sol ution conprising th&CH&G20091080288 ecur sor
or the metal oxide particle; chem cally reducing the particle precursor
or the metal oxide particle to allow precipitation of the particles at the
surface of the nanostructured materi &2 at a 25tenperature of |ess than 60C.
[ 00102] In one enbodi nent, the reaction conditions during the chem cal

r educt{ippRopar ETRROERMbaMPERBdSlloWs dsmiifg harybripalevice beginuinglwith thexnengly wi dt h
between about 1 nmto about 40 nmor between 1 to ahout 20 nm The %hem' cal
r eductdopmertiag Wt jonfthe cney BRATERIjSiRsingnguithdhe GRE¥RH LAUTTD STHEUTFe ol De
precursor dn t ) j : 0] i reduet:i icle
b ccurBgriytuld G RERSHL Lo kPP, SRET TlerbETMERIAE B ot BRI n
met hodgistiggjspailyinggnt hekjptprintinghe suspension to al | ow preci pitation; or
heating the suspension in a, reducing atppsphere, suc s, heating in 5%
‘pAND [BPO8L,  Reterey B2 i@h@éﬂv@m@gmgg‘z@gwﬁgeweﬁgh%tths&m%lﬁ Bvge &f"
tenpergt "llléfgmf %Q%g? fgl%;sal 540t AR R eRAmPR! 1} FefdIeil kabss STAUGIRA RERRL |

such as sodi um ride (NaBH4) or other netal hydrides, such as CaH2 or
MyH2. nOREOY] aVOBN adjausipergpaditer p-batween blowt drjewitpiabewti hmnt ereatdepstdn be

h t i f t 7.5 0r. 4 10 7 5. F e,
- cagemrdiantd gractgeriEhigens o e bR Arse nipiSeimP Rl o be
about ¢ c??%}ggﬁgi?&tﬁguhﬂvﬁﬂﬁ&b@irgﬂ%%rﬁé%fgé.sor is used, the pH can be

adj uste ed to be about 4 to 12 and in case a platinumprecursor is
uséd, [0081pH The thickmed§ st thd/ lagerpt fovming Hisoeneray tegnverting raeBumesane X&pl e,

t he pH,can be adjusted/ adapted to be aho 7 1 se ] S

pr ecur $gending, @ ifs Tp@gi%*ﬂ“ O t BRI Dt cﬁéesérrn%?r% eelrrl ?’aﬁ)g =4 b]?%c Sgg,a%but
are nofijukirife til@@(i)éu@e A NER sided, 4 PBO3PES solutigh is kiAb Codted o fd, theZPOCHAEteGH20
and H2PdC16. 6H20, Mh(NOB) 2, or | CVu04. The concentration of the particle

pr ecur gless substrate. Tl thigkapssorf thiseP FAPT i RS Selaypreeany Robetwsen Ao SPViRON MBout 3
mMto out 1 i ] g qL t I { met al
pr ecurg‘g?seﬂ%ena h(g)gflt' 1r 1[3%8 é(r%gcf 32‘%{ gﬁ(l?gl I nq'% @ﬁs%ﬁahf{a?%rgyc%ﬁg?dgg?a%éﬁ%ﬂ 18 to
about Phd4hickhk90L G} PEOIT:POBM Diyentambe dfetwden atmno SO rto 00wl argtetweanr

tal oxide d ted material, Lh i f th trpctured
et er | SHOUKSO R CHENEAR GEiHen bR i (R AP0 P @ s gpt D P o
oxi de P LhChEaCR F1Rr geRetal, e Ftﬁ%ﬂ&%@ oRRRULtiHS 147 i fh BPAYL e1BR i N

;
or between about %&El?g about™ 60 mm [00108] The tenperature for carrying
out thiayehamvhadh the dhartge separatiorh &akise ptage AOECh 4sa daser 26 PERIBPFSfogethére

tenperat ure | n ut .15C t o, about 30C or befween . C 25C
or 1. aBIPHEReCBMT Sl B oty BByt e pAHEE] R oMl 8 48
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metal or netal oxide particles form ng at the surface of the nanostructured

mat er i génesatiompinag QRN Therafetiepihegciivmlager eaaibgvpa ihifigiess gk batweensapopheGtoys

sai d ng@gstruc ur %OHBB ‘?i al. Therefore, in one 25 enbodi nent the nethod
conpri g P'ﬁglt 2 g Wt h of the metal or netal oxide particle when the
si ze ofododg Pambi Biwid dFvasphRigetdds iheFisrd 0Sc nleft osidé)elatny SOmpuisesora bel ow
20 nm "I n one enbodi nent, the reaction is stopped en the si.ze of the
parti chuper¢apatitorndbp sEBerGRpacitey elgtrpds naﬂielbaét%g@w ) deyige Spusieied By

about Ll.to 15. ur 12, or about 1 to 5 tun. In another

erf%di ﬁtgfﬁ‘{?g%%%ép%lﬁ%qg%a?%%aé’%s gsp'ped if the size of the particles formed is
30 abopg09B] MY gerrdlRadborBnamatubles dambe manafantured BilOEthohekmearost theettur ed

mat erial can include any of the naHosﬁructured mat eri al al rﬁad}/
such as electric arc discharge methods, laser vaporization methods, chemical vapor

deposition methods or hydrothermal synthesis.

[0094] In one embodiment, for the preparation of a supercapacitor single walled carbon
30 nanotubes with 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



menti oned above. In one enbodi nent, the nanostructured material is
dispersed in a first WD 2011/ 021982PCT/ SG2009/ 000288 26 sol ution, such as
an aqueoOoelWmiIwa, before mxing it in the sol uti on WPCH/SGRe09(H&I288 cl e
precursor or the netal oxide particle. [00111] Besides dispersing the
nanostructured material in a first solution, in one enbodinent, the
nanostructured nmaterial is treated before m xi ng it in the solution 5
conprising the particle precursor. Such a treatnent can include for exanple

an oxigatiaMBickh&sofBelweati aboutt20rjimdgo 400 yamie baé embsdisEaf) olygvinykddetaté)ng i n

i norgani c pol ar_sol vents; or _a plasma treatnent, such as N2 or H2 or. 02

pl asne(PMARiS sest as Flemolptp nﬁ@@ﬁnﬁff}%ee%?ﬁ’@ﬁ?a%t&hw@@%é&??@@ﬁ Mrs{ geﬁtfﬁﬂef y the
sur f acg_of t Weth [ b d flcis dah®e ously
ot | e 1 ARoRERfEiolE, h Al bR, GIEP dohd poLhies R eB e
this liseieksch aapiyl(imtddna) ot perfuordéadtfonsf atitie Thanmdymerc matted camtiorthed , t he

nmetal particles or, nefal oxi article ind to these |linkers upon

pr eci p‘PP]éltiPéﬁdsa[Sﬁéli%ﬁ{?P@‘téﬁqﬁ}{ T W@H@Q‘gn i.e. precipitation of the
et al t aly, epd tih€ kEsedblebhSds B BE forfed! TTRe SRRQPtlettEddd @d b

mat eri@P?gfheI?%sg%%Egc?nﬂédgpaﬁti cel e decorated r?ano structured 15 mateeri al

i s si efoaded hr difiigtend wapsbemndingondtst@impositivat Iiffdery saph guwaldonsfof thrsheeadt i cl e
decor at.ed nanostructyred terial. The netwqrk_thus  ohtained c e used as
el ect r%a%r%igﬁw?iwe”f gﬂ“‘lsﬁégi%tf?éﬁeélﬂdé’lr%ﬁm’q%ﬁ%ﬁd’? Fig1ae do B ¢ %th\)/?dé‘lg‘é ég%“ri bed
her ei Nyef, A% BhrBhhs ORnIRE ldcAbdd Qm@isesot her energy charge storing unit
descri bed herein. 100114] The particle or nanoparticle decorated

naifost ¥ uckepositingdieenétall asvehinetial kezer oreciier #hin eergstcany ertimgdnedivipdayer of the

deposi tiqQn-precipitati.on th can r | ectrodes for
hybri d d P CRTReRF e fheld a"?ﬁgtr%e?‘}‘%nggdgSg%‘tecehﬁﬁgﬁ%{é’gﬁéer#’e%ﬁ density of the
ener gy= CRptisd @fd Aghoditidtua dnstedalCadla inahestnaturéd fiasdriah dgyer Gal thamoetblat i ¢

studi es, electrochem cal inpedance spectroscopy and sheet resistance
measur ems#es: suggest that the enhancenent with particles can be influenced
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inter- contact resistance in case-of u ot ubes. 0115] In one
enpdi mpat is ddpesigdontd tedAEE :BEBM ilbed dfchei0PV Jod eeaniple ibysuding &resdal

t t d th f terial intab d tibl i
ol 't Braperetiops Tk hiskprstiabdns o leyetaanin af has) Bt det Loy ang
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rigid. one enbodinent, a barrier layer is arranged on one 30or both
si des ffrthiehstepybroldtice of cerboh|nasoheeds fop eastedpingo ithe Al dayess The ghaged Such

Bl B SRR A S S RSP JRyBobe e ond
20  Localized deposition of the nanostructured solution on top of the already deposited Al layer
of the OPV is performed to prevent unnecessary shorting between the shared electrode and
the anode of the OPV.
[0097] In general, the solution of a nanostructured material is of a concentration giving a
viscosity that prevents the solution from penetrating through adjacent layers. A sample
25  concentration of the nanostructured material is about 3 to 20 mg/ml.
[0098] Several of the above manufacturing steps are implemented to prevent electrical
shorting between Al cathode and ITO anode in a hybrid device comprised of an OPV and a
supercapacitor, which may occur during the deposition of nanostructured solution to fabricate
the common electrodes. These manufacturing steps are: A) Selecting a thickness ranging
30 from, e.g., 100 to 300 nm for the active layer. This can prevent severe penetration of solution
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



27 the underlying hybrid device against oxidation. The barrier |ayer can
al so be scratch resistant to provide nore nmechani cal robustness. [00116]
The i nverWwDaasl/G2i98ast rat i vel y descri bed herein may suit 0TpGRe099Pe2881 ced i n

t he absence of any elenent or elenents, limtation or limtations, not
specifically disclosed 5 herein. Thus, for exanple, the terns "conprising”,
"including", "containing", etc. shal Ii‘be read expansively and w t hout

limtation. Additionally, the terns and expressions enpl oyed herein have
been usgdivapy peideheiresistantd fid anhagmneatiineakrves as b dbirin lay@aC) $eledingsa no
intention in the use of such ternms and expressi ons of excludjng an

equi vaFdhtien smqeﬁ@atf@amg@@fs%moangﬂ%éé the @anesirupareg srierialeloede Hut it
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and_optional features, mdi{] i nd variati f the.ipvention
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t he ar t Ihfd [ patd ' Sk be
R R L A A e A A e e
descr i betvebn tedhyredmttcrodeandthkelayodeerfeheiOPFach of the narrower species and

subgener i roupi falli wi thin the neric disclosure al.sg.fo art
of the 48k nt FoR. TP Siendhe pEeviesly BERaRe SoasEaptser Rt mRHE of i G on
Wi th anpiyik BQePind B MPer drfistadkddodhté BIPHOPEaftBY nfelilSft (HBlbSfing tiRM t he
genus, regardless of whether or not the excised material is specifically

r et t etybret dévice m0llpgodeish FigweScéleBsiledent s are within the fol l ow ng

cl ai s on- limti exa Sy (4. e . aAspects
of "t ne AADER: T anee plBaFr G ot (RO R Mot R AR B PV
the ar& vddpbsifif€ aditkZ Riythat thehinbsiMeRired matdiadlvigch esitley ndesd withadetah
terms of any individual nenber or subgroup of nenbers of the Markush group.

25EXPERI NEKToles SECTVheniy guatalopaniiclesy ateh €8emicaly npeund &R dhe afustice | g ithe

wal l ed c . 12 | 9N I=ToTcl s SN I rbon
nanot ubegﬂa on%?lgg%%gﬁgﬁl\[/gg %ﬁlﬁgég%ﬁﬁg’fgéﬁ COecora%ﬂe aié%g%g?rm\@?ltggd%%?bon
nandt ube, confdBet afthsélaghayteahddhan tayeb ofithedirst abgené¢M3aBINCNTs, Car bon

Solution Inc.) were dispersed in 15 nlL of deionize ter 30 followed by 20
mn ul fr ﬁ@ﬁ?lg}ng ?é‘é‘ioﬁéigye( ?génﬂw.tr“eltﬁ’é‘?dd?%tﬁﬂ?lﬂn& egfglt\gq}ie{'/er nanoparticl es

was 00%0'1@1% e%&rﬁ?&ﬁﬂﬁlgp? 2dhttstiBfed(fetd] or Ridtal okid?) ddésiaid Matbritd, NasH
(99% rck) that was added to a 100 nL aliquots of AgNG3 (99.99% Aldrich)
(0.1 - afa t&rbM naiitebeSWEhiBted, YD cxample) ¥ithgwbenneadpotitioaonss axddapaidasi on
was m xed.with the pH adjusted AgNO3 sol ution.and stirred vigorously. The
Agdecofh Womés ?‘g?lg%y%ﬁtg?(ﬁgmﬁg?ﬂ%‘ | i quor by centrifugation
(129000 r AffxinkDa Pordhis nafdsBhctitAl mS¥EASHitANG sbRfioA REmBIbihA agpavkile pfeetRyed by

mul tiple washing with deionized water. The final product was then,
redi sper seu & me@bpwide padiclmtocebtpiafioruspension of the manasfrugtupedappigrigeWih dee d

single wal | ed. car n . I: e prepared by’

addi ng 0. 1S°f‘ﬂqﬂ5‘%€£’?’§ﬁél%a%%%@ceﬁ‘%& ?58?)\}/&9@% “?%l“‘llz%él‘?rﬁ 55‘0@5’. 0 - 6.3 mV HAUC14
( HAUC14. 3HpemidAdIyarddasiag) thenpattictd @raddrsdi adni Ithe edetall opided phuticha ne dalloat ues
ranging from4 to 12. SWCNTs suspension (0.08 g in 15 nL of dei o.nﬂ' zed

wat er) wasreripitiose of jthe t prsticles ati B Swfack fhdhe geanostruciired \faierigh @brbus
sthering f i i §15-60 mn) after 10 which the gold | oaded
ca?gl ysts t\%@?%@%ﬁ@@%}%@%goél tration and washed repeatedly with deioni zed
wat er {@0I02I0ve onkl enbatEmet) AL 2¢actiod dBhditionsniudeg dhatchdmiah géduction |asel

b bes, The solution of H2PtC16.6H20 .(.3.0-6.3 drj i
oo el sy AT O LA Sn Rl BEL 10, 10 (3, 00,3 I, driol n
(0.08 %glr?% %1513%39% 1961285078 eI R %héfﬁ%al%&&ﬁfoﬁ%'b@ ihigerfebd 5 aBfuBGHE SOT

sol uti y the addition of nmethanol (Merck) as a reductant. The
sus penslicosoneasratige df atetal peecihosor i0théGuspensiamd washed several tines with

dei oni . [00123] .1.4 hesis of M02 f| akes [00124]. Sol uti
SR8t ShoNT ShomhR Teribiian A6 Bkl BHrRRg) Sameabpyas ofhbd ppet et | "
distil ?a@%h\e(gg %{If tnh%u@@ﬁ%qnétﬂ&&r: XSS pBltihithd ABpbMicRO Wb prEeipiedtioat ni ng

0.59g o
or heating the suspension in a reducing atmosphere, such as heating in an 5% Hy/N; or 5%




20 10 nL of distilled water. The resultant solution was stirred for 2 h and
then transferred in to a Teflon |ined stainless steel autoclave and pl aced
in the oW 2at/&d8Per at ures 140 - 170 C for 1 - 24 h toPOBS&2009t0he28Pr oduct
whi ch was washed several tinmes with distilled water until the pH of the
solution was 7. This was air dried in an oven at 100 C for 24 h. Nanofi akes
obtai ned by this method are shown in3%he TEMimage of Figure 14. 25 [00125]
1.5 Mn02 decorated single wall nanotubes (SWCNT) [00126] Sol ution A
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oni ze ered through a filter menbrane (What man,
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iim a Po@ﬁe?}{b@al%x‘?&t a%'@ie cEﬁEea%Pfﬂ?%rﬁrﬁ@BeﬂWb%ﬂ@E@ut 1%emal HbPLEIHY ed a
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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
30 about 1 nm or 2 nm or 3 nm 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



30 sided adhesive tape. The polyner electrolyte also acts as the separator
between the two el ectrodes, preventing electrical short-circuit but

al | owi ng Wordt/emsege transfer to take place. [00134] 1POTSG2¢9t00¢288 and
el ectrochem cal characterization WD 2011/021982PCT/ SG2009/ 000288 30
[00135] Silver in the Ag-CNTs was characterized from X-ray diffraction
(XRD) patterns collected using a Shinmdzu diffractonmeter (CuKa) by step
scanning (0.02, 0.6 s dwell tine) over 10 to 140 20 range. Transm ssion

el ect r @hutidst; 'sasle @ Yan( ddtidpuopeldvnnbefore hiigingriesolthe isolutiondeithvdlse partidiect ed
usi ng JECL 2100F operating at_ a voltage of 200 kV. 5 Capacitance was
rreiasurmcll.@@rrfgthemﬁtﬁl exige PRI confi guration. Cyclic vol tammetry and
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at open cir otentral (OCP). 6] 1. timzation of
synt heplasma trealinteing suétoas Neoodaor Onplefmadmeatstentict ured materi al [00137] The

f1 ndi ngs._h Pt .
At e R e T L L R T
After jiRidRayst indoRfizoVENESreh@y GrddohMIPabieichell Uihlen, att iR Plifdecsrdiges

from5.6 to 3.4 as shown in Table 1 due to the gesence of the acidic
t

c arboxyinagtroetpredanatetiel. Néittothip diskers immupplizediat thy sydacerinibp aapotugtured

characteristigs as fungtion of . pH [ i ta. o] t 0
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pHri C peRipitafidm)) timeaverageAg crystal sized (nm AgCNT1 0. 15

[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
15 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
20 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
enhancement with particles can be influenced by the size of the particles and is also related to
25  animproved inter-tube contact resistance in case of using nanotubes.
[00115] In one embodiment, the hybrid device described herein is due to its layered
structure and the use of materials printable and compatible with roll-to-roll 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 barrier layer is arranged on one
30 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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the underlying hybrid device against oxidation. The barrier layer can also be scratch resistant
to provide more mechanical robustness.
[00116] The inventions illustratively described herein may suitably be practiced in the
absence of any element or elements, limitation or limitations, not specifically disclosed
5  herein. Thus, for example, the terms "comprising”, "including", "containing", etc. shall be
read expansively and without limitation. Additionally, the terms and expressions employed
herein have been used as terms of description and not of limitation, and there is no intention
in the use of such terms and expressions of excluding any equivalents of the features shown
and described or portions thereof, but it is recognized that various modifications are possible

10  within the scope of the invention claimed. Thus, it should be understood that although the
present invention has been specifically disclosed by preferred embodiments and optional
features, modification and variation of the inventions embodied therein herein disclosed may
be resorted to by those skilled in the art, and that such modifications and variations are
considered to be within the scope of this invention.

15 [00117] The invention has been described broadly and generically herein. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also form
part of the invention. This includes the generic description of the invention with a proviso or
negative limitation removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein.

20 [00118] Other embodiments are within the following claims and non- limiting examples. In
addition, where features or aspects of the invention are described in terms of Markush groups,
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 carbon nanotubes. 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 kW). 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 AgNO3; (99.99%, Aldrich) (0.1 - 0.15 M). The SWCNTs
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suspension was mixed with the pH adjusted AgNO; solution and stirred vigorously. The Ag-
decorated SWCNT's were separated from the mother liquor by centrifugation (15,000 rpm, 10
min), after that excess Na-ion and nitrate were removed by multiple washing with deionized
water. The final product was then redispersed in deionized water before use.

5 [00121] 1.2 Gold decorated single walled carbon nanotubes. Gold stock solutions were
prepared by adding 0.1 M NaOH (Sigma-Aldrich) dropwise to 20 ml of 3.0 - 6.3 mM
HAuCls (HAuCl4.3H,0, Alfa Aesar) until the pH stabilized at predetermined values ranging
from 4 to 12. SWCNTs suspension (0.08 g in 15 mL of deionized water) was dispersed in the
solution which was aged at 75°C with vigorous stirring for certain period (15-60 min) after

10  which the gold loaded catalysts were collected by filtration and washed repeatedly with
deionized water to remove chloride.
[00122] 1.3 Platinum decorated single walled carbon nanotubes. The solution of
H,PtCls.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(NOj3), dissolved in 10 mL of
distilled water was added under vigorous stirring to Solution B containing 0.5g of KMnO, in

20 10 mL of distilled water. The resultant solution was stirred for 2 h and then transferred in to 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(NOs), 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 KMnOy 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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30 sided adhesive tape. The polymer electrolyte also acts as the separator 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 (CuKa) 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.
5 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;
10 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 nanostructured
material
[00137] The findings have shown that pH, reaction time and AgNO; concentration are the
15  main parameters controlling the dispersion and size of AgNP on SWCNT. After introduction
of SWCNTs to 0.15 M AgNOj 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

20  decorating single-walled carbon nanotube

Sample AgNO, pHs* pHsc” pHn® rxn. time average Ag

conc. (M) (min) crystal  size”
(nm)

AgCNT1 0.15 5.6 3.4 4.3 120 15

AgCNT2  0.05 5.6 3.4 6.3 15 1

AgCNT3 0.10 5.6 3.4 6.3 15 3

AgCNTS 0.15 5.6 3.4 6.3 60 4

AgCNT6 0.15 5.6 3.4 6.3 120 6

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

added NaOH. “Determined by TEM.

[00138] Subsequently, the absorption of AgNO; with these groups on the CNT forms
COO-Ag groups (Figure 17). The addition of NaOH solution is a critical step in controlling
pH to ensure that the quantity of hydroxyl ions is sufficient for the progressively reduction of
Ag'to 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 vielded larger Ag nanoparticles through the crystal growth and aggregation after
nucleation. The variation of AgNOs 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 AgNOs; 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 20 = 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: 13+2 nm, 7+1 nm, 4+1 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 16f) methods, ranged from
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0.03 — 0.24 F/cm? 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 liquid 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 contribute to
5 the formation of the electrical double layer. The specific capacitance of a dense CNT
network is 0.09 F/cm® 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, internal and external 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
2
Area per | Mass per | _C (F/em’) C(¥/g) | Fnergy | Power Sheet
h . R Resis-
Sample | electrode | electrode density | density (ohm) | ta
P3CNT 0.56 1.10 0.09 |0.082|146.5| 41.9 1.5 2.7 83.19 | 15.74
13 nm-
AgCNT 0.60 1.20 0.046 |0.033]22.8| 16.5 0.7 1.3 159.921 10.26
7 nm-
AgCNT 0.70 1.40 0.087 {0.060|43.4 | 28.3 1.2 2.4 72.83 | 5.91
4 nm-
AgCNT 0.54 1.23 0.15 [0.100|67.5| 4438 1.9 3.1 6549 | 6.34
1 nm-
AgCNT 0.52 1.22 0.244 10.206 |105.8| 89.4 33 25 83.00 | 10.20
2% Ag
+CNT 0.54 1.65 0.120 |0.120(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/ cm®
and 0.15 F/em?, 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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Faradaic reversible redox sites leading to a pseudocapacitance contribution to the overall
specific capacitance. Thus the overall specific capacitance may be viewed as a combined
contribution of an electrical double layer capacitance and a pseudocapacitance; the former
influenced strongly by the surface area whereas the latter influenced by the presence of Ag.

5 [00142] The specific capacitance (shown as energy and power density in Figure 21b) of
supercapacitors decreases with increa{sing particle sizes with 4 nm Ag-CNT, 7 nm Ag-CNT,
and 13 nm Ag-CNT devices yielding values of 0.15 F/em?, 0.09 F /cm?, and 0.05 F/cm?
respectively. Similar observations were also obtained from the measurement of specific
capacitance using galvanostatic charge and discharge method, with the capacitance values

10  (Table 2) mirroring the cyclic voltammetry results.

[00143] The decrease in the specific capacitance of the devices with larger AgNPs (e.g. 7
nm Ag-CNT and 13 nm Ag-CNT devices) may be attributed to the pore blockage of CNT by
larger AgNP, resulting in a reduction of the effective surface area and thus reducing the
electrical double layer capacitance. On the other hand, smaller AgNP (with diameter <5 nm)

15 are less likely to block the mesopores of the carbon nanotubes and may also increase the
effective surface area aided by the cluster of Ag atoms that create small protrusions on the
CNT surface. A 1 nm AgNP is estimated to consist of about 31 Ag atoms, which may result
in an increased effective surface area that may contribute to enhanced capacitances observed
for the 1 nm Ag-CNT and the 4 nm Ag-CNT devices.

20 [00144] The role of Ag in contributing to the pseudocapacitance was further investigated
by studying devices in which the electrode is prepared by physically mixing 2 wt% of Ag
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 contribute
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 double 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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cycles. In supercapacitors, a number of sources contribute to the internal resistance and are
collectively measured and referred to as the equivalent series resistance, or ESR. Contributors
to the ESR of supercapacitors include sheet resistance of the electrode, interfacial resistance
between the electrode and the electrolyte, ionic resistance of the electrolyte, and the external
10  lead contact resistance. The sheet resistance, as measured at several points on the network
using a probe station, decreases from 15.74 Q cm™ for the reference CNT device to 10.20
em™? and 6.34 Q cm? for devices comprising 1 nm and 4 nm AgNP, respectively. As
expected, adding the AgNP into CNT network does lead to a reduction in the sheet resistance,
presumably due to the reduction in the inter-tube resistance; however, this trend reverses with
15  increasing AgNP particle sizes, with the 7 nm Ag-CNT and 13 nm Ag-CNT devices showing
resistances of 6.34 @ cm™ to 10.26 Q cm?, respectively.
[00147] These observations are further confirmed by the internal resistance measurements
obtained from the galvanostatic charge and discharge test (Figure 16f). From the voltage (IR)
drop at the beginning of the discharge curve, the internal resistances for the CNT electrode
20 was found to be 83.2 Q. Incorporation of AgNP into the CNT network yields internal
resistances of 83 @ and 65 Q for 1 nm Ag-CNT and 4 nm Ag-CNT; however, the 7 nm Ag-
CNT, 13 nm Ag-CNT, and 2 % Ag+CNT devices display internal resistances of 68 2, 160 Q,
and 141 Q, respectively, which is similar to the observations from sheet resistance
measurement. The result of both internal resistance and sheet resistance of the electrode are
25  represented by the bar chart (Figure 22) for giving a clearer overview on the correlation
between AgNP sizes and both the internal resistance and sheet resistance of the devices.
[00148] The effect of AgNP on supercapacitor performance and the electrochemical
behavior 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



5 [00142] The specific capacitance (shown as energy and power density in

Fi gure 21b) of supercapacitors decreases with increasing particle sizes

Wi th 4 nrw@goeaNE198Z nm Ag- CNT, and 13 rim Ag- CNT devi ce®CyiSeReliongo2sal ues of
0.15 F/cn2, 0.09 F /cn2, and 0.05 F/cnR respectively. Sim|lar observations
were al so obtained fromthe neasurenent of specific capacitance using

gal vanost atic charge and di scharge me8hod, with the capacitance val ues 10
(Table 2) mnoring the cyclic voltammetry results. [00143] The decrease in
the spegi§ hCr&apack! ARCRWOIfrdgiencdeuthe eslowitidnstormaefo AgNRSose v@rtical NifleAg- CNT
and 13 urn Ag-CNT devices) may be attributed to the pore bl ockage of CNT by
| ar ger cowddponding b tthe gapasitiver iSoRAESe Of ROroushearediiseThe wenwyigrticat sloge o4 thad

t hus reducjng t l.ectrical o Ltance, - r .hand,
i | e g B oGPy B ek BB L SRRE B A0 4 RRalOfY w8

Mes 0po ARG Hkioharbons ke 16@nAbbEBsofabak Mideahs eletiedesnag ehtiwakhf eeduitvior
surface area aided by the cluster of Ag atons that create small protrusions

on ¥ he AgNGNd eleciodes wouldinyplygytip followwg;cingiis ¢lomengso Hi ik spludepissistincag

at ons, pWhj I I.: kN LVe. t y
cont i Bir B sUBl fa68- bR, CRONEREEGH Sy Bflit) RERUALET QAL BRY .
nm Ag- SNIbalgvingedanc2QiueQ0 Biddbuldteresistancofvithin the nanporelyii i Bmce bothiwetive
pseudocapaci tance was further investigated by studying .deyi ges in_which the
el ect r GHéeriak apd pEPFORCtah Yt ewbw%lwr?gﬂaglw?@wnﬂg ke 1RES Enfef t he
CNT, den 9 V| : [ . , was
hi gher Rtb ﬁgﬁgstp%g? %’((Q(%fr%gbtzi e tra g edrnglﬁgs&i%ﬁcngf &{%&hgﬁq@'%%@%\%% P%gﬁ? ‘%gm@%ﬂé\rr

deVd c eam( AgECNTh pagiNR)larl e ddditemalt Blamenhef €, nenrgp@Ning d pseudocapAgjtaGbil

devices (<5 urn 25 AgNP), The. c cita of this. 2% Ag+CNT .device, i S

i gher SERR P11E IRSPARLLEeCGEN ce Ehgneceriip i i CAgbEFIEErE i o
not bl gedbokdie BN T aserdnR LBt arddN@340 rébpeetiRnt 1 i RUEQdidRUEBB bicall
pseudopaci tance. The observations detailed in the Tprecedl ng paragraphs thus
may beinpedmes, Ze of H dqpilivadens cirgpeirfGNT chpami Ag e, TMALNNT and 2%Ag-

superc Ltors conpri.ses of contributions fromthe electrical double |ayer
capacit gev%e& W%%t&eﬁﬁgggep%%sflé Oé:él?ac\}mafl%e]\éﬁ“% goyf or mer gover ned

primarily by surj{gace area phereas the latter influenced strongly by the

si 1% ofZ £y W&%@gﬁs do not decrease (the overal|l surface area;
wher eas t hey Gol / SG2009/ 000288 34 enhance the

pseudo {tance th < [ in.a LT ila - of
o to 1o0ap) 120 Br ot AR, SR8 bt BRAFE oG CERRE S SORSRERAERE 1 06,

1. 12 Sypeaideedpacitinee, thepgaaivae  tiesinipedad@0Z46¢xprensed a: er nal resi stance is of
critical inportance in super c:itpaci tors, since it is one

R
7 = R.s‘ + b + s (2)
joR,C, +1 joC,

joC, +————
a ]a)RC,Cp+l

[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

23c. The estimated values are summarized (Table 3).

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

Gy Ca Ca +Cp
Sample R(@) | Re(@) | WFem® | (Fem? (Fem™®)
CNT 1.511 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 -
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Tabl e 3. Conponents of the equipnent circuit fitted for the inpedance
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CNT 1.511Weg0ma2182252 0.03 - 13 nrn Ag-CNT 0. 84 87. 24 2R6TH&3000/000238 -
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mediated with Ag nanoparticles on the other hand leads to a reduction in the Schottky barrier
thus reducing the inter-tube contact resistance.
[00154] The observations of increased sheet resistance and internal resistance can now be
discussed in the context of the effect of Ag on the intra-tube as well as the inter-tube
5 resistances. One may argue that the intra-tube resistance with 13 nm AgNP is probably
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 Qcm™? for the reference device to about 10 Qcm™ (13 nm AgNP), about 6
10  Qcm™(7 and 4 nm AgNP), and about 10 Qcm™? (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 due 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 Qcm™). The sheet resistance for
2%Ag-CNT device is the lowest at 5 Qcm™ arguably due to large silver clusters and possible
percolation paths within the 2-5 um 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 € and 141 Q 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 to 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.
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[00156] 2. Manufacture and testing of a hybrid device

[00157] In the following the manufacture of a hybrid device is described. In this exemplary
embodiment, the hybrid device comprises an organic photovoltaic (OPV) as energy
converting unit and a supercapacitor as energy charge storing unit.
5 [00158] 2.1 Fabrication of organic photovoltaic (OPV)
[00159] ITO-coated glass slides (Kintec Company, 7 Q/cm®) are etched with HC1 (37 wt%
in deionized (DI) water), then cleaned by using detergent, DI water, acetone and isopropanol.
Each step is done by ultra-sonicating the substrate for 15 minutes. The substrates are blown
dry using N, and plasma, cleaned for 2 minutes to remove remaining dirt and for surface
10  treatment of ITO. PEDOT:PSS solution is spin coated onto the substrates after the plasma
cleaning process at 3000 rpm for 30 s and thickness of about 30 nm can be obtained. After
spin coating, substrates are transferred to glove box and baked on a hotplate for 10 minutes to
remove moisture. Blend of P3HT (poly(3-hexylthiophene-2,5-diyl) purchased from Rieke
Metals, Inc):PCBM ([6,6]-Phenyl Ce; butyric acid methyl ester purchased from Nano-C) (1:1
15 by weight, 10 mg/ml) is stirred overnight at 50 °C before ready for spincoating at 700 rpm for
30 s to get the active layer with typical thickness of about 100 nm. Deposition of patterned Al
cathode is done by using shadow mask in vacuum (10° mbar) at evaporation rate of 0.2 A/s
to obtain thickness of about 100 nm. The OPV fabrication is completed with annealing after
Al deposition at 150 °C for 30 minutes, the device configuration is as shown in Figure 5(a).
20 [00160] 2.2 Fabrication of Supercapacitor
[00161] For preparing the supercapacitor, the single-walled carbon nanotubes (P3-SWCNT
purchased from Carbon Solution Inc.) P3-SWCNT was purified with nitric acid and left in
highly functionalized form. P3-SWCNT contains 1.5 - 3.0 atomic% carboxylic acid. These
SWCNTs were filtered through a filter membrane (Whatman, 20 nm pore size, 47 mm
25  diameter). The CNT were trapped on the surface of the filter, forming an interconnected
network. After drying, the freestanding CNT network film (thickness about 20 pm) was
peeled off from the filter and used as the cathode of the supercapacitor. The acidic polymer
electrolyte was prepared by heating 5 g of polyvinyl alcohol (PVA) monomer (Alfa Aesar,
98-99%, medium/ high molecular weight) in 50 ml deionized water at 90 °C to obtain a clear
30 gel-like solution to which 3 ml nof H3PO;, (Sigma-Aldrich, 85% purity) was added under
continuous stirring. Air bubbles and excess water in the gel-like solution were removed using

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



0.035 - WO 2011/ 021982PCT/ S&009/ 000288 36 [00151] The el ectrol yte

resi stance was approximtely 65 SZ, this relatively higher value as

conpar ed WO 20hHé2198qui d el ectrol yte (<10 S2) is nmainly dRETSG2009800288er
mobility of ions within the polynmer electrolyte. The Rct value for each

Ag- CNT el ectrode accounts for a nmajor proportion of the overall resistance,
whereas the Rb plays a mnor role. Th& charge transfer 5 resistance, Ret,
decreases as the AgNP sizes becone snaller, and a significant decrease is
obser v q @ s e BRVIRES ttithh ko, bRSchange of
1-4 Sl ﬁ%f&@? nﬂg)fﬁ‘c@% g\ﬂigservatl on |rSi§MI%t es that AgNPel n the is?l ze range of
1-5 nneleéﬁeaitshaﬁ#qrrcnﬁdiu’cﬂl%ag Ise chaagewaiséinie taketphare Chperdapatitasdevigesd t he
eIectroI I AgNPs m.,possi bly reduce th .

el ect rB€ H&qte Hc?t? ii 1SFOIBYCT 18%?81}2‘8 ﬁtl’%‘e Sl?ﬁ?ﬂé e G %8 tﬁé sfgps of

surf acexT Yirighdl 519), P@Ewﬁ%&%%e@ﬁw@%mﬁi afl SUlyekBy1Bie Age iflalsle (PET) substrate
significantly higher even than the reference CNT device (about” 28 n).

[ 0015 2¢sifi elodolatsided| adhesive dppec iRl eatroehenmishl m@bwernerds fresencamsd dasridfer dreal ysi s
i ncreases as NP r duc s, from7.to S, ana u

obser vEBSEAPRUEH Lo FonigT %?)1%%51@03 Qfﬂpflgleﬁcc nr@:ﬁ,flbg’rméfm Mag- oNT
and 1 {pﬂl@\gmghﬂ?,eﬂiewpmq)contrl buted to the 15 overall capacitance as Cdi

C. Agaln, 1 nm Ag-CNT has the hlghest capaci tance anmong all the devices,
furthe[ooslé%]ooilﬁllmgegrhﬂonpﬁﬂﬂ’ﬁ@en SuReICIPAtENUr enent s, whi ch indi cate that

pseudo n t .
DS VRS | 0Pt LRSIE g SORLCLILOL f OISy A0S lenhin
(coont r b Bt imgymf O Msdprepabt ds rdociesdstete b top gofl giebAy cﬁﬂﬁﬂés 0OrQRY eat ioont he
overal |l resistances and_capacitances (Tabl %%. 20 ?0153] Ferm

al i gnn@mPer%ur@%sé&%a@%eeworW@mw a5 {gAlsetiods § Ff@r%ercm%’éﬁhg met al

and a I S i on of
" Gept SETSGAREHET it 3kl 08 o) fhcsialdife PR BTN AL R O] 00

exper i &mmeﬁlmuwhthaﬂhlcﬂxhéﬂcabomnd) Tmneaten top of dhd £ aieqmtoekl whichegitoas batt | ng
as a char e scajter and creatin ential ,barrier thin,the
nanot uff®2 alt‘éra e?tlf)o gt a‘ééﬁ’géé@em?‘?aﬁﬂbf gﬁeyﬁ%t‘\o“‘?ﬂn’tsr %Ontethyltas“é‘f)%mﬂ%éil?tw’i y. It
251 4Tay €. séﬁ@lﬂg%w%t\%m &ﬁ%%ﬂhe tl"‘\ﬁAfi{%IPmtthﬁnﬁlE@g;h@tﬂ tﬁa@@(ﬂe PORentra)

barrier) increases with the nunber of atons in the nanocluster, reaching a
maxi rruthllw filmés sodeidhed én betwepretvgo CNADnatworksngs lllmmoﬁmhxhnct drvicedbys h may

the. Ao Raapar vioato M YOrEE 1Faek KETRNAR, Bl D FURANADRENERE 2

sem copgited E4ialSE Bt EQBACHY & thetdHaRSorated KINIWTe EOARECNEDAS mubtlnﬁed @ Figogs ot her
hand, the 30 significant inter-tube contact resistance between

sem coP@dcrighiy image| Metal daverateds narastrugiurgd paateripls suetheasc A Ngn cat be

D) o boRBR sty BB R oL B PB el Coar U1 el e on the ot her

hand | pod64]1 024 RéﬁmMmmm&ﬁt&hﬁgtkysméaﬁmbhudemduc undet 22
inter-tube contact resistance. 0154] . The observati o eased heet
resi st EIME5hn&yrhe ¥oliammp gramsi( Qﬁ’g@ﬁéaaalwaw tpiee ehag%@égw 3&@@ ETHERR

the ef {H:ecstugglfcaﬁ%lt‘ap dbGiee WA WP etk |anasP\l}’ﬂedc%_d§E E)BIﬁﬁQ?eeléztlro?ﬁé %}@nces

One may argue he 1 ntra-tube resistance wth m"AgNP I's probably
hi ghes shewmingBigued 6(a) arel AONFIIwi readtscararepaesedtative fdri &stmdmhme siipencapacgorl 3 nm

The_ inter- ube resi stance .on t he ot hand pr.obabl r.the 1

T AN el el Her GO AEBe R sacan PhieeCiras pis o R R, §PERP 1o
CNT | eaglarib@i fereR U I(ON nhdAsib@Bhts 8S batidM 68t A A0 e éﬁzmﬁm/g af Rond he
reference device to about 10 Slcm2 (13 nm AgNP), about
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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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Cfor 4 ]ﬁ respectively to obtain a polyner electrolyte ﬁo
2011/ 02128APEMSGRG0SE FODR288], 3Be Ealvandstitis disphaitge clndsglont fxytcoahewingat § as

t he se at or hetwe t wo . el.ect r.ade reventing electrical.

Shor ¢ - Gk EaistorR P P g B TCAnd T e EROPEPbIAS: B By betigure 0o,

Super capafl holh ReY ivilfsh WRIves b abhitedt afreY of 1086 Kl A Grdrhlithe BEPerEMRCIBIreThEOl yt e
filmin between two el ectrode strips of CNT (Figure 5(b), which were

sechr ec¢hargeand disshgrge leyiven of ther sphrchpdcitpe areRHTtiedsashas fungtien of tisiersg shown

doubl e-.si.ded esive tape., Electrochem,cal sur n [ rrj out
for t hdt JiBar et et BBt SiichREs R E She il rREE SE DG4 BBiBlsPEy

cont r olrbgstafieRsFiRNdupaschpicitoPis @uhd & bergdn@, AFBP1). [00162] 2.3 Integration
of OPV and Supercapacitor [00163] For integrati n% both OPV and

super cdparilgor2.7 Results o6 measgrements wish thathydrid devige shown gy ghe right of

| sopro | 4 op- t f cat hodes of OPV at room
t enper Qﬁgr? #@ gge(gﬁcé?%emé‘{s\%ﬂ)?%dvﬁi&gﬁﬁ&t s as the electrode of the
super cgpariz orAncthdérserhbatimleat bfViagtaying letls tGRKiand afpescapiddier sisanpdinetal PVA

(pol yvi nyl al cohol) contained H3BPO4 thin filmw th thickness about 0.5 nm
on t op dsForeied nerestirctuRet RiateHil @R shared clestipds Rasalsabsed eraﬂ%ﬁt@reé&%sﬁff §Re of

the su i T i i € i AT
froes st oh AeREkE YnelelwBld BRbo hERRsIRTEII SRS pl Se BORE D rdmeasting e
PVA- H3 P AHCNT fwithna ¢encsamativinodfedmipgmibtiteatty nntovtbe @NiverieyendPET: POBM) of

i |l ustrat,i f a hybrjd. device t htained is sh i.n Fi 5 | ef t
| mmge. OV oS hPEynd fiscEHer of OF BRIGIVEE teDRyHRe Al oL XM B 5o be
f origed hniRnbRhdlzd feRr aleedA oW s - 8- FiplreCNI(k), afori gdvimb@tie diddRafzge Owite 5(C)

right image. Metal-decorated nanostructured material, such as Ag-CNT can be
20 manuktenalrleat af & dei thg supercepaciter padbe derged bpdo Mownd, tvhdedy isithe [open 64]

2.4 Result ts_ using.th it d to under 2.2
[oo1es eyt M Pl O Pe YRebfoc Al SRBLASRRE A BB Y < char ge (o

curves [06113)e R ERhhRAM thehybeid 46vidd iteferMChouRd @dGterads iandriB/A aci dic
pol ymer el ectrolyte are shown in Figure 6(a) and 6(b1}). The results are
repr esdAPEH4lvdt viss alsos dememstoird hapapemsariacing 550 {30 Yn sepgs pyshewn in

' ¢ . . ) . . .
codfr { HaAE (o), SOt RS Al IR 66cR REdN HHBh b B orl B 165 L °F,
20 mV/ sirgdle 0P MThe chapa bid discHdrge o@ae of detipbgd|davics bgmsingfiwd I(EPCih sarfes es
Capac (EHEBUSH 9.2 13netiop OIHIF go Shy GE b BT kel Hnche o Rt lede con be

t . - , 1. f
cons a{k}l&‘?‘ég lr1 y ofpyP d%réﬁéldtag rt%?@, bl k{hémcﬁi‘gé %”39151% stére@NRle Jipepl@padifey O

0.15 k ener gy 2.96 W/ kg are obtained at room
t enper athicleadtops & hieargeigtoragapiaviceoAs thevdeviee indrinnhcted & aidalj the dessbargewill anges

(28 B S eI 03RS B S50, B0 LAl il 1
needed for initializing certain applications.
[00175] 2.9 Band diagram of the hybrid device referred to under item 2.6
[00176] The band diagram 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

C

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



40 [00166] 2.5 Results of neasurenents using the O ganic Photovoltaic (OPV)
referred to under 2.1 [00167] The OPV performance of an OPV form ng part of
a hybrid Wewot&2w82 characteri zed by nmeasuring the |-V e6RS&EOO0PEB8 CcSs i n
anbi ent under Air Mass (AM 1.5G 5 illum nation (100 mWcnR). The 1--V
curves of both dark and light current are shown in Figure 7. The dark
current profile shows an ideal behavi 42 of a diode. As observed in the
light current profile, short-circuit current density (Jsc) as high as 10. 37
My ¢ elettbdesb Ergepet af @dlddyfrdrh d1ONED telel yf BBATaik dalciDiRiédvitie thengrekinds ofias
applied. The device yiel ded 08en circuit voltage éVbc) of about 598 nmvV

whi ch ZEROERSS befarpat 1epghies dTOviodaden derpthardisnd. slectrons dipm §UMOavel of
superc irt i i eV | & .St of
ho detraiigat doflalhba Wakid) ACHHRe, AR ABALY LR BN Bl ER D)
rel at i S&VENTI apld storkd it the soperédpyit@f 55% This device gave power conversion
efficiency (PCE) of 3.39% The abovenentioned paraneters were observed with
slight variation anong devices in the same substrate. 15[00168] Connecti ng
the OPV devices on the same substrate in parallel is supposed to generate
nore current for charging supercapacitor. The analysis of the |- V curve in
Figure 8 shows Jsc inprovenent (23.40 mA/cnR) of nore than tw ce through
paral | el connection. Nevertheless this inprovenment in current is not a

| inear one, attributed to the high additional resistance when devices were
connected. This point is supported by the lower FF (38 %9 of 20 the whole
devices. While current inprovenent was observed, Voc renai ned very much
simlar to that of single device at 580 nV. When devices were connected in
series, significant increase in Voc (about 1000 nmV) was observed while the
Jsc remains close to the behavior of a single cell (7.75 mANcnR).

[00169] 2.6 Results of neasurenents with the hybrid device shown on the

|l eft of 25 Figure 5(c) left image (Al + CNT as shared el ectrode) [00170] It
was denonstrated that the OPV and supercapacitor devices referred to under
item2.1 and 2.2 could be integrated in parallel to build hybrid device. In
this case, the common interface of this hybrid device consists of Al

cat hode of the OPV and drop-casted CNT el ectrode of the supercapacitor
(terminal 1), and an electrical connection is created 30 between I TO and
anot her CNT el ectrode of the supercapacitor (termnal 2) as shown in Figure
9(a). During charging process, OPV converted solar energy to electrical
current which flows fromanode (I TO to the cathode (Al electrode), and
charged the adj oi ning WO 2011/ 021982PCT/ SG2009/ 000288 41 super capacitor.
When the supercapacitor is fully charged, both the |ight source and the

el ectric connection are renoved, the gal vanostatic di scharge can be done by
connecting a 1 1d2 resistor in parallel to the termnal 1 and 2 of the
supercapacitor as shown in Figure 9(b), to act as a |load which draws a
constant current of 0.6 mA fromthe supercapacitor. The 5 charge and

di scharge curves of the supercapacitor are plotted as a function of tine as
shown in Figure 9(c). For gal vanostatic discharge with constant current of
0.6 mA, the internal resistance of the supercapacitor is found to be 180 ft
[00171] 2.7 Results of neasurenents with the hybrid device shown on the
right of Figure 5(c) (Ag decorated CNT as shared el ectrode)



10 [00172] Anot her enbodi nent of integrating both OPV and supercapacitor
using nmetal decorated nanostructured naterial as shared el ectrode has al so
been denowméOnpuy®tsRased on Ag decorated single wall ed cRCHSG20QM0028Des
(Ag-CNT). This can be done by drop-casting the Ag-CNT with a concentration
of 3 mg/m directly onto the active |ayer (P3HT: PCBM of OPV. The charge
and di scharge of the hybrid device cad3be done in a simlar way as 15
menti oned under item2.6. As shown in Figure 10(c), for gal vanostatic

di scharge with external |oad of 1 kfgyjhie supercapacitor can be charged up
to 50 nV, which is the open circuit voltage of OPV with Ag el ectrode, and
di scharge with the rate of 9.2 V/s. [00173] 2.8 Connecting the hybrid

devi celreferrﬁﬁﬁ({) under item2.6 in series [00174] It was al so

deronstlr at ed* GRYAFF OHMIENE ng two OPV in series as shown in 20 Figure
11(a), one Gangj aféég@%n&é?ﬁn ik 9bmPriviag baws: svbiFRleas sttodld ehetro@&RAd 86 1O
just using single . The charge and di scharge curve of the hybrid device
by fising two OPgrgsh cewverideg arediysh gregpdabetweeny the fitsh elsctroderandyghes peeand i n

{1 o, ano the SRArgE: P MY RLbSRCRih BEof aPkEBEel Ry e Bt kel %)

char ge st or agearfliemb e€ondslddnedé efihe@nérgyconvetingahit;o a | oad, the discharge
will 25 take place immediately within a short period of tinme, give rise to
a current bdosd HHIFEH charge SOFAE Uy CoMPrISing 4 ﬁISE@leéféQCieaﬁ eesdl alecitiods aad
[00175] 2.9 Ba i + he Jd I r efpol .6
[00176] The ba%g "’gﬁ}cgg@% Ilﬁrﬁdl I gﬁdr} élp%elg P%ﬁ%&‘?ﬁg{’ 2@%{ ﬁgquf)g%;ég gn{shea%f%%%l es
traasfer of theedtyditet dvhdesin ke whdrfy Aharge @iNftosdtbberdeal @t fisdand Aroteond hv)

i s absorbed by P3HT, whi ch upon 30 excitation will generate excitons. These
excitons can gefctindedheensgey ehasgodordee ¥iibe charges.. Holes will remain in

P3HT, whil e ,el 1 P i ce in
wor k functi onsﬁgkéﬂl:lgl %éggtdggggi%gﬂéﬁgﬁggﬁ%ﬁ@%%segg?%g% Ct?%c\i/\gaﬁrjtggt he
WO 2011/ 0219828€T¢5CRAE0/s0H{i288nit demigex sharde slecrdn slpotrically coohestingrtben HOMO
| evel of P3HT is faciIitated.ﬁ%wéﬂe]%%esq$ce %f.PEDOE:P Slpetore it reaches
| TO anode. On FHFESSGEHRYPTtRRHT § PEASY FRBET TONES PV P SYEEBM ar e

tragsport ed.t opRisHsredlleBbiOEEnprifRs B niRAGAH AGafbRRIhRSESatefiRR €S Can get
into SWCNT and stored in the supercapacitor. WO
2011/ 021982PCT/ SG2009/ 000288 43 Clains 1. A hybrid device conprising: an
ener gy sconvekrti if cQo i si-ng.a fir | ectr ec e and
n enefoy canventt drefRURl PR R iihe B THESE e dF BB TP RSEH, O e
second el ectmfdaceribeopiquet he energy conversion takes place between the
first electrode and the second el ectrode of the energy converting unit; an
energy charge storing unit conprising a first electrode, a second el ectrode
andoan se | eCiig b RUADALANG S DAUNGER hDSndkd HlecbEE hEOH AL be
second el ectrode; wherein the energy charge Is storeé et ween the Flrst and
t he second ékewienatieutolf0 drheo elwert @90 @ahar ge storing unit, the second
el ectrode of the energy converting unit and the second el ectrode of the
energy charge storing unit being a shared el ectrode electrically connecting
the enargy q@RVSHEEMyIEIOE afPnd Bﬁt@gﬁé&ni@@ﬁaﬁ, helel e Wkley BRGkrAET €i n
the shared el ectrode conprises a netal and a nano structured material -

unit, the energy charge storing unit and the shared electrode are made of printable

25 materials.

5. The hybrid device of any one of the preceding claims, wherein the energy converting
unit is selected from the group consisting of a fuel cell, a photovoltaic cell, a
thermoelectric converter and a piezoelectric converter.
30
6. The hybrid device of claim 5, wherein the photovoltaic cell is selected from the group

consisting of a thin film photovoltaic cell and a silica based photovoltaic cell.



The hybrid device of claim1, wherein the shared el ectrode is transparent
or translucent or opaque. The hybrid device of claiml1l or 2, wherein the
shared el¥WoRppDde19as a t hi ckness of between about 10 nmPCH/S&RNI00289 nm
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 nmade of printable materials. The Rybrid device of any one of the
precedi ng clai ns, wherein the energy converting unit is selected fromthe
group consisting of a fuel cell, a photovoltaic cell, a thernoelectric
converter and a piezoelectric converter. The hybrid device of claim5,
wher ei 17.t he Theaiybridldesice ofeldim & vslqﬁr@ﬁttlwpﬁdt@mlﬁamn@weﬁulpumﬁﬁiﬂﬁdﬁhngﬁnﬁ a
thin filmphotovoltaic _cell and a silica based photovoltaic cel

2011/ 021982 pbyioseriogrl e selgciad from theezraym F‘i’ltflstﬂlé‘&Qf sadmivan S¢lipngle (@HEP)eu n
the phot ovol, %ﬁeﬁ HRah&h pgalmﬁiﬁe&lérﬂdé g¢1§ i ”cfdé)t é& A dt‘?;! %i (gffoetg%l aid Sell

selected fro e group’consi sting cadm um copper

i ndbum gal | i(DSC3 edaterialcorgiiiS photoCoiEs) celbtyetesiehai thinzfldh gihiodo{IH-88i ¢ cel |
5(DSC) material, organic photovoltaic cell material or thin-filmsilicon
(TF-Si). 8. The hybrid device of any one of the preceding clains, wherein

the engrgy q‘?ﬁrl‘%%rﬁltﬁ Vi of 'ah§r oné & tﬁﬁfp@é&‘:@@lﬁg%ﬁn@a%%feyn e @ner%y chl_%rege

super capaci t or ybrid electroche paC|tor (HEC) .

hybri d devi crinf wiitsism techangeatdé hattdrg oeaesupgsrcamaiter o1 alybnd eleptsocdemasagani c
photovol taic cel|l. The hybrid device of claim1l or 9, wherein the

ener gy charé@p%¥8¥p%gchnit is a 15supercapacitor. 11. The hybrid device of
anypone of the preceding clains, wherein the netal can be selected fromthe
group consisting of a noble netal a nmetal oxide, a nmetal alloy, an

i nter m® al | iThe lyhtidridryioe ©f lpier dofwhepein the eTRREYhgIIVERIngewnit és 6n QrEatim 11,
wherein the ﬁopvonlcc%h is selected fromthe group consisting of silver,

pal | adi um 3 PRVOBHE™ um and mi xtures thereof. 13. The hybri d devi ce of
claim 11, wherein the netal oxide is selected fromthe group 25consi sting
of Pt02, V203, V205, Nb205, Ni02. xH20 Li Co02, LiFe02, LiM203, Li 2M04,

Li 2Ti 0d0. vhdhe ndarichdovicayof oldaimvdogr Orivdipreinsithe enstigy chargen storipg 2t 1sNg O
Co3Q4, CoQ QE %?ac 03 and m xtures thereof. 14. The hybrid device of
claim11, he- alloy is made of elenments selected from

11.  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.

20
12.  The hybrid device of claim 11, wherein the noble metal is selected from the group

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

13.  The hybrid device of claim 11, wherein the metal oxide is selected from the group
25 consisting of PtO,, V,03, V,05, NbyOs, NiOyxH;0, LiCoO,, LiFeO,, LiMny0s,
LisMoOy4, Li;TiO3, MnO,, Ag-MnO,, Al,03, MoOj;, TiO,, Si02, ZnO,, SnOs, Fey04,

NiO, C0304, CoO, Nb,Os5, W,0; and mixtures thereof.

14.  The hybrid device of claim 11, wherein the alloy is made of elements selected from
30 the group of elements consisting of group 10, 11, 12, 13, 14 and 16 of the periodic
system (IUPAC nomenclature).



30t he group of elenments consisting of group 10, 11, 12, 13, 14 and 16 of
the periodic system (I UPAC nonencl ature). WO 2011/021982PCT/ SG009/ 000288
45 The hywoi2d1idewdsze of claim 14, wherein the alloy is ZETSGRed/0pe28%n t he
group consisting of alloys of lithiunfalumnium Au, Pt, Pd, Cu, In, |InSe,
CuSe and SnS2. The hybrid device of claim1l, wherein the internetallic is
sel ected fromthe group consisting of 48g-Ni and Ag- Au. The hybrid device of
any one of the preceding clains, wherein the netal of the shared el ectrode
is in f@am L 1GN Sl i ]

conver tllghg ?rfehtﬁaht}jr%hg?fe Yi?g%gﬁle@a\ri%ffé‘gggrg;%ggﬁg ?StS%gg%%ﬁﬁoerﬁ{\%}? eﬂgr%)ﬁﬁ Lt
nanost r uct urgfdllopd ef lithluni/alurmnians e@an Rd Hdages InainSengale amd $4®. f i r st | ayer
and wherein the second layer is in direct contact with the electrolyte
medi um of the energy charge storing unit. The hybrid device of claim17,
wher ei he 4 : ly1h -1 Ri.C at t he
nybr i d et oo taN et BRI e (akpRGac BiecloBRT foh? ths"Bopp

f or ; of net alonpisting ef Ag-NiBnd AptBui d devi ce of claim 19, wherein the netal
particles have a maxi mal dinmension of < 100 nm The hybrid device of claim
20, wherein the netal particles have a maxinmal di nension of between about 1

nm to about AR iEia HROicB R ERE AT (8 pocindl iR, wihEkhece oMBlcabared

particles have a maxi m i nensi on of between about 1 nmto about 20 nm
The hybrid ddediiode gf iol foirmm 0P a {isérleyer whishpiarini directs¢onéactivwith ithaitehengyf or
particles with a, _.size pf be en about > - 12 nmto 20 nrn i s about nm
Bher ei n-the G5k dRefim 5 BT Padel Shovesfing Spl ey Aot e Spd8%iuisd meen
abqgt >.- 5 iretifl fodds 4EEtond 18R Uirangbdrdnthe figst WRRF ehdwhbRiddelsb&dnd 18yeke
distribution for particles with a size of between about 2 nmto <5 nmis
about 1 ri rif in dischoantp@midstipcivcschtowedivoreBha eneay Thasshyibringugidvi ce of
any one of clains 19 to 23, wherein the netal particles are mxed wth the
nanostructured material. 5 25. The hybrid device of any one of clains 19 to
23, wheiei n THechybeidadeviuerdfl clhi@s 1 Ar herein the first layer of metal has a thickness of at

, least 100 nm.
15
19. The hybrid device of any one of claims 1 to 18, wherein the metal is in the form of

metal particles.

20.  The hybrid device of claim 19, wherein the metal particles have a maximal dimension

20 of <100 nm.

21.  The hybrid device of claim 20, wherein the metal particles have a maximal dimension

of between about 1 nm to about 40 nm.

25 22.  The hybrid device of claim 20, wherein the metal particles have a maximal dimension

of between about 1 nm to about 20 nm.

23.  The hybrid device of claim 22, wherein the particle size distribution for particles with

a size of between about = 12 nm to 20 nm is about + 5 nm; wherein the particle size

30 distribution for particles with a size of between about = 5 nm to <12 nm is about + 3
nm and wherein the particle size distribution for particles with a size of between about

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



chem cally bound to the surface of the nanostructured material. 26. The
hybrid device of claim25, wherein the netal particles are chem cally bound
to the suwPaew/@192he nano structured material via a |i RK&SG2000/02288 The
hybri d device of claim 26, wherein the linker is selected fromthe group
consi sting of a hydroxyl group, pyrenes, esters, thiols, am nes, a carboxyl
group and m xtures thereof. 15 28. Theggybrid device of claim27, wherein

t he carboxyl group is conprised in a nolecule selected fromthe group
consisting of formc acid, acetic acid, propionic acid, butanoic acid,

pent anoi ¢ aci d, hexanoic acid, cycl oal kane carboxylic acids and benzoic

aci ds. 240 2T htheybmdodévdceder uee ode ofl dais2[8 toMd8) whereBatid iyl Pupticlegraep i s
conprised in a nolecule selected fromthe group consisting of phosphoric
aci d and suiged withthgnamstrygtaredypateialdevi ce of any one of clains 24 to 29,
wher ei n between about 5% to about 80% of the surface of the nanostructured
material is covered wwth the netal particles. 25 31. The hybrid device of
any5oneésof dhei hgbridddévice26f amheneiof diimsper td 25 ewherein theembktal gasiphssad at
the surface of the nanostructured material. 32. The hybrid device of any
one of the ﬁﬁ@@&@ MBOEW§° e syiceat the MaostEKEEed Gwisiibd 30material has a
surface area of at |east about 50 nR/g. WD 2011/021982PCT/ SG2009/ 000288
47 The hybrid device of any one of the preceding clainms, wherein at | east
one di @énsi dihedfybtidelavineostalaiot 25 estherainethe abetalspdriéces tdearhetiéallyrhouhth o

hybri d devi ce of .an ne of th ecedi ng. cl.ains, wherein the
nanost ruct u %%S%ng%f eqago%cﬁg%aq ef’@ﬂ?‘?ﬁém&Fbup consi sting of nanot ubes,

nampew r es, nanofl akes, nanoparticles, nanodi scs, nanofil nms and conbi nati ons
of the aforenentioned nanostructured materials in a mxture. The hybrid
devi ce2df clThienhgrid Weeicei of chimnmowheren #ree liskergise sele¢tb@dram the group

cou vl ol A BBk BRP IRRep Bl LS ol P

mixtures thereof.

15 28. The hybrid device of claim 27, wherein the carboxyl group is comprised in a molecule
selected from the group consisting of formic acid, acetic acid, propionic acid,
butanoic acid, pentanoic acid, hexanoic acid, cycloalkane carboxylic acids and

benzoic acids.

20 29.  The hybrid device of claim 27, wherein said hydroxyl group is comprised in a

molecule selected from the group consisting of phosphoric acid and sulfonic acid.

30.  The hybrid device of any one of claims 24 to 29, wherein between about 5% to about
80% of the surface of the nanostructured material is covered with the metal particles.
25
31. The hybrid device of any one of claims 24 to 29, wherein the particles are evenly

dispersed at the surface of the nanostructured material.

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

30 material has a surface area of at least about 50 m*/g.



The hybrid device of any one of clains 1 to 35, wherein the nanostructured
material is nade of a material selected fromthe group consisting of a
carbon nmawerulo212cer am c, gl ass, al um ni um oxyni tri dePCa/SGa00990288] e and
m xtures of nanostructured materials made of different of the
aforenentioned materials. The hybrid device of any one of the preceding
clainms, wherein the nanostructured nma#i2rial is a nmesoporous or nacroporous
nanostructured material. The hybrid device of claim1, wherein the netal is
in forgyof [t i t [ . a
first Dhyer TOF typa0UEbEt BF off (nd HARE phech Nia RS Rl of JO8L GRIBERES | oo
or a first béjiernanbsthureured hadterjphistlessitean b@ume. t o t he surface of the
nanostructured naterial; a second |ayer of the nanostructured nateri al
arranged on the first layer. The hybrid device of claim 39, wherein the
first er j iy i Lel es
o the Tl r st T ATRRaCRR SEER, RO oI MEplatqlt LRS! MiabiCp b s R
nandst r uct unedertm tie selatted rcam tizn geup aonsikiengs of napotubes,vemowmgs nediofliakes,

wherein th d.l . th t t .materi | d bet
e F11'st | BRIPARIes Fmiaety GIDP B RL g O oG Bhey oy hEnaGanat O PG
unit. WO 20311404082 GHAFRN ARS8 48 41. The hybrid device of any one

of the preceding clains, wherein the hybrid device conprises at |east two
energy converting units, wherein the at |east two energy converting units

are coppect to.egch oth I.n ries:. wherein the first energy 5converting
it L RO e Tos PRy S, S ERsis B LERP BhE ol il SRR Ny HORET
conppecti ng thelel bf alulieRelinaneRBYLrting unit to the energy charge storing
unit. 42. The hybrid device of any one of clains 1 to 40, wherein

the hybrid device conprises at |east two energy converting units and at

| east %8.0”?1%2%9%{(189%88%&%&5B?%}h@?éih?thei ﬁé}l%pl% s b3t RGnERGEIY charge
storing unit 'S arranged between the at least two energy converting units;
the shared electrode is electrically connecting the electrolyte medi um and

t he energy converting nediumof the at |east fwo epergy converting.units
and th§7at ﬂgswbﬂégﬁ@cgﬁé?@wmﬂ tldPﬁﬁgWhﬂW;tﬂ%m OSErH%twfqdrrg%tg%frlé%t r ode

of 1the at | I i i ted to
15 Frga?% 0P RBRLIG¥1CRA ﬁfe%g\gt?cdﬂgishn% t%gslc%Bﬁ hﬁﬁ‘érLag dacgéfﬁBﬁfc,

the first e rode of the energy con Ing un 43. A et
manuf act ur i gtpss dhybiidmdeynssde anpolysymge and ayistuees off nanostunaturedl meatérialst

20conponent, ) d conponent and a third conponent, conprising: formng
the first CH@SHgﬁﬁ?Wtéﬁ%% R oﬁ?ilﬁﬁttmalaeposi ting an energy converting
unit, wherein the energy converting unit conprises an energy converting

medi um | ayer arranged on a first electrode layer, O
38. ©  The hybrid device of any one of the preceding claims, wherein the nanostructured

20 material is a mesoporous or macroporous nanostructured material.

39.  The hybrid device of claim 1, wherein the metal is in form of metal particles and

wherein the shared electrode comprises:

= a first layer of the nanostructured material mixed with the metal particles or a
25 first layer of the metal particles bound to the surface of the nanostructured material;
= a second layer of the nanostructured material arranged on the first layer.

40.  The hybrid device of claim 39, wherein the first layer of the nanostructured material
mixed with the metal particles or the first layer of the metal particles bound to the

30 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.



25 depositing an energy charge storing unit, wherein the energy charge
storing unit conprises an electrolyte nedium|layer arranged on a first

el ect r odewpP29ay0219820r m ng t he second conponent whi ch coRpTiS&@80906¢288i ti ng a
second el ectrode | ayer being a shared el ectrode on the energy converting
medi um | ayer or the electrolyte nmediumlayer; 30 wherein the second

el ectrode | ayer conprises a netal andgg nanostructured material; formng
the third 'conponent which conprises either WO

2011/ 021982PCT/ SG2009/ 000288 49 depositing an energy converting medi um

| ayer on the second el ectrode | ayer and depositing a further el ectrode

llayer an.thenengbe €8nye bt iy ofBdfuRR peacedingf claihe, Whesdin GROTRPHEN devise a
energy charge storing unit; or depositing an electrolyte |ayer on the
second el ectCPE@ESEsaPleleagh §Wel caneEsyt oy eHInBuRike rWigreint hgda leas) elfvoo Anaree

el ectrol yte .1 the fi | g [ ' The
nmet hod of clcé%?ﬁ%é, t}éraer:é néo%g&gﬂége%g%ldé%r?%dg&%’ M%ﬁég%%éé:ﬁ}&dg%%gh i ng
t hesnmet al asosvehglunitaise theoserizs t do@tprisbe thenstiagyd etseiredd iwtdgchridielesiricaliter of
the first conponent or the electrolyte pediumlayer of the first conponent;
and deposi CPRRFCHAS theaiist enegy erneartingrdita fheLnerhira SIMENEY nat eri al

| ayer on the netal l|layer. The nethod of claim43, wherein the netal is in
formof particles and wherein the particles are mxed with the

nanost ddct urlhd hybtié dewice off tuey onet dfadhimb 1¢d dDnwhSeimmherein the netal is in

formof particles a rein the particles are chem cally hound tq the
Surface bf the ndMoBYPHL CETiEe cHRPENS af 1TV e HGY CORaCHng IO AIdFe n « he
meygl is inoggeﬁgrggcgﬁrggis%ﬁgunﬁpe met hod of claim47, wherein the shared

el ectrode is forned by:” depositing a first |ayer of the nanostructured

mat eri al whi*ch i sheatleast one xnetrgwichérge boringualt iparrangstl dstvegenviheatdieast the
netal particles are chem c&l_ly bound to the surface of the nanostructured
mat eri al on “BYEREPMYHB@HEYYy converting nedium | ayer of the first

conponent of t he gd Sigdré@ENERoIEE] ldBricANS coBhiectifg thd ElsttrAIORRAEEN; andnHe
depositing a second |ayer of a nanostructured material on the first |ayer.
energy converting medium of the at least two energy converting units and the at least
15 one energy charge storing unit; and
" the first electrode of the at least one energy charge storing unit is electrically

connected to the first electrode of the energy converting units.

43. A method of manufacturing a hybrid device comprising a layered structure of a first
20 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

25 » 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;

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

» forming the third component which comprises either



10

15

20

25

30

44.

45.

46.

47.

48.

WO 2011/021982 PCT/SG2009/000288

49

» 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 43, 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 43, wherein the metal is in form of particles and wherein the

particles are mixed with the nanostructured material.

The method of claim 43, 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 43, wherein the metal is in form of particles.

The method of claim 47, 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.



