1 ELECTRODE MATERI ALS FOR METAL- Al R BATTERI ES, FUEL CELLS AND SUPERCAPACI T
ORS CROSS- REFERENCE TO RELATED APPLI CATI ONS [0001] This application clainms

t he benefwb 20fo/qarizority of US provisional application Nect8tr08mésd, fil ed
Sept enber 08, 2008, the contents of it being hereby incorporated by
reference inits entirety for all putposes. FIELD OF THE | NVENTI ON

[ 0002] The present invention refers to the field of electrochemstry, in

par t i CELECTRODE MATERIAEISSFORIVME TXL-HRIBATTERIRS, H#UEE CELES A0 | s and
el ectrochem cal capacitors. BACKGROUND OF THE | NVENTI ON [ 0003] The

i nportance of energy har nessPHSEHIABAGIIERIevi ces such as solar cells and
batteries in this era of high gasoline prices hardly needs to be

enphasi zed. Metal-air batteries conbine a netal anode (simlar to that used
in conventional EROSS-REFERENCETORELATED ARPISFCATIONSoN el ectrode

(cat simlar to that used in fuel, cells. i ng.qperation the netal
nodd 08T e Dhis Gonticarion dgiiyinaiFuci et rint S st ndietbma SR iGehniom ai -
whi chg1/893,6851CRId Weptdithedi 68, IBedithd Wahiehts SR BAHE HelbyRidcoRlobfitd BYE. AE) .
AE possesses two distinct advantages over the convénti onal tal - oxi de

cat howéerencetin és gntinetyr for BHpvmOsess: infinite charge capacity and | ow wei ght

i ndependent of the capacity. The anpere-hour capacity of the netal-air
battery is determ ned by the anount of the active netal anode, but not by

the air el ectrode. Hence, pIrg I OFCTHEONVENIFON | Stics (such as Ah/ kg and
Ah/1) of the netal-air batteries are significantly hi gher than that of the

ot her[080PZt r Beheresent| inesndiogyrefrpimtie Bslead alectynsberpisigs @l patieulpata tei es,
zi nc- gj i er i eclfi A g) and energy
densi%§ﬁ¥€ﬁ%ﬁﬁhgﬁgg%%hﬁ%rE%@ﬁ%%?%?%ék 6%ﬁ%%§?§ﬂgéﬁ%?%¥gﬁ‘atteries contain
non-toxic materials and can operate as long as 10 to 14 hours conpared to 2
to 4 hours for nost rech%ﬁfeable lithiumion batteries and can be stored

for | ong periods of tiBd @B&HND&FF{@? HEWEI‘&%?B& The |i ght wei ght ﬁf
G-t . . : ;  aht
Zl nc n@?mmt’f lfSortBR68¢ teQTrgggl‘rgﬂ%gs‘ri‘%%ﬁgE’%%% c{&%rsu&e%so%g% %&?lrs] affg! ght or

vol u ich 1s very idea i catlons. c-air
bat t erajtepeonhtbissrabibighigasdlinelpyicehieardlyecedooiengmphaszediVetaliaio batteriesact i ve

metal lic.zinc a ode. to. an e%ir at hade throu a. sui tabl e agueous.
el e thpgﬁvlg%afrﬁ agaegqq (%1 fis) éha used in conventionial primary batteries) and an air gas-

diffusion electrode (cathode) similar to that used in fuel cells. During operation the metal
anode is electrochemically oxidized at the expense of the oxygen from air, which is reduced
on the air-gas diffusion electrode (or air electrode, AE). AE possesses two distinct advantages
over the conventional metal-oxide cathode in the primary batteries: infinite charge capacity
and low weight independent of the capacity. The ampere-hour capacity of the metal-air
battery is determined by the amount of the active metal anode, but not by the air electrode.
Hence, the specific characteristics (such as Ah/kg and Ah/l) of the metal-air batteries are
significantly higher than that of the other electrochemical energy storage systems. Among
metal-air batteries, zinc-air batteries offers the highest specific energy (Wh/kg) and energy
density (Wh/L) steady performance, and low-cost. Zinc-air batteries contain non-toxic
materials and can operate as long as 10 to 14 hours compared to 2 to 4 hours for most
rechargeable lithium-ion batteries and can be stored for long periods of time without losing
their charge. The lightweight of zinc-air batteries leads to good power density (power per unit
of weight or volume), which is very ideal for portable applications.

[0004]  Zinc-air battery produces electricity by the electrochemical coupling of a reactive

metallic zinc anode to an air cathode through a suitable aqueous electrolyte in a cell. During



2 cell operation (discharge) oxygen adsorbed fromsurrounding air is
reduced (OFF) using an oxygen reduction catalyst (ORR) at the cathode
(referredwbaomm2ai3r el ectrode, AE) while zinc nmetal (an®ed&)SG2e9mxredyzed
(Zn2+), providing a usable electric current flow through an external

circuit connected between the anode &nhd the cathode. Since Zn can be

el ectrodeposited from aqueous electrolytes to replenish the anode, zinc-air
bat t el r [ 2Zn0+
2120 So o B e e s iR e 25 e ORPCH R
react |mygmdﬁaimw1m(pﬁm BME (ORGE) (réfredhio asgas ebtcfddes iAT) vehikczinode

(AE) has one rfac sed to.t.he atnEﬁ p{] éle and fi ot her surface ei<posed
Lo t ndcielas g (42 o PrOviing asals glereic, erepf fipwithigugb AR SHEREL | n t he
Zn- ai rclréﬁift E:@ﬁﬁécfeﬂ'ﬂetvpé‘énftﬁé BRGHeCand! the bAhHES FURR DX YEEHE él@@\&lfdeb@é?te&tfrotnhe

cat hode poses substantial polarization loss, contributing to nost of the
vol t agququa udedtiotytesn tac edplentshsiin angde, Zhhgeaie foettericsesanl op senondarly saEwell e
facile .e E tgchem cal kinetics is of particular inmportance. Many factors
have BEEHTEL:BI%shed to affect the el ectrocatal ytic performance of AE, (i)

the carbmhasglus nmat epZak4GHph QrpdmIgio-br conduct i B®;.1 peysesses | arge
surface area and have sufficient sites to enhance oxygen reducti on reaction

( ORR) Atthd Gatipée-e| ectPuBe@ger> dQ65en requires ef fEC @A0Vbr eaki ng of
oxygerb‘g%}g acz(zlorlzl) |74 g_ld’l__L Iwre structure of the ﬁ@é{} u gspe optim zed
for proper channél i ng of @l €t ol yte and gaseous rea and (iv) the

hydr ogoais]ci t'mleoélr-gksedﬁﬁsioa dlevnedet(Byilak Ming @ufh&e bxsusyd & fheomdiosgherdience
it is recognized that performance of the AE hinges i mensely on_its

const @aétmﬂleanaﬁaﬁ% e@%&@é tor theapgispusnslestpite of ihe eqe@cﬁli“bé%tﬂaq Jigiting
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nyar opbiischeSEfe e, Ay dnwmens atnalomaty kol sltimeisiod EGeiG I & pur
shoul daRRRETHRRBaRcd OMBhY facth] Budr BRkl Eété’olisﬁé’@ to 4affééf'~°th§ tefec@bcatalytic

singl e/ mltiple oxygen reduction catalyst. Both the layers conprises of a
sui t alpedopaingawf Ak, r(d)ethetdadzonbmds matesial &yml@yednnuﬁ be eomduetite, pessassesl
screen 5 The, h dro hill 0 a
oo darBe R ko PR shLeRci® s PRANRS B oA M TsatisRHORD: by | % ag)
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consists of AE that are constructed by making a thick paste of active

car bostrughedel thentEptheyl by optiiaized Jar mraper chanseling @éteéﬁctrebreéﬂd \BASEORBS act s
b t al
25 DOVBBE SHPROY ne e SHDRRY GORboRk 9! RGeS indle LRS- VERoals! 2

ot her Hendeitde F&ogﬁﬂe@fhahpéhf@ﬁ{mbd: of theyAF hirges inmeaselpon its tmbﬁdﬂrcuom: amdal yst).
[ 0008], Car bon. nanot ubes g%\gs) have attracted nuch attention in both
f unda ttyﬁ?s%frﬁ?r ptegal GleefiRGatrlYSh SREYEdhi gh surface area, exceptional
el ect gomdg %qeé A thOGETRE aRAB&NLeS ©F th MininBnfy \REE AN 9;@%{11%?8

onsi ed as prospective catal yst support and replacenent of
act i veomatdac(ﬂi?lgune ) aln génerdbait iemiade uprd af hyelroghebislay@n eprban) tthitds it her e

o & PR R atrayh s Boap iR et carbeE thah S Atoertise itk iy Shepige. S
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i nproved the conductivity of the AE but also significantly increased the
act i veerhgable phate Thet bydraphidc lay@a4f@nsk§$6ygfa singbd/woliipde oxgeRIc ré¢dvatipn ocess.
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as gas_diffusion
J physical mixture of carbon and suitable ORR catalyst (noble metals (Pt, Ag) or oxides

(MnOg, perovskites)).




el ectrode which overcone at | east sone of the problens referred to above.
SUMMARY OF THE I NVENTION [0010]In a first aspect, the present invention
refers towvanroslecisrode conprised of a first |ayer whi chPCoOsoRIS®80329
mesopor ous nanostructured hydrophobic material; and a second | ayer which
conpri ses a nesoporous nanostructured hydrophilic material arranged on the
first layer. In a further aspect, the present invention refers to an

el ect rgge7]c OMmMeicheHaPyind o Biitefed WSt YH AR 1P BR Coffifiched By thikife Afthidk
mesopor ous nanostructured hydrophobic nmaterial and a mesoporous
nanostpastetafrasti vé gatbopbinder andtpeessig; then agaisst raghickd] ayetal cogepriisield act aa

por ou apostructured materj al erein t L OUS nostryctured materi al
Conpr b Heaphpit £ Srridie bl Do iR o e R el SiRet teh aEEsEPt e
por oushyarspdebicusidt( 8diverhiond! binddrPBibldihdridd dodsikRer h?mgﬁﬂictwﬁr picgisent
invention'is directed to a netal-air battery or a fuel cell or a

super capwsi biode 6aplysi ng an el ectrode described herein. [0012] In anot her

aspect e esent | nvent| ers,t nmet hod of n turing,an

o1 ot 19UCREEBET han RIS Bt Bt s 28 YL G B o &
WESOinpPliéd stU 3R 1Y 102K S8 RRETLTERDA84, RA0HtInAl dlestasd]Hedhaniel dtherphobi c
material on a_second |layer conprised of a nesoporous nano structured

hydr opppardesmituertp dhese roeresiesn Cotlis|are gonsidarerbps propeactive ealyph wippatt and

| nventLoned B8 o v IRHRIA Bl RO AT LA hBNc eBlinf & BRTRALY! 20

m Xi ng MESOPOr ous nanostructure ydr ophobi ¢ materral and a ‘mesopor ous
nanoststudi¢susre thehgleetanehialitic oxen ratuctian on featboh ngnetubesyith/vdtiwat cadlgticayer .
il ot W00, B Rk 0n)! BB 556 e bl Pl Tafr i

catalyst support not only improved the conductivity of the AE but also significantly increased

the active three-phase interfacial area for oxygen molecular reduction process. In the above
studies, the AE were made in the conventional method of mixing CNT with binder and other
additives and was placed on a nickel mesh screen.

[0009] Thus, a need exists to develop further materials suitable to be used as gas diffusion

electrode which overcome at least some of the problems referred to above.

SUMMARY OF THE INVENTION
[0010] In a first aspecf, the present invention refers to an electrode comprised of a first
layer which comprises a mesoporous nanostructured hydrophobic material, and a second
layer which comprises a mesoporous nanostructured hydrophilic material arranged on the
first layer. In a further aspect, the present invention refers to an electrode comprised of a
single layer which comprises a mixture of a mesoporous nanostructured hydrophobic material
and a mesoporous nanostructured hydrophilic material; or a single layer comprised of a
porous nanostructured material wherein the porous nanostructured material comprises
metallic nanostructures which are bound to the surface of the porous nanostructured material.
[0011] In a further aspect the present invention is directed to a metal-air battery or a fuel
cell or a supercapacitor comprising an electrode described herein.
[0012] In another aspect, the present invention refers to a method of manufacturing an

electrode comprising arranging or depositing a first layer comprised of a mesoporous



an el ectrode of a porous nanostructured material, wherein the porous
nanostructured nmaterial conprises netallic nanostructures which are bound
to the suwbaom/nf3srhe porous nanostructured material. TireTrss2tmOMo@apPri ses
m xi ng a porous nanostructured material with a solution conprising a

metal | i ¢ nanostructure precursor to optain a suspension of the
nanostructured nmaterial with the solution conprising the netallic

|
" edocrior Rl SR romic dnPott bR°h  BeBRL SRRl AR BRI Ve

nanost fanektdicsre@hyddphidi¢haeealof the nanostructured mat erlal at a
tenperature of equal or less than 80C, [0015]In still a further aspect, the

pr eseniO0i Bl entni ¥ 3 Surther asnest theprepent e@@ntwn sefers| ta @ pathad 98 mpmy

herei n_or | I the
et st EleBod! EShhas TRRMEAE bEsGuls AudlSii e RIS R b o
BRI EF dEsSofpllduif nehod sthactlird Wm{a&ﬁﬁb}aﬁdﬁ &nnmgmsmglt alédtiodbéaybet t er
understood with reference to the detail ed des pti onetg/nﬁgn cons dered in

conj unl@0ah vin iilk % & 2pRect-1he Brossoa Apreaton e’isht8 AR é’ﬁﬁ% ngs,
in whighoe &t?&UJfF' ?Js hanb S A8 Saabtirfa, %&9&1{3@9@ b1GHS ﬁaﬂo@aactefedriﬁatahalal r

batterles a netal- air batter inthe art (Figure 1A,
such ammprzsemcm‘[aﬂhd)aia:nestyuqnsresmwhlchp aef lmuhgldta)pmobsurfacay@rf (lrcarpbmu)s 3
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The hydrophilic I"ayer 4 consists of single/nmultiple oxygen reduction

cat al meosthtmred meatéréal ovith e salu@onppmsesngtheamg ltcamﬂnestpmﬂgtmqumdeln t hat
bi nds t conduc SCr u

Nlckel3 %QﬁrHﬁﬁiPﬁéowgygﬁ e@ﬁﬁ twgﬁ Sﬁv2ﬁ°§%1 rS(':(grbon
and sujot éif@)l\xﬁ‘ (EIpita@d by fe HafofhR e &lthe éﬁface%ﬂ)th@ﬁarﬁ%trd@tﬁreﬁ"tﬁﬁ@mal ata
perovsicites)). The counter electrode 2 can be made of a netal usually used
in net@mmﬁﬁwﬂbﬁf?@wﬂéékﬂ%ﬂ@ﬁSQ§CZ|nc or alunlnlun1OX|de 5 Figure 1B

illust a , 4 as
descri l[)deéggﬁerlenlngr%lﬁfi‘ll‘ & %%egecgt rogl%%{sc ngfeﬂuﬁk? rop ggsee?bg&{aﬁgggt)d%

hydr opdy Heseribed derefin @i €anl almm@ieemaﬁufasﬁlmdkbgd aomethml déscﬁhﬂh hetehe forwthiehout

t he need of any binder n'%t eri al e nanostructured material which is

conpr i @apufasureRf apefabai; F“it?,ryloé9éﬁle celhonasynercapacifarh catal ytic nano
structures or the nanostructured material can bind to such catal ytic nano
structures (decorated nanostructured material). In a further enbodi nent
referred to herein arBiRIEFﬂDsES&HdFﬁON BRTHE DBAWINGS/dr ophi | i c el ectrode

To for MORE s g epigE pg be ARk TrdRisoo b aftimeies of Pircdsdlciqiefinton L
1C, t h@h&?%nﬁ@lér@&tlﬁr&ﬂuﬂﬁ:h%ﬁ' WHth Whé GRnilini&apPedasffles Bnd Hige RYEHnRIRRYInaC

| ayer can be m xed with catal ytic nanostructures or the catalytic
nanostdnamnﬂsem\danhbe bound to the hydr ophi lic nanostructured mat eri al

her ot i ;1 P R R bkl ia 006 TR AT PLploBL T el

et al  garsattsiyr Wedwh andﬂféomt(ﬁgum@rl@)s Tsﬁcdﬁhsl raedmasemlerbaﬂéryarsdmfadé p af ai ngl e
| ayer 10. The netal nanostructure decorated nanostructured material_ can

conpr i Bedrephobisdarien (earhophh et tsusconteet wilh &F pag a hygdrophilic laver Hciﬁarh%rﬁdh%tbes

The ne A 0

nanof | §§§s°%%w1‘h§iﬁ% fegggfygé ?'or f/ﬁgﬁwléﬁ f |3 Sgl?%laﬁdc%u@ %%lg%bﬁ%tosur face

of t hi squeatiy eletiiolgteut duit hdwlditel petineatde Ito mheﬂ“he[l@@t@lﬁucg lay2r dhapnsists of

gal vangstati ¢ .di scharge curves of Zn-ai rﬁgel | s us3| nég a) Convegtl ona
an

Typel prelgimultinlg) oxsgen cledtctioncesttlybu B fapAMEYS Sarfti cRTPRESSTHhE2S i LEU
10 (FESAeE thiber 20 Fadine 1G30QHES ABChdHchfe itk QRAAES (usually made of

Nickel). The hydrophilic layer 3 consists of a physical mixture of carbon and suitable ORR

b) AE

catalyst (noble metals (Pt, Ag) or oxides (MnO,, perovskites)). The counter electrode 2 can

be made of a metal usually used in metal air batteries, such as zinc or aluminium oxide.



[0019] Fig. 3 shows gal vanostatic discharge curves of Zn-air cells using a)
carbon bl ack (conventional) and AE Type 2 el ectrodes made of 100% nmade of
b) P- CNT woon)o2@3OHSWCNT air cat hodes and Zinc foil anedesSGkeOR0)31#ig. 4
shows gal vanostatic di scharge curves of zinc air cells with AE Type 2

el ectrode configuration wth varying ainount of COOH SWCNT (P3) and P- SWCNT
(P2). [0021] Fig. 5 shows a variation of a) Discharge voltage and b)

Di schagiggret1 ' SR L %w&n t2 Qf

(P3) ia{lﬁllg%enlc?qg%dr%%tg% ? eri e?ﬁrc%@gﬁg%s?%gwug‘%r%@; o f%lié tﬁgfr% ’gi arscéeg ectrode of
AE Ty peréinclorthe glectiodeoh.4 § bpdapialge layes hand adatixophiistlayérct sedahmagd otur ves

f Sil Ag). of diff tsi - Q) 3 - 5 d 12 - 15
Gecor el A B ol B aBight Shech Gican bingln frofosidl CBhecprgevuiTEdi g AR
Type ZnglAst witden CONkdapHisatli 8- the ChiRGRAdlic Fiafer Ca hseN%mE'(éh’l) iwiﬁmg%ét% icAd

nanoparticles decorated SWNTs with the particle size of (a 2 - nm (b)
6 - 8 napsiretyrey o3 the anastenstuned |matsrial- cany bitidf to sueh eatatytics ampisgucture 0024]

Fi g. L]l rates_a.comparis of S base as_diffusio | ectrodes

( GDEs ﬁdﬁé‘{rﬁg‘%o ?t&“"&frF@p ateritlly i“@w@%&% S@P@Peﬁﬁé@&f’i% Pedereirs aad|

pr odudtiustidel ot RiguBASE, t}@ehj?dirﬂﬁyhili_@ rePsbtbtie mhdigidElahd) the hydgspkBbief clédiogkness,
wei ght and conductivity. [0025] Fig. 9 shows potentiodynamni c polarization
of an M#gaeloMstBEkeS sacle gthep te ifarm poa single dayest3: odlso dndhagmiwdpentt i cl es

decor . WM dj £ f icle. sizes. .[0026] Fi.g.. 10 illustrates
a corrggﬁlgrsaon 0 Plg%ﬁt ?%’ @%I@%ﬁrﬂr%ugcﬁgér&s mo#%é W@Z@%}sa‘fog‘@rgﬂ&{ﬁ’gh%ﬁ}( Oal?lﬁfer ent
part i dhyershz &8s ndiked oéth camatyticalandSruthlirss drthé cMakikd nafdstiucties @nthe bound

[ 0027] Fiatgure 11 i|lustrates the total charge for oxygen reduction for
undecdP dfie dydrphidys praosirugtwgd sogsrrals de?&rategmzemca%reqp@m Ia amothehar ge
with t i f1An-ai Leri i s
decor TaReafi ARl ¥ RACH Bl HRaphd) AAHERC 27 Mo LRGBS e 31
anmountasmefal Zanbsimetuse dacarsted napesdiuctired noitdrfab mad tfonpe natinglg 1dyerd9. Thet he

devices., [ 0029] Fig. 13 sho a TEM i mage of Mh02 nanof| akes obtained by a
met hod" g8 cf’fapﬂ%ﬂmh'g? ei}‘?foraaﬁ v&ﬁneﬁﬂwé?rgg bB’tﬂWH‘%CE‘Ph&o%’@PF%C I ofxagnple a

nanos tyaHedtiicRAed Blaiial lsuchogdd } ' ) meges
of I\/h02a ne‘{ngfl?)wers (a I’es?(t: imﬁ%fmwﬁg%eﬁghoﬁﬁ%gdnggglﬁﬂéfho?@ngésgr)e:é% Vh02

powderas Silvghanppritielps, dn@i randilakesaMnshmadotleses] irddnOe nenowirdss albeubdr s in
all i qggl?essu%fal:é 5? this nanostructured material via a linker.

[0018]  Fig. 2 shows galvanostatic discharge curves of Zn-air cells using a) Conventional,
b) AE Typel (Figure 1B) (stacked P-COOH bucky papers), and c) AE Type2 (Figure 1C) (P-
&COOH-CNT, 50:50) air cathodes and Zinc foil anode.

[0019]  Fig. 3 shows galvanostatic discharge curves of Zn-air cells using a) carbon black
(conventional) and AE Type 2 electrodes made of 100% made of b) P-CNT and ¢) COOH-
SWCNT air cathodes and Zinc foil anode.

[0020] Fig. 4 shows galvanostatic discharge curves of zinc air cells with AE Type 2
electrode configuration with varying amount of COOH-SWCNT (P3) and P-SWCNT (P2).
[0021]  Fig. 5 shows a variation of a) Discharge voltage and b) Discharge time with
respect to variation in weight percent of COOH-SWCNT (P3) in Zinc air batteries
constructed using Zinc foil and air electrode of AE Type 2 configuration.

[0022]  Fig. 6 shows galvanostatic discharge curves of Silver (Ag) of different sizes a) 6 -8
nm, b) 3 — 5 nm and ¢) 12 — 15 nm decorated on to 100% COOH-SWCNT. The Zinc air cell
was constructed using AE Type 2 electrode configuration.



[0031] Fig. 15 shows a TEMinmage of Ti O2 nanotubes obtained by a nethod
descri bed herein and used for decoration with netal nanoparticles as
descri bedwbanminz3zscal e bar 100 nm [0032]Fig. 16 shows Pprsceem®dosdact i on
mechani snms for (a) the deposition of silver nanocrystals at carboxyl group
of SWCNTs and (b) the resolution of sg¢lver hydroxide from SWCNTs surfaces
at high pH [0033] Fig. 17 shows TEM i nmages of Ag-CNT (silver decorated

car bo ot ] .Gl ' bout 4
o andOTE°5 e o BRREPHE AL S Blookdidd S0AME: it M dpdcié

pr ecursgrerof¢rient ahj @) 6(-i8nrh bnd (o) 3se5 AgNGGYell o -ruy diffraceion dasampleicon of

at o TRORAI( AdbEnd A ates cromeyaomar SAGUR batdgasclitbeng legerdesy GBS 0"
[ 0035]Fi | j-RG: L ald i i r i f

hgon et ot el el A S o P e T THAif 1ndh, pitRler e BEA, SASTD
gener &ermanygirpdict dihe Ehé Tyen teoaks of thiekneés eteight agd eormglocvisy. nanost r uct ur ed
mat er i erein th orous nanostructured material conprise tic
nanost[%?cﬂﬂr e@gb nﬁfot%’é iﬂogengﬁﬁimgé.c adpfien of B gttt C_Qﬁ‘,ted; w&”f@,
nanostehipidiEiat B ard él'ect@&feeXnd’_@I%] nGROpaPRdlds BOCHRALS | DWONTKGAS Whfepdht ar e
bound on its surface is mxed with a solution conprising nanostructure
precumstidlsdizessn a step of chemically reducing the precursor material at

t enper, es . 8Q,C.the nanostructures.form an recipitate  on . the surface
o T O o e 0l aBE I St e ol VeRinF Bt X0 a%) sy hy
shows SWCNTe wieH digfereg hariblefsdles Bf dcah irit€ oENT m WYk i 6 MeKWH Sdfhtivd {1d)6, 10, 30,
50 and 70 wt % of Mh02 (Figure 21 a) nanoflowers (Figure 21 b) nanow res

nmeasul @7t Higwieslhilkussatepthedotal chargg fyosygen reductipadior pedesarsiasd andnte
versu % Qf of | owers and nanotubes m xed with CNT, which

I ndi czifégsré{eﬁastwg@c rodes with 6 wt% of Mh02 obt ai ned hi ghest specific
capaci[0@28je. Fig. 12 shows a discharge with a constant resistance of Zn-air batteries using

GDEs based on SWCNTs decorated with Ag nanoparticles of different size. Note that

different amounts of Zn have been used leading to different operating times of the devices.
[0029]  Fig. 13 shows a TEM image of MnO, nanoflakes obtained by a method described
herein and which were bound on the surface of a nanostructured material. Scale bar 100 nm.
[0030] Fig. 14 shows SEM images of MnO, nanoflowers (left image), MnO, nanowires
(central image) and MnO, powder (right image) obtained by a method described herein.
(scale bars in all images 1 pm)

[0031] Fig. 15 shows a TEM image of TiO, nanotubes obtained by a method described
herein and used for decoration with metal nanoparticles as described herein. Scale bar 100
nm.

[0032] Fig. 16 shows proposed reaction mechanisms for (a) the deposition of silver
nanocrystals at carboxyl group of SWCNTs and (b) the resolution of silver hydroxide from
SWCNTs surfaces at high pH.

[0033]  Fig. 17 shows TEM images of Ag-CNT (silver decorated carbon nanotubes) with
Ag nanoparticle sizes of (a) about 13 nm (b) about 4 nm and (c) 3 nm.

[0034]  Fig. 18 shows the effect of a varying metal precursor concentration (in this case
AgNOs) to the silver decoration of the nanostructured material. (a) Large colloidal silver
clusters formation at 0.15 M (Ag-CNT6) and (b) Average size 1 nm at 0.05 M (AgCNT?2).
[0035] Fig. 19 is a XRD plot showing the metallic silver reflections of AgCNT6.



[0038] Fig. 22 shows cyclic voltammograns for pristine CNT, m xture of CNT
wth 6 wt.% of Mh02 nanostructures, such as nanofl owers, nanow res; and

m cr on- siwedopmadsy neasured at 20 nvV/s fromO to 1 V. @hYx/sGabovanasstatic
charge-di scharge curves for the sane devices nentioned in (a) neasured at
about 1A/g. [0039] Fig. 23 shows TEM7nages of single walled carbon

nanot ubes whi ch have WMh02 nanostructures bound to their surface. The

aver a%pri@zes %\NEF WRLES Meugénlé{az i)gh%lg?ﬁ%jﬁ@%%@ﬁﬁ? bf :ln&xﬁfélcglrﬂ'l(% 2 %bﬁ)fug and

right he"Sane StTuc magnification Is erent;

scal e habsthebired rgeridlOWherein shalperdudr ndnogirictired gmatfiah rpmpHEFEALatEptic
DESCRI PTI ON OF THE PRESENT | NVENTI ON [0040]In _a first as e&t, t{éﬁ grr esent
i nventhapastruchEps bewndste 1t BEiace gas shovpy insiguiss2G, afqatngftrch.i}g vigteriah (@6¥%pri ses

a MESOPOf oy %ﬁ@?%@%ﬁﬁ wheds dep Q@Bb@y&;?% gﬁ: ﬁrfac@ RY nAx&E GRRda lsed@bn Wi Ch

conpri ses a nanost ruct ur ed c material arranged on the
first domyeising masostructube prasysects). he pepsehchémicelly ireduaiag dhe precuager

oS op ORGP BRI Hy HFORHONFIECHA PPt B a6 g i Haes of e
nanostﬁa‘ﬁ%&i’ﬁc@ﬂe@)ﬂﬁ'&&%ﬁ'%?éﬁﬁ%t%rth@fiﬁke?.r a single layer conprised of a

porous nanostructure wherein the por ous nanostructured materi al
conpr i [©$637]net Bigl 2t shews sycliccvoltasmogramd foopiistinesGNTasuxtuf@ ol ENThwithed.f i r st

or contbap; ihank G R d3 pr G AR oL B ERRRRTE G Rraf R0 Rhnea e mfidliRl o2
second;s MO R0/ £FA3G TP ATASGERARY 0003 18pifiawapaciandy velds ant%s @fsMaO,ng of

a mesoporous nanostructured hydrophilic material arranged on the first

| ayer , nano8owesapdrrsastuhenméxed ity €T, tyhielb pilicates thaf deciepdes withiq et
conpri cat al yti.c .nanostruct ure ich are either physically mxed with

t he m@@&@,ﬂi}}aﬂl}/ﬁﬁi&ﬂ%}&sf ¢t 1F§3H%c§tglr’%g5hi lic material or are bound to the

sur f acgoe$] t heigegopeHe Uy charoltatibglatisedr yidfiap ONT, anixtirerof aINT [yi@48] I n a

second enbodi ment, in which an el ectrode conprised of a single Iggeﬁ
conpr i W% of M nanostragtuses uch asenaspilgwetss S3BVBIEES: Faf JRiCFcH wder

hydr Opxtﬁ%&iu‘f‘ecf‘ﬁtz%rﬁﬁ/% ﬁ@@t Fed'PSR 3@{ gg@ﬁ@mﬁt&%_ 16l RedhPRRI b themBERT T Al

t he nesoporous hanostructured c material can further conprise
cat al ydévices amasibnedinu(epmerdurahatabentdit/per physically mixed with the

mesopor ous. napnostruct ur ydrophilic. . material ,or are bound to th rface
of t hg[%%bpo}?t&ug-” ﬁgﬂY{%&Mt“BF. (ﬁf&%ﬁ‘pmﬂﬁf’i C?FBP%PF%&?b‘TSO ﬁgﬁvea %r d
enmbodi gERLudHes 1Rahd 99 h&P IHFAKE THe  avei3s! siieS oP theAnSiRah&uted i€ between

about 1 to 10 nm. (left and right image show the same structure but the magnification is

different; scale bar left image 100 nm, scale bar right image 20 nm).

DETAILED DESCRIPTION OF THE PRESENT INVENTION

[0040] In a first aspect, the present invention refers to an electrode comprised of a first
layer which comprises a mesoporous nanostructured hydrophobic material; and a second
layer which comprises a mesoporous nanostructured hydrophilic material arranged on the
first layer. In a further aspect, the present invention refers to an electrode comprised of a
single layer which comprises a mixture of a mesoporous nanostructured hydrophobic material
and a mesoporous nanostructured hydrophilic material; or a single layer comprised of a
porous nanostructured material wherein the porous nanostructured material comprises
metallic nanostructures bound to its surface.

[0041] In the first embodiment in which the electrode is comprised of a first layer

comprised or consisting of a mesoporous nanostructured hydrophobic material; and a second



conprising or consisting of a porous nanostructured material wherein the
porous nanostructured nmaterial conprises netallic nanostructures which are
bound to woosunfmce, i.e. the porous nanostructured matremrisaloagodsay ei n

al so call ed decorated nanostructured material or porous decorated
nanostructured material. [0044] Nanosgructured materials can be easily
fabricated in the formof stable nenbranes by sinple filtration, spray
deposition or rQ H%P nlgﬁﬁlcé i ﬁ+ i nders
(11 ke BBre P 3 SORIE of wEPRER s ERGLAR SRonnRlc Al APBlec, 1\eC

the ongn tid st 3t dhd ebor@une ﬂaﬁoétﬁlcnﬁbd thgr Hilic[Q6é631Usin g rthreccagise

el ectrode conp03|t|ons for exanple. in -air, battery, cell perfornmance
i s marseddlytc | Aposedues vhigh | ar‘Fhélth?IovIélYélcé]c]:Y r Bdsed OB sithg oRgsoporous

subst S n g Ufr i S

ot al oSl oty ShEREN or "Beobbud b, SufE, BFFme SHERABRMS 1 ve
for pomatmbﬂrm:tdedihyéropmﬂ)ﬂclmemabns For exanple the weight of a battery can
be reduced by_at |eas %, or m)rewté1é switching to thesg q#aectr ei
conposi®fahs, hantesor é’ FiRagnt.g B Wels 22 el A1 ¥RelGile¥rrbet t er
por t abidj, \:

non- fl(t'adm%?es §gt a 1sg§| @catba??grfe f(gs%? ﬁéo bl%% ngﬁdbghga?rl&dgﬁ}ﬁ gcl)plr%ggﬁﬁ éet??agsanﬁm ch
woul d hawesapatesp nampstutctluad phydrbphﬁhpommtewq:lpl ﬂlcaunesnporo[li)onﬁjosiruptgeder al ,

th t d. teri d. t he. enbodi ts to, h
be. mnNGER e Bk (e {Oureri CeH DO HETCBe WhEh ST By
ref err gk dqow e fig) ﬁeso%@foﬁ%ﬁﬂ@tﬁctufr&?hﬁﬁgﬂﬁhé Wedtdti 2 Gr AR Bl to RO skacdrde Of

a carbon material, a ceramc | ass as soda-line glass, borosilicate

gl ass, ofitbe mqscpcgbmpoﬂmmgb(absdronm@mﬂyﬁgﬂ ass), WD

R b g e T A

mat er i @gpridee &f Bhdibtaigenif @f pbﬂﬁts aheds ek« afatelile ik dén tm pafgusonl y a
few. In one enbodi nent, the nanostructured material is made of a carbon

mat er i BANOSEuGiWSH aaterfal campesesractallic apBoststutRRVhish eredhaund 4 its switacedl €0
activ A t

nanos'?grh g t"ﬁ"%@a‘%"sﬁen a nge?nl‘égg%?elﬁ’_ Q'E%fsig%ﬁé E)%Mr%anot?u erlsqgc 1a|11|oer in
anot heporeysadeuoeatahbidnostruvauned ulzesial.such as singl e- vval | ed carbon nanot ubes
(SWCNT) are used. [0047] The nanostructured material. and. nanostructures
used i iPO¢fHk pNé’é%SHPC plegalsican B eeily a‘?ﬂ%atiff) e §prm pEStARIR JERRTRRSSr ed
mat er i ition,
T opor e Bl B O e R Rt R BRA
about Bingens\Wtikeé é’\/@E)oqmotley dnaweedn irs theeart ffoth stcheelnctedsioumatzrialm liks thboue 50

nm Dug to t oro t he nanostructured naterial and
nanost&&é‘?ﬂ?‘ggﬁ rt?llhj %{egace area. Nanostructured materials and
nanost m@qs][lr e@s%grth@a bEVAERGH AT EffpdRitichs | fof @Rarfiplel iaCe mRtAairbHtehy, (N be at
| east abou I n one enmbodi nent the surface area of the

nanost parrmesee m@kccay imgroyee (t 2100, The abpe clctrade cmp@slthr@@uhﬁtanﬁally
Nanost f gﬁéutc}ﬁed tsx%gt rd %] r&ﬁﬁp %f nﬁgﬁgtc{& cte§Jr &chﬁ%er eteh nabgl?é §61 V@eil? or

di ITEI’]Sli ano er range. In ane e one

di mensiperdapaditess. MEHIO$ Feigt atttﬁ&w‘mf(ﬁrpoﬁdabw’ldexhd%? aﬁﬁhﬂﬁbﬁsudi‘ou rexampld #es than
100 nm | n anot her enbodi ne a nanostructured material and the nano

st r uct Weighhaka haideryeds |bsrre@lgﬁﬁd by atyeashpdirory MPESRYLSWischingtonthess plesteodeo
angst r(?dHl OSi]tICHIrSn Hél{ %0[99 a'auglf ?Qﬁ E's r zeoxb?\ﬂﬁs‘r%erc usrn?ﬂlemlﬁf b@c{e? ﬁgylllty

nanost Y UCLUr €5 can be ¢l as OWI ng di nensi on pes: Zero
di mensThdsalelec@biie compussipiscan also mmiélpu:d:seﬁt dayalomefl @dble atktal saolpraitetiecinet®) ; One
of i bers) and

dlnen5|on anorod nan res (also called. n
nanot uBSUBLe i PR SPiShAT WS byve Aot TBRaen G IOV AP LY scs and
nanof i ﬂd@iﬁé] In general, the nanostructured material used in the embodiments referred to herein

can be manufactured of any material which can be used in the applications referred to herein.

For example, the nanostructured material can be made of a carbon material, a ceramic, glass,

such as soda-lime glass, borosilicate glass, acrylic glass, isinglass (Muscovy-glass),



[ 0049] The nanostructure of the nanostructured material and nanostructures
can include, but is not limted to a nanotube, a nanoflower, a nanowre

(al so calwedomanadsrber), a nanofl ake, a nanoparticle, aPoasGdI®ONI3A9

nanof il m and conbi nati ons of the aforenenti oned nanostructures (e.g. a

m xture of nanotubes and nanowires). 9[0050] The nanotubes can be
single-wall ed (SWNT) or double-walled (DWNT) or nmulti-wall nanotubes

(MANT) . A singl e-wal l t def | ' ' : with a
e e o s R A S A
< 2 NMand@fingad nheerdbvandd ohiiffepsri tofithd afogemeéntionedmateizdd, td npme @nlyae | east
2 umor between about 1 umand WO 010/,0§_7337(Fer%T}18 009/ 00031% 10 p, m
Doubl efewaln onsy emphadimeinthe naaetrushEed matsiakis Bade AR Rateriay EXEPICY bt | v
stuck | 1 | i t, ok Foub an@f
car bo nOfgIrE\agb@g?\ﬁ%gﬁa&Sé é’gggie]’ St%uﬁ gﬁgg Ehvc\)/g {I’Hﬁ@%&:ﬁg nac{r%gﬁg@t ube g ’ %@%mﬁg _

doubl exrgtidnecai lone exanplajbbs nabv¥ENured matkrtial- isamiade & KB andt abh O

MACNT) . Singl e-wal,l car.bon nanot ubes can descr, bed as, a hi te pl ane
(o ortaneibgy apHlng) SREBE SO PR, QRS ok 1 Has e alED Bbfn P o
t he StrEaHSEBEsegéWC -apglgggg_si onal wth axial symetry, and in general

exhi biting a spiral “conformation, called chirality. [0052] As descri bed
her ei n00#47]s orfEhee mrodirneinted matedsloput sawstractorss rused iR dae pyagewpRVetiOniat eri al

and a nesopor,ous nanostructured hydrophobjc material i e The
term "H‘ﬁfﬁ?gp%fpemsr%"f SHWSEB%'@I m[8§ngi @BWgﬁ?Fd e ?‘%c fuﬁeeggﬁoﬁésh has
i tt] eagddrib ity 0P AROdRfini®iGh VRAbDpofes Gl @6n3@éred potesewith ta $ise DObuRiceabl e.
Such hydrophobi c structures or conpounds are characterized by not

conpr i Aionty> 56 Inar tagghoup§ pwhivbike mesonoxesdiae astzerdh debaes ahRutgonE o abRKRt PBnnent |
i.e. a polar sglvent uc [ . :

" hydro‘Hﬁi biuﬁ'to & RYQY %uﬁgﬁg%m@%nosgu%ﬁ%gﬁaﬁgﬁ%%g%g%%gﬁ \e/é]?a([:‘;r?ai% eracts
W th pirfilce SRdaY MlHasstrdchurfd itdteidlaandinkioshateres @n bé tharatthdzedpnt arlargeoups.
Such hydrophilic structures or corg)ougds are chﬁgﬁact erized tb(}/ corrg L Sing
pol ar frfrgp reaviiph srebesisas abey 1@ /gulnsprfceBbRAImERHBR Suriicearea, t;) ar
sol vent 4 : 2)panostructured material is
hydr op%%ogtggcg?éﬁ%?%%%%tgngfeogr?ggé(’(;ﬁpé Ee p/gl arity of the groups exposed to
t he ouftosi4sp eNundstmorrdd mhtetibleardesmpsirutsre refeostor amiateriet withtdsmergionsrinj n

ot her words the polarity depends, on the syrface. nol ecul whi ch, t he

es op o URATABIGHE t 0T Lﬂ“e_ﬁflerrﬁ?‘gi’%gfenb.r‘gs]@ﬁ#sql?e[ gﬁ%%’jsloﬂ ﬂﬁ?bepg?r&aguc red
nanost puctur st iRtehbduchuse RIKARIP POE nith B akdih&@hodghet OMBiAcs Buatiedor  at
| east al nost no polar groups at its surface. [0056] Hydrophobic

nanost matetial eutl thetrembsthtwahape dimansion emicedly rasgibgifiogm Ayier®9remiteher ¢ hey
nave nf‘; @gg%?rg o= L‘gﬁ%ﬁ%&@ﬁ%%%?@é Xr(laor,? [ cgt%tergerﬂ%terﬂala %nn% :ngﬁéfstxﬁl%ﬁres can

unoxi d Structure erial neans t hat

t he naposhistdinfAhBBSIRIWiAE diidénsivahl f9pey subj ected to an oxidative
treatment and thus does not conprise any polar groups or substantially no

pol ar gGerouhmeasional {013\ nprpsehersal partigies {plsg ealigdapnapaticlesy e known in the art

and cap i ncl ude ar i i 1 a strong
St o Pk ngthtonaClmPdoRRl, S RAAR, il Bt shE Brtilecid & B
only aT{eWimesisisnid(ED): nagbflakes, namsfiiwers, tnanedisosemnd maadfilins. an el ect r ocheni cal

treatnent, or reacting it with double bond- | .
[00 The nanostructure of the nanostructured material and nanostructures can include,

but is not limited to a nanotube, a nanoflower, a nanowire (also called nanofiber), a
nanoflake, a nanoparticle, a nanodisc, a nanofilm and combinations of the aforementioned
nanostructures (e.g. a mixture of nanotubes and nanowires).

[0050] The nanotubes can be single-walled (SWNT) or double-walled (DWNT) or multi-
wall nanotubes (MWNT). A single-wall nanotube can be defined by a cylindrical sheet with a
diameter of about 0.7 to about 10 or 20 nm or with a diameter of < 20 nm or < 2 nm. They

can be several micrometer long, i.e. at least 1 pm or at least 2 pm or between about 1 um and



WO 2010/ 027337PCT/ SG2009/ 000319 11 contai ni ng nol ecul es, such as an
unsaturated carboxylic acid (e.g. acrylic acid) or vinyl pyrrolidone.

[ 0057] | rwonreloeneasspl e, the term "unoxi di zed" refers to acmscesemdroatur ed
mat eri al which has not been subjected to an oxidative treatnent and/or has
not been functionalized. "Functional jgi ng" nmeans that a nanostructured
material is treated to introduce functional groups at the surface of the

oo giBu e e Lo B al aF s campi pERREL Bt el kg ouces

functigm@kd zation by silanization would introduce silane groups at the
surface of the nanostructured material. Conpounds used for silanisation can
i ncl ude0F1gr g ampleenbadimens itheapanotubgs yies masi?@f cahes apd ganrhe dspst 8% finglses.

0058 | | t ur ed b
b nadteh FaEor panetnd G ERT FARIE ball oS fopdshitch DT oy o dafiangl 1008
and arcgrtol YsnbHBES IRRENT). Kihgleatidcarbor namiibesdatibeattsaribedusca gaphité zed,

nanostructured naterials are often referred._t ri stl anostructured

mat er ipddne. (s¢ c0Bd graphespk shest rolled Hte ghollpw Cﬁ’&ﬁg@?ai G’g ngrsad ?’Fég"eﬁ‘ir‘éqt‘éred%rrpr i se
ol ar r r are

bouna DR e Gt Mt o sh By MRt QAR G3PiriCoh iPhialion HALIGE,

hydr ophirhlity. A |inker includes a functional group such as a hydroxyl group,
a pyrene, an ester, a thiol, an amne or car box g u\gse (g
possi B0 hatAsi desgiibad drerein flor0me | RRQAULERS F‘hg“eﬁ e n‘ﬁHSﬁE‘H%ﬂF up are
used. hﬁéf@} ?c%n?égﬁl%ﬁ%&obbﬁ%@ﬁ%&%dh%lH-j/%'o phBbic rdt&id198 udedm ted to

yrin I nc

por ph I'ng am ne groups) or polyéthyl engmgl ycol (PEG al so known
as pol[p0sa]hy| Ereetemi tﬂng)h)ophoblcr veferagn- gaalexgt m1p§))mpp of stlrupt@mvewlewbdxas ment ,

th d t d
o T onie entl Tagei SRl T oRFEnaLT-dt b eaNe e et BuPRhetE et d,
hexan%h%cﬁ?és%r c%}ﬂgloﬁ@dskeﬁ‘@ @hﬁ%t&%éﬁ'ﬂy%@%bﬂ%nghg ?61&2 @tcﬁlpél‘ﬁ‘hﬁi:h e@eex@saﬂpl e

i ncl udes 4-am nobéenzoi ¢ acid. Furthernore, roxyl group can be
conpr ite¢ble butsalel potdeeanvirpurnen; ng a mlﬂr sfdvent; Wcheﬂé Waietp siHa ofhes hﬂé‘ii dhgr

| f Fa
manos oG bYeaPibe e SRR <p <ahefL SERR AR kTR oty

car bonyoRapAt Hp?artﬂﬁﬁlhﬁﬁ'ﬂﬁ@(}s[téﬁ& Giath abet! podarogtpust Suitls hgdroplatie stritterdsasi ¢
mat erial used for the hydrophobic nanostruct ur eg material and _th

hydr opteimpiosnéa Asehetpstarized broBIPTisINg RANALEOPPRe WRICHEATS CXRASEE &9 it out?’gF
exanple e he material used for the hydrophobic

nanost% ng)g‘?%gt te&?&ﬂ%ﬂé %rl stine carbon nanotubes while the materi al
used f[ﬁ()s:t]he iyl @bther xmle@o*posmrsmahostﬂmnm ertesibl ishydwpbidic or hydrophobiabes
whi ch have_ been oxi dj zed and thus car r% ﬁ‘b 1ﬁgr Conrﬁqéxﬁ ggﬁa car bo>{1\él
gr oup depends o themolasity phthe SpypsFXBPFrdrod EVIEQ YU HEIREHPE
nanOStrLaﬂﬁgﬁﬁc‘?\ﬂeﬁr%ﬁEﬁﬁl oCBNofiEr M LRIOPHIGHT Eenad ohuhesuidd moldvales

hydr op I'c nanostructured material can be carbon nanotubes which have been
oxi di zehlichrtict mbsoporms nynestiucimkesmateripiresents. a car boxyl group -COOH at its

surf aC[%'055] A mesoporous nanostructured material is hydrophobic when it does not comprise

any or at least almost no polar groups at its surface.

[0056] Hydrophobic nanostructured materials can be characterized as being hydrophobic
if they have not been subjected to an oxidative treatment, i.e. they are unoxidized. The use of
an “unoxidized” nanostructured material means that the nanostructured material has not been
subjected to an oxidative treatment and thus does not comprise any polar groups or
substantially no polar groups at its surface. Such oxidative treatments are known in the art
and can include, but are not limited to a refluxing treatment with a strong acid or oxidant,
such as reflux in H,SO4/HNO; or KMnO4 or H,SO4 to name only a few, or subjecting the

nanostructured material to an electrochemical treatment, or reacting it with double bond-



[0062] It was denonstrated that the use of hydrophobic and hydrophilic
nanostructured naterials alone without the addition of any catal yst

mat er i al ,weuetv/m®s33nobl e metal catal ysts, is suitabl e asperscromadeosrat eri al
for exanple for a netal-air battery as shown in Figures 1B and 1C. [0063]
In a further enbodi ment, a catalyst mdterial is added to the nesoporous
hydr ophili ¢ nanostructured nmaterial. The catal yst material can either be
si mplyg aﬁﬁiﬁ %&1&&1&6 sﬁ%qp%%ﬁamyﬂé@emmlma@ (Bl A RE 18R B 'vaxkylt 0
form a physi a m xtdre or the catal yst material can be boun
rresopqvmcﬂldhy@lr ophilic nanostructured material. The catal yst material can

be m x in form of nano ctuges nano artjcles nof | o S,
nanowi @gghor o5 Fxaple %‘?ﬁ%&%@iﬁgr(ﬁ T Vd? fl?%tuli?&ﬁa eV iR
naterigls gt B@éﬁ @@?J@&Hmotal tdREdaMRE ORALALS Qmﬂapmm liot BERAORhENGHULES

material in formof nanostructures, such as nanoparticles, nanoflowers,

nanow ‘rawciienalizing? Inams thatop m@ﬁmcblre@nmml daltreatedt tor mtroﬂumﬁmcyomai

nanost r uct ur anost ruc can C bet.ween a out
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material. [0064]1In still a further enbodi ment, the catalyst material also

for ms pasilanigmtioh avqydd inteoduen sidane g ewseH the seracs of fhe menestmparedsmateyist.
mat er'(?!)mk)ﬂlendgﬁgec?fgpgﬂ Boncfn ikl 4" e”m}ﬁ% %xfﬂo%llﬁ?eg S@%&ﬁ&lﬁ 1§1§es"a\(ﬁ Ch are

bound Oor ous nanostructured ma orma ectro
materlmbrcbﬁysﬁtan% illustrated for exanple in Figure 1D in which the si ngI e
el ectrode | ayer 10 fornms part of a nmetal-air, battery. Exanples of such

met al 108> %‘Jano@?lﬁﬁ@f%@lbéa\i%blad@m%w%%mﬁ@paﬁ B DEBOtHBHI & NP WITSS.

nano I c such
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be used. S _cat aH/] terlﬁ for an el ectrode can al so be used herein. In
one enBGHPHEHLOS ‘émFF‘grﬁ"I‘e‘? ¢l udes, but is not limted to a noble netal, a
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af orement i oned netal $ 2010/ 027337PCT/ SG2009/ 000319 13 710066] Nobl e

met al ssurface.uducksipolasr grquak | cedi bm lighsirsl, winiclat dneuhpuridr |on| S@@meuﬂf thhodi um

and rut heni di ment sjlver...palladiu

it ur e onrisrss TaBAy 27 S TRRbesit hRopRR A dMg ineffted » Pt Bogp o

al | oy ssuchab 4dgdalxyDyoudf a pirhé,Harasench thidldhn BinirRCorRy carlﬁﬁcyR@mqu}tl?@ alsh,
silver or ?old together wth calcium to nane only a few. Alloys of noble
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intermetallic. An internetallic is a conposition which consists only of
metal atons which are bound to each other via netallic bonds in

non- st oi CWoaNEYM2ras7r ati os. Exanpl es of such internetal |l PCI/SIGaaiowdes1Ag- Ni  or
Ag- Au. [0071] The size of the nanostructures can be readily controlled by a
met hod described herein and is in thd2nanometer range. In enbodiments in
whi ch the nanostructures, such as nanoparticles are mxed with the
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regular, i.e. perfectly spherical, the above size réfe for nanoparticles
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m xed mg.th it) is between about 0.5 to 20 urn, or about 0.5 to 15 nm or
about 0.5 to 12, or about 0.5 to 5 nm or about 5 nmto about 12 urn or
about [806Y adsue Mmthemembpdiment, F catalysy maisoal riesadded otohdlre anhesagerous

nanost | 0. bet
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Furt hernore, the nmethod described herein_also all ows manufacturing
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bet ween a 5 nmto < 12 n s about 3 nm
Ei)oung ?o ’Ehe mesoporous ydro&lilc nanostructured mater-{a in form of nanostructures, such

as nanoparticles, nanoflowers, nanowires or nanoflakes. For example, a physical mixture of
catalytic nanostructures with a nanostructured material can comprise between about 0.5 wt.%
to about 10 wt.%, or between about 0.5 wt.% to about 4 wt.% of catalytic nanostructures
based on the total weight of the nanostructured material.

[0064] In still a further embodiment, the catalyst material also forms part of the porous
nanostructured material wherein the catalyst material in that embodiment is in form of
metallic nanostructures which are bound to the porous nanostructured material to form a
single electrode material layer as illustrated for example in Figure 1D in which the single
electrode layer 10 forms part of a metal-air battery. Examples of such metallic nanostructures
include, but are not limited to noble metal nanoparticles, such as silver nanoparticles, or
MnO, nanostructures, such as MnO, nanowires, MnO, nanoflakes, or MnO, nanoflowers.
[0065] The catalyst material can be a metallic catalyst material. Any metal that can be
used as catalyst material for an electrode can also be used herein. 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 aforementioned metals.



nanostructure size distribution for nanostructures with a size of between
about 2 urn to <5 urnis about 1 urn. For exanple, a silver nanoparticle
with a siwe20fo/k733m i s estimated to consi st of about 31PETISGeo0IB@TS.
Smal | er nanostructures, such as nanoparticles have the advantage of not

bl ocki ng the pores of the nanostructgged material and thus do not decrease
the surface area of the nanostructured material. A high surface area can
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or a porous nanostructured material which comprise metallic nanostructures bound to its



16 [0081] The nanostructured material described above can be forned into a
menbrane by filtering the material over a filtration nmenbrane which results
i n a thi nvehlesto2es37menbr ane whi ch can be peel ed of a fororiSieeomiceatiy ode
material or can formpart of an electrode material. [0082] The el ectrode
materials referred to herein which ane either nade of a nesoporous
nanostructured hydrophobic material arranged on a layer of a nesoporous
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surfad@ab‘&ﬁ 2§aysed as el ectrode material for the air electrode of a netal
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batteries and alum niumair batteries. [22084 Like lithiumijon batteri es,
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mat er i IS ca can be replaced by an el ectrode materi al
descrlag’é’atlr#1 ? {) a%gktlr%?]l%\}e exanple of a netal-air battery using one

of t hg[oemct rlﬁﬂﬂ]eﬁﬁbﬁ( i ahs medilsd edederibédr derein S alsol usitavat echannfabiuginge 1B,
1C an 0085] In Figure 1B the cathqgde_is copprised of@geriég ou
nanostﬁaﬁéﬁtm‘:@ﬂehy@@bh%‘fﬁ & ViFBt BT seadistibyten. ohug [hOBe © : t%‘Sr ous
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conprise m xt ure a mesoporous nanostructured hydrophobic nmateri al
and a weweROdbous >NAD @S bbotitt20ran idtbuopHf imc ThahatosatictBre size distgbu‘eoﬁLer t he
cathode is conprised of a porous nanostructured material conprisin
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consist of about 31 silver atoms. Smaller nanostructures, such as nanopamcles have the
advantage of not blocking the pores of the nanostructured material and thus do not decrease
the surface area of the nanostructured material. A high surface area can increase the
conductivity of the decorated nanostructured material.
[0075] Instead of simply mixing the nanostructures with the mesoporous nanostructured
hydrophilic material it is also possible to bind the nanostructures to the surface of the
mesoporous nanostructured hydrophilic material like for the porous nanostructured material
(decorated nanostructured material) used for the single electrode layer as illustrated in Figure
1D.
[0076] The nanostructures bound to the surface of the nanostructured material are
chemically bound or fixed to the nanostructured material via a linker. A linker is a molecule

connecting the surface of the nanostructured material with the nanostructure. A linker

includes a functional group such as a hydroxyl group, a pyrene, an ester, a thiol, an amine or



electricity. A fuel cell conprises a positively charged anode and a
negatively charged cathode. The fuel cell also conprises an ion-conducting
mat er i al .wobroowdzess7wor ds, fuel cell construction gener alPty/scaomiosdas of a
fuel electrode (anode) and an oxi dant el ectrode (cathode) separated by an
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El ectrochentc capacitors differ frombatteries in that they do not store
ener gy[0080]} edbxomneeammbodimsnt, kiiveradecoratddrsingle vealled ccabgn nenetybespte used. In

El ectrochem gal.. capacj.tars, store, ener t hr h_electro L C bt tions
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Such an EC can be conposed of el ectrode based on the el ectrode materials

referred to herein and an el ectrolyte. ECs can enpl oy both aqueous and

non- aqueous el ectrolytes in either liquid or solid state. [0090] One

enbodi nent described herein refers to a supercapacitor conprising an

el ectrode material as described herein. The el ectrode naterial can be used
for one electrode or both el ectrodes of the supercapacitor. In one

enbodi ment silver decorated carbon nanotubes are used as el ectrode materi al
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pol ymeric binder or do not conprise poly(1,1-difluoro-1, 2-ethanediyl)
(PVDF). WD 2010/ 027337PCT/ SG2009/ 000319 19 [0093] The new el ectrode

mat er i al swoamomrssrel ectrodes with a thickness for eachpcageromfooass | east
10 pm or with a thickness of between about 10 umto about 30 um In one
enbodi nent the thickness of a layer o6 the electrode is about 20 p, m That
nmeans that a double |ayered structure as the one illustrated in Figure 1B
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Wi th diydeiphobiemasenadand p mepsaporevananostrciinsd hydrophilis mateddly At singleddfehi n a
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nNanostdal Getked iy éedtfosiemadteéxridllfbotie piragtéquiodatol ameail difleatteaynosay eledtrodesnat t he
surface of the nanostructured material at a tenperature of equal or |ess
t han goigel gebloy 3§ clegtredaigraupensapasiiPt- uct ured naterials in any form can be

forme ﬂ%bigﬁgg fﬁg%@?’-’ﬁ% afhiteh S e Ul iBirdtYerTel RAS Iﬁ?ﬂ \g,ﬂel‘;gg I %éﬁ@itﬁr 4 flahQlidedig. but

not | ering, casting, spln-coat -casting, spraying and
i nkj etvobapaiidigng shelblife. Erinotl-nie bbtteridsetheirédotive atodeapdragr leatrodle resslt ity

filtering of t nanostructured nmaterial through a filter nenbrane,. In one
enbodi%%?’fha}lﬁg’?? a%ﬁaﬁff f&%ﬁﬁmBeXWFWé‘%P% éﬁ%ﬁcﬂﬁ’ é‘lPJ ea?Ha‘fklfaé‘S é{‘fe?laf‘ﬁﬁ%ﬁadﬁl%%ch
ot her a?ig %%ﬁgé;gﬂr%?tﬁgﬁﬁfbd%@%et&fn‘i&% dep&ity HBAUTRGE WES pAaty)@edepiShiid ar

arrange I'n a continuous manner by spraying or filtering or
by uséotli ekcpicalyrandretdebahicatlyr reghargpdbée metalaiy batisties theomechapically r st

| ayer can be sited o suppor t terial . foll ition
of t naengesb  BRet!F Guith s 1RRR R oHRES] UitV S e bR fUR007' |00,
can bangi b eifuActitner ehfdieTot 8xRien @Foliyigh Opttinkples dfayiesal air batteries include,

[ 0096] Nanostructured materials, such as carbonacequs. nanostructured

mat er i bt grenot fimited i sincriirhatteres Jithium-aiy kattepies sk HERIEYMALE PRESknown i n

the ar[b08jt]nC| ]9'1&1'6 Ti%ligllﬁgioﬂ %tdttéljlég, h%gal-ama%tgljigg Q&K‘éﬁ; Rfb R0 A B8 FhaeO
of carbonaceous material. This carbon electrode can be replaced by an electrode material
described herein. An illustrative example of a metal-air battery using one of the electrode
materials referred to herein is illustrated in Figure 1B, 1C and 1D.
[0085] In Figure 1B the cathode is comprised of a mesoporous nanostructured
hydrophobic material 3 arranged on a layer of a mesoporous nanostructured hydrophilic
material 4. In Figure 1C the cathode is comprised of a mixture of a mesoporous
nanostructured hydrophobic material and a mesoporous nanostructured hydrophilic material
9. In Figure 1C, the cathode is comprised of a porous nanostructured material comprising
metallic nanostructures bound to its surface.
[0086] The electrode materials referred to herein can also be used as electrode material in
a fuel cell. A fuel cell is an electrochemical device that converts the chemical energy of a fuel

(hydrogen, natural gas, methanol, gasoline, etc.) and an oxidant (air or oxygen) into



to electric arc discharge nethods, |aser vaporization nethods, chem cal
vapor deposition nethods or hydrothermal synthesis. [0097] To obtain a
nanost r ucwonrzety/dyssrophi l i c material by introduci ng a polpar/sgee9ppostoe. a

|l i nker, at the surface of the nanostructured material, the pristine and

t hus hydrophobi ¢ nanostructured matenyal is subjected to an oxidative
treatnent, or sintering at tenperatures <500C, or refluxing in inorganic
pol ar sol vent rea . ﬁ'argr?d ; ed

treat r?geﬁhm h%%%lhg%lﬁzggggﬁﬁe%{@ ?Vgﬁ“ngno trtlé%(t)(gér édcillB nﬁ?l gg%g{éi}?gﬁ%ﬁbj ected
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car boggﬁ?%%teggw& aﬁgoﬁgcﬁ)%ﬁg&hgmgﬁ%l %%BI %S iﬁﬁrrrmbi lized %r bound o%eaét he

sur f adeafoh®t membeamest Ouygar passanitaye; aine ¢logorle Tk hydwaenreitesdthe otherxy| i c
acid can be an unsaturated carboxylic acid or derivatives thereof. To avoid
t hat t2yBerafing glﬁ%té‘c’ﬁ%t Wﬁ‘@ fhanoparticle and the nanostructured materi al
beco POé’@O qhSabre H&KILURS BéderA! @6l aChleP@¥lY d proddii dodducith@Golithemernbilane

mol ecul e conprises equal or less than 12 C-atons. [0099] In one enbodi nent,
t he unBEM)risswbundedby ywo tayawsi o diffision andraepctiondayer dyndss cpogantsBRPlY Rér eof .

Exanpl.es of acrylic acids . or derd.vati.ves .t her i 8 ikhcl ude,
but - arEdrgen e e Gednrfiacd SN E iRl BRI AR 1l 68 ARIH0R RFRe ) 0
aci d, (gt BASKY (n6rAdliyda nebls Aeutd Ry il fesctivailgier Al rhaamyafos tecdiffision aci d,
beta nethyl-acrylic acid (crotonic acid), alpha-phenyl acrylic acid, sorbic
aci d, carohiaisctie derdenoy 19ff hiydisan OXMgRY reECh- _dl,pW% mﬂﬁ%ﬁ{ee_tfaeh%}w JERTORS

ci nnanm ¢ _aci ita [ - oni c
ot Bsguhify e rid B Ol Ribfon SRR Ene (pdTERAGRR QndthConit e

[ 0010QktHode! Ae tiRrdiede,mbe tredchioméledset hgdivgem poscnd aentoss mbose treusport is

hydr ophobi ¢ material and the nmesoporous nanostyuctured hydrophili terial
are mioveeial e FaergyProfdection: The @fdsfﬂg% "G qns‘%b%? e e&B‘g‘ﬁfie \11?6558797@58 Bis

nanostgmGt \Hﬁl?edthﬁ &gg%@{hﬁﬂ%wﬁtf&rthé ledecbnsfs :thl%géﬂ‘fan YulcrBR RO Midhydrogen

nanostruct ur ed terral) to about 90: 10 wt % based on the total
wei ghtions tolgethiar with éird @lbarons gétheenter|etectrid cirauitand dxeraigae mhich hps diffuser

g
ratio is between abou 0: 70 % . or70: 30 wt.% O 0; .0 on
t he tcﬁ’%ﬂuEﬁéﬁg RN %ﬁl er’fﬁ"’fcéﬁ'v\?oaﬁgtetr'oaﬁ? Kefer rf%ﬁ%fm%nteh?‘%é 8@ 231% ? orm ng
the el ERESronthelsy5ERESy thd ekdedeain FlodN Thizrédess b@yeyia alirtypésndlfaellcaller s
referred to herein On a support material. In case the el ectrodef(g&%ﬁrl al

r ef er reughtas paPmen e8¢leRze T@iTascrod ovelo(PEMFS), sedidepide dbslscsih )a

o heralkdfinkter o4, (AIGETh AR Pol £ 754 G, BICECS phagRolBerd Alo &lSF 20
anode [ on. but 1 oot her vith the cat hode Laver . 100102
I n t he[0P88] owFerexample; in en@ﬁmhgdifr@nf a\‘i‘ﬁfl‘h\é\%a gfeﬁﬁﬁlhﬁ?%g‘? g‘?‘f"r?ayoi J8¥Sus ]
NANOSL (1L SR rloBbru e Ty AIBREDIR GRatEEkI Al ahod ' 18}erUHta fRSodeRdad O

its suf onprises m xing a porous nanostructured nateri al
Wit h apnsktiidteed domdpeplslic anaerin afhietein rbe asesopabus eapestwghsed hydropbiligi n a
suspensi on of the nanost{uctured material.with, the f{ﬁl ution {:cglg%éieﬁil g the
met al | materaheasmpres drveallicceralyit sHeh s mohiecmeial npnosTRYHYSt B alrtte

nanost &%@%@1 B{e%\ééo@%i?odsqlaﬁbétﬁ\@uﬂé@ﬁ}rd% milit Aht@ial ohQrBAGRT ottt Widsceat t he
surface of t'he nanos a

ructured materia a tenperature of equal or |ess

t han 8§fGhe mesoporous nanostructured hydrophilic material. In another embodiment, the anode of
the fuel cell is comprised of a single layer of a mesoporous nanostructured hydrophobic
material mixed with a mesoporous nanostructured hydrophilic material, wherein the
mesoporous nanostructured hydrophilic material comprises a metallic catalyst, such as noble
metal nanostructures, which are either mixed with the mesoporous nanostructured

hydrophilic material or are bound to the surface of the mesoporoué nanostructured



[ 00103] In one enbodi nent in which a noble netal nanostructure precursor is
used the tenperature for the chem cal reduction step is bel ow 60C or bel ow
50C. | n awot2nevo2essbodi ment, the tenperature is between 2b0sG20B60E309 about
30C or between about 15C to 25C or is about 0C, 5C, 10C, 15C, 20C, 25C
30C, 35C, 40C, 45C, 50C, 55C or bel ong60C. The reaction conditions for the
above nethod can be adapted such as to form nanostructures with a maxi nal

di mensj . S . of 4 - 2 .S f : 0.5
m ¢ o TapRalis3h G, e Ritnef BnBiRlent tho¥ikt 1 8 oPinpRcd of EIBEARGR 0. 01
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[ 00105 e chem cal reduction can be achi eved by any one of the follow ng
met hodsse @hHeninpake amdeatalybematenial sudcdsi catabiF rAnogReHEE® by adj usting the pH

inth pensi an conprj si ng..t he aQstrug « al:. amrd Ilic
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the SURRRESWaIh hidhB FRSML1OGhaLIRERARS fnd GeldlerpSapubililesgWieraus Hibghld N2 or
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001081 P SHECLHE ot TR bpdtlet HoBE0acTEh on MRS TSR ERICER FipaCort
nanostdiffet fodbamires iialthantey de moliee mat@ly inardst reactiomethpt ecunrsiorthé¢e. g.
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1 to 1Q. Faor .ex le, i ase of using a silyer.nanostructu p [.sor
nat er i “g?cuiogr@ bﬁFFagTBn db¢ &2"&@83% rmaé‘?f%i’& é%elir%f E)%\HFW% a?(gﬁageﬁ%c;ﬁ%ﬁ? \/\Egg Léa out 4
to 8 Oémt}hey W68 kg bRItand ndnlaquechs 3lechblyBagh BRRerdi@itdsolia sifd.ch a gol d
nanostructure precursor is used, the pHis adjusted to be in a range of

bet weel#02®out Oge tembigliment Gewribed dwreiprrefiers do1@. SUPRICARAFAOHf COGFITIFHIZ, an

pl ati nym _nanostruct ur LeGUr sSor e i LSt i of
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oxi de fHapemt El6lrddes Bf GhdIsBPercaRidtdy. ds aneremgaidfmentnsibest dacotatede carbeour sor
the pHis adjusted to be in a range of between ahout 1 to 7 Thg; in case

of adjnespiubes areaspiay pleriredn matsHalanddn apethgrembrdiprept MpOp dgcarated §atRg
t, ; . I
nacr T befdre Hied {hbrel w MG nanb ki ah BE i or MHOAlioNBles MEC0A 10,

or basgnofiowbs, oisleilO;, dandljitest t he pH of the suspension. [00107] The
reaction time_or incubﬁtio time of the nanogtructure matteria{ with the
nanost 008l eThi ssparaiolayes Jerming hfesleciode fran bp 2aanged;qf £opisd 0810 ¢, PRPH
forne r itONsiich 8 alpapQEiveRE: ARig BlnPbefbfl WiindBsedi Nut es
to abgﬂ?éeﬁi%ﬁ?ngﬁ%‘ggﬂﬁlanﬁgﬁgt é?ﬁcgnbg ilrjrent, t he reacgti on et:i me i=sg1bet ween
about dseletrode esaténinl b metalGir rittaneseer. fuplogile STherpaper-like free siendingvifmcttncan

i nfluence_ the size of the nanostructures formed is i ratj of the
nanost P PBEY PRRSE OF §09Praryﬁ5|t°ﬁé’n§{e rﬁcﬁﬁ‘a néaé?rtﬁ?)gna @%’?@ee&%&%ﬁ% s\%})?ﬁﬁ?’he
nanost gt unedosted PEirabr a e QBRI HRA IR Abnostiiee@Naetislat i on of the
nanostructure precursor i s between about 3 mMMto about 150 mM or at | east

3 nM D092kt weoneatrobedigientyidue taBisin steichirgrthe elpcipde lyetsedoRatPoRBBITE 33 v
t bout, 100 bel 150 .nM T j i [
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bound to the surface of the nanostructured material have a narrow size
range as already outlined further above. [00109] Nanostructure precursor
materials for the above materials are knowmn in the art. Different exanples
of precursor materials include netal chlorides, such as noble netal




WO 2010/ 027337PCT/ SG2009/ 000319 23 chl orides; netal nitrates, such as noble
netal nitrates, netallic al koxi des, organonetallic precursors, or netal

acet at es,woaomaressonl y a few. Exanpl es of noble netal naooscrew®ionea9
precursor and netal oxide nanostructure precursor include, but are not
limted to AgNG3, [Ag(NH3) 2]+ (aq), AeCl3, HAuCl4.3H20, H2Pt Cl16. 6H20,
H2PdC16. 6H20, Mh(NOB) 2, or 1(M04. For exanple, precursor for Ti Q2

nanost ur egp bfiald KR KIS e @FodRS SRR RhbdsFoPERRUERR0F -
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bet We.ecfbu%l&olléﬁr 94 9BudtBreBRAHE ofle A1RiralR8 iNeEr& PBWan hate hAnRRMLE 0P betvechN ONe
enbodi nent, %e nolar ratio of a nobel netal nanostructure e precursor,
such asbost 2 pm tnabagtGOyotur e precursor, to nanostructured material is
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precursor, the nanostructured material is dispersed in a solvent
appr opundnasteudtwred t Inalrogmbex triateridannse r weeond daygracemprsedaof a2 CHEOPATONAL | on
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As previously nentioned, to,nanufacture a_nenbrane made q h r.at ed
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nmenbr ane. Afterwards, the nenbrane formed of the decorated nanostructured
mat er i wnpeetulsef pgwl erless than80fCI t er nenbrane as freestandi ng menbrane and
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sieving it through a filtration nmenbrane to obtain the_ el et%roge mat eri al .
For exeesing, rolliasting sprayiag and s et nimtine ol epgreaiodimentthg ditfgrent Jaygrs pre
untrea Xidize C hah . fdHet her
aapeot ol diteHRE; SOMAS HRRIBhEC Hf L TRARERDA i hoforkD. B ot

descr i babodigiesi, thedayas cal be formdé seprratélgcnd be drraggsorati eagh bthea onstatksd on

descri bed herein for the ganuf acture of an el ec&rode f .a netal -é]ffr battery
or a feaah othen afisr theik MIBRRAGYER PT Hie layerd faesfrraread on cash oS 113 SPREPUR Sy el v
descri | ' ' 3 blastla inlethdte FAPSRARFleOhsiAgN pRishiaENt OF
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Thus, fnethodxtweyfiret, laydrean derdeposiedpni assupgort nateridl deliaveed by plesraidenasgion et c.

shal | be read expansively and wi thout Limtation dj ti . terns
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not of h&aﬁgﬁ&ﬁéggﬂ&n@d}dﬂﬂ@ﬂa&rpo intention in the use of such terns and
n an

expressio of eXcludin y equi val ents of the features shown and
descri (096br penestangired enaterials,beichi as carbpracsews Barpstmeiiredamatiyials (e.g.

nodi fications are possi bl ithin the s f. e | . i Thus,
"t ol B OOk Fe e R o ARE v dn ¥ert AL By AR R
specifically disclosed by preferred enbodi nents and optional features,

nodi fication and variation of the inventions enbodi ed therein herein

di scl osed may be resorted to by those skilled in the art, and that such
nodi fications and variations are considered to be within the scope of this
i nventi on.




[00116] The invention has been described broadly and generically herein.
Each of the narrower species and subgeneric groupings falling wthin the
generi c dvechmsurmsial so form part of the invention. Thi ecisckedmsosine
generic description of the invention with a proviso or negative limtation
removi ng any subject matter fromthe@enus, regardl ess of whether or not
the excised material is specifically recited herein. [00117] O her

enbodj nt S. are I e fnes. In
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of Naﬁ{eﬂﬁ)%lsgfﬁyui&heﬁﬂﬂggnmkmﬂed inthe art will recognize that t he
invention is also thereby described.in terns 3?’(9? ;{ i.ndi vi nmenber or
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el ectrolyte and the Ar ct ode AE .t u trode was
const r[9Q§/9éd g9 B’Pedc‘in?ﬂj’dpﬁ C(%—I— t%cwoégﬁ%r Hj lgo a%c lie” 1{Elt ﬁg

el ect r&h¥5t%/g§ﬁﬂe1%bf‘%%ﬁ?& bPRcBllic dcidd 6NHehvaiors pagess whkcht yamebﬁ Yskd gur e
1C) electrode involved a single bucky paper consistin of a hog]ggeneous

mi xt uriaclode, cmHsmm Lmited-tS\WONVlic peidl apghagrylie) aqid ByeHoki mathacryli agy!

00123], Gal t h t
vas coMFERIAAS AOHEHRPRATOLG PP Enprgr Jind e S0 B o RioRyia o

Macpi | @ro@tﬁh@ L&d), GlpHalHeas e@gjgw';@f(ﬁ, sotﬂ;%acﬂbﬂpha—élﬂam) sorbie achk asgalie agid,

conventl onal carbon electr the electrical. contact todAE was made. at the
Ni - metcilnaste ewid, Weblose , cimnaricr 16dG| tagMGEry. dRragentcy geids PEARITS afé? and 2

(10 Su SR AP R e bl g Mpehisla, prasimpeschbe wine anode. 11

S to was use as the active el ectrode
mat er i[@b160]d @ thel Eafr@)ﬂﬂlnﬁml ire@hivh the mesoporous nanostructured hydrophobic material

and the mesoporous nanostructured hydrophilic material are mixed together the ratio of
mixing is between about 10 (mesoporous nanostructured hydrophobic material) wt.% : 90
wt.% (mesoporous nanostructured hydrophilic material) to about 90:10 wi% based on the
total weight of both materials together. In a further embodiment, the mixing ratio is between
about 30:70 wt.%, or 70:30 wt.%, or 50:50 wt.% based on the total weight of both materials
together.

[00101] The method of forming the electrode can further include arranging the layers or

single layers referred to herein on a support material. In case the electrode material referred to



WO 2010/ 027337PCT/ SG2009/ 000319 26 in this study. The open-circuit voltage
(OCV) of freshly assenbled cells were in the range 1.4 to 1.5 V. [00124] 4.
Ef fect ofwOBomwmhistect ures [00125] The effectiveness of PCHES20m/0d0319 er ent
AE architecture was conpared with the baseline performance of activated
carbon bl ack m xed with polyvinylidepe fluoride (PVDF) binder on a Ni nesh
AE. The discharge profile of a Zn-air battery constructed wth the AEs nade

up of ) | £d QeraAt h¥Reiall
(Fi gupgre%%nd%)%mﬂ%ﬁj g%tr% ’1 3 %?{eordgﬁgv\fﬁﬁ?n Fi gur!el%Z‘I&%s corrre)lar ed to
car bopefelréd tcsh&enaddit artéage& roncthaerectnaltyteelayercraﬁt‘@uesmtalgalofoawmclmﬁe with

AE type (Figure 1B) and t ure ar chi,t tur d better
cel | Ebﬁﬁddrlﬁt?ﬁ@@‘:f(?"ﬂ%‘tﬂé“r ?ﬁods aY@éP*lg IS %ﬂ‘d’ "‘&PQ% P& lﬁﬂﬁs Thé

i npro 5x the perfor mance of the conventi onal

car bo#e ztgéegﬁﬂ?ect %rde Anmongst the air el ectrodes nmade of SWCNT, AE
Type ¥0Q1IBQ];urIm the) fallowdng oxﬂelscmfpmerbdooﬂleanmﬂﬁgi efbmerylapapae @oP¥PYE i ng of
pr| stine SWCNT (PS ed t e r mance,
i th aPsesiTF e BRSO PR FoOc RS APl P giresg i b (B RumBe TRy
carbo %{%ﬁ’q r;én §sé3)m1 ]ﬁﬁ‘o@s (i@t Eurt®) meledlsl wixtea RBIGE0R fcoPASIGCNT
(hydrop I C }s)howe er discharge voltage (about 0.75 V) as cgnpared
to t henaallic mavestoitube @wpu(sor & WhtainThsespeesiom el he nangsireduted miterial with

differentia vvettln ure the | egt y ralyte
due tdh§ ﬁ%lub%t? VaRAL V&%SHB?} EIF %P%n{#}?l 3’ arogc (eir(lghsﬂﬁ &y ]fe(a{lﬁﬁ% eCRJ:SV\U\IT
AE tyr}ﬁ‘etéulé RhAsiRIchR prcaRbi @carmmepleblpnaﬁ@ﬂ@fmmmsmmmm; tipapefase wide of
P- SWCNT and SV\U\IEI)' showed a stabl e val tage Eé/) and a discharge tine
of 19tmnmétrwpr@dln@ﬁteﬁp?éﬁf@?wf@f0f59@{r?§ %é%& 88BCcan be attributed to

t he | effectiv YA BNIA cheasgd

pl atfgpﬁﬁéér xygenrg?aadgor ﬁoﬁ’hgﬁ 1§uct| 81nﬂrﬁg)g§?§gfned?%c§§0ﬂeﬁp lace. It is
cl ear ltympaeturd ot ﬂemlanme;aemetduoﬁorz@tepr is belowe6§’C ek | bepey f Y Gadt eanpther

bt d with thi hi t ect gl 2).
D 001 pBral it e tMPEIHS SALNGE She e AR aberg $950 Vet afiafllg o Xer )
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paper “of i's shown’Tn Figure 3. AE rade up of SWENTs showed a
bet t erbettive 602C.gEhqteatia carslittmsfar 8w dbove oratkodt cambe adaptsbsrchrigite fomhg t hat

the AE Type 2 (Fi 1C) el ectrad st d
The dirsekaRsB6LFESgs TormE Spisasot e i B et JootiR &b S o BE8lesc ™ ™
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I's made up of hydrophilic CNTs which
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the eIetroI yte thus r kempl ace.
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to it JiBkdnt@n! . Sir tac aikare dfy damptrodinedt hﬂtterithcwﬁdC@[atmﬁ' nadestomture
effective wetting of the el ectrode cannot take
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wi t hi rprémscﬁaﬁaeﬂalmanﬁshe verige o hetwwbn (abbiit @Qy@éno rabdutct antl@esarmﬂsme on

the carbon (w th/w thout  catal ion transfer tak ace
sol ut | erbesimeridhe 9@}@}4@%@%@%&@@ O BEFARFA i ﬂbaﬁc?rﬁlge N er nég
Ci rcur(gﬂ% ekﬁha{b‘c:)ﬂt o &NtParoit @t ivgel y hydrophobi ¢ surface |ike 100% P- CNT

IS provi ere IS no obstruction to the oxygen diffusion frogmthe
ai r on00p03]heThd eh¢mivaerasiucticic egn betachioves,/ by aaieonecott the follawvingdmgbtabi | ity

t he ORR does not take place. eff e ich t

di scha@@‘é’“\%‘l Fegdyetion fa, bs IRHEVE ‘grcﬁt"i F’éﬁéﬂ cadj\l\%ﬁ@ﬂ/t h%&ﬁ- 8@)@ Suls& ntsovr ded
then ther @éﬁ% ke hiRArAGERIASmbtRriANEnd XhegsRtallid ftatﬁjsﬁﬁctuprm&trsoﬂ u@ndth)ert he
wet t abi the el ectrode the ORR Takes place nmuch nore effectlpég]tly t han

the f mrmathnd off chérgicgleredudticmns bM rheate%ﬂh@ SUSPSRTIOD fHea Hiducing atmesnbe
control s the di r e r
di f f ushGHnBN f‘&;é’gﬁ /%gtoﬁlsﬁ t.pr org%?g%lﬁotges{%ﬁuct o g%ﬂ%% ?%Ylvf/gporrol ongs

the lifetime of the device (but at a nmuch | ower discharge voltage), but

fl ooding of the electrolyte on to the el ectrode surface increases the
vol t age but decreases the discharge tinme due to the unavailability of
oxygen di ffusion sites on the COOH CNT el ectrode. [00128] Although the
results on the pure SWNT conpares well with those in the literature, it
needs to be nentioned that the discharge voltage is slightly |ower in our
studi es because of the absence of (netallic) ORR catalyst. Al so there was
no ot her current coIIector used in our devrces Electrocatalyst vwas avorded
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[00130] In an AE type 2 electrode configuration the anpunt of COOH SWCNT
and PSWCNT were varied to evaluate its effect on the device performance.

Fi gure 4 wbawn/i2hss7gal vanostati c di scharge curves of vapPgirrsg2emymoesi9 of
COOH SWCNT (| abel ed as P3) and PSWCNT (1 abeled as P2) in the AE type

2-el ectrode configuration. It is see2that a m xture of 50:50 % COOH SWCNT
and P- SWCNT gave a hi gher voltage pl ateau as conpared to other 28
conposhy Sifg al BigensicacRan@fg ebitagechaadsddingh %&&@dﬁumﬂsmﬂbf diter Ghitye are
extracted and plotted in Figure 5. [00131] There is a slight increase in

t he di Bydiidegsucibas Gafdz e1oMebo. wt % COOH SWCNT (Figure 5a) after which

[ ' h § [ h . h i sch
vor 1 g nagk; iy 98 bl Hie bR i, Supeliph SRR B hah 0T oo

t her ebpattgiar eadi @ hobledinfdials nawbsabictorey pestutddat (e vastie! nead f ebpartibR
oxygen reduction reaction. The discharge tine increases from17 h for_ 70

Wt % COPHECEYENPT it 10X4de panosimueii, resrsoningdapterktogsl oo shepaicl redustiopedfs of f
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diffusio nd pr.ol Qngs %he devi ce gi fespan. In terns, of both di scharge

vol tag@nﬁﬁmf%ﬂiqn EZMDHE 2 EMEP R6BEVEFIARQUiLLO SRR T FRat 0-d 05 6Xa3BPlG+ iNos

m xt ur - i : it i-n.an AE
Ty pe- pEaspot ekl SHER b EiiuchRG plRcuitINhaGhE) e BEfl: ARGACTRATN Bbeifl o
COCOH SHAGHA of BEEWEpp eBow | 4eiot § odegtwie@0dl3Bi} 413t towa §.3s &e andthemextainpleainowkich @sul t s
di scuss in the previous .sectjans that,.the simple unified AE T 2

ol oot T B nafostheR PREETERHR B SR it g & stie o Rty eEp AP RES €1 op @
cat al yst, s addedod 2 1bie, HENE SDustace bk hiesGilthie T 1O 1 h( ,

metal particles, such as silver nanoparticles (Ag-CNT of various Sizes,
- 15 radiysted ©ikpine Bnghollketwhen ghoul 4o at bawees ebeut deto Quly ease of usihg azn- ai r

batterj sin - SWCNT of wvarious sizes in AE type 2 el ectrode
cont | ouiERt PORE rHFsPRe0lE meie” endls AP B R na e s Gr SRR 5P much
hi gher adjafi@ito Be i@ o rahgd oMhetiviean abdie 1 R0l 7e TRE i SMENT alifistiBe thepHBcnicd100134]
This is owing to the catal ytic enhancenment of the oxygen reduction process
(ORR) Tegluctiomis achigyre byxysinga redygaigiagentpyushas gn geidarid bage dexamplespclude,
conpl J I Ryl t i i O
For mat T Are Rt MAKER, RaDB, Srp, TCr, B0 3RsEl, LXRREREICH A8 bolBclad 1.,
i nt er Nedivat &id0Zbast lcembe asdite abjuscie aHydfitkhe slispgusbpor ti onation to 02 and ON
Car bon iﬁﬂs _Erﬁterials l.i ke CNT and activa eﬁi carbon are known to. reduce
t he ox@é_ t o By dPRHOR R8Ot HHFEONHd PEICoREINE ARBPSYcI F‘_P?tegé\@ Fithothedes)
ar e 1 eguHok@ebtie éﬁéﬁﬂ?éo?taféoyinﬂﬁéhé% tHeGz WiEh O REA YL RirdsOfPmE Ih%gﬁ%rfal the
radicals. 02 H20 + 2e- --> HO2- + OH HO2- --> 1/2 02 + O+ 9

reaction time is between about 5 or 10 or 15 minutes to about 120 minutes. In another

embodiment, the reaction time is between about 15 minutes to about 60 minutes.

[00108] A further factor which can influence the size of the nanostructures formed is the
concentration of the nanostructure precursor in the starting solution before mixing with the
nanostructured material. In one embodiment, the concentration of the nanostructure precursor
is between about 3 mM to about 150 mM, or at least 3 mM, or between about 3 mM to about
6.5 or 6.3 mM, or between about 3 mM to about 100 mM or below 150 mM. The method
described herein allows manufacturing decorated nanostructured material wherein the
nanostructures bound to the surface of the nanostructured material have a narrow size range
as already outlined further above.

[00109] Nanostructure precursor materials for the above materials are known in the art.

Different examples of precursor materials include metal chlorides, such as noble metal



[ 00135] Conpl ete reduction of oxygen to hydroxyl radicals results in an
increase in the discharge voltage and has been achi eved using silver as
cocat al yswo(AgyGBy. |1t appears that the 6 - 8 nm sil verCpaGzomloeossd ze give
a slightly higher discharge voltage as conpared to the other sizes.

El ectrocatal ytic activity of silver particles depends crucially on its size
on a physical dispersion of silver on carbon catalyst. The oxygen reduction
reactign u 0. c t s ive
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suspensi the fi,n e r edi rS|on i zed
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[00143] Figure 7 shows the TEMimages of Ag nanoparticles decorated SWCNTs
wth three particle sizes: 12 - 15 urn, 6 - 8 urn and 3 - 5 nm In all
sanpl es, wbeohg2particl es decorate the SWCNTs uni f orm y PCIRSIGR6M00¢339
particle agglonerates nor uncovered parts were observed anong the materi al
I nvestigated. Also, the size of the 249 nanoparticles has been controlled
successfully by nmeans of pH adjustnent and reaction tinme during synthesis,

as_COfd HOBEhiBY bl BLRRL pBRHACWI dferclothidddils! Which SRE (818 isdd h ehel)

Si nce anount o S\./\CN'TS an e sa concentration of the
pr ecuekefrodwuptdiat befigedidvirg #lthranghyd fliration i membrage ria bibéain dheslegireds hat

th t of Ag has b '
Sl | STascF il @REE e aSrRB FORGNKBIoA (RAGTaPd (6 B O arad oo°
7a ang, {h) PN QR 3 eR el 009/ 000319 31 Tabl e 1: Experi nental

par anmeter sm?ocg{r décoration of Ag nanoparticles of different sizes onto

g\e/\glgfrl'g(g(}e)lg@djlma GutttRe aaspéatnthei presdni |invantiongefeny te the tuge ofj gne elegiigde a3 not
described herein or an electrode manufactured according to a method described herein for the
manufacture of an electrode of a metal-air battery or a fuel cell or a supercapacitor.
[00115] The inventions illustratively described herein may suitably be practiced in the
absence of any element or elements, limitation or limitations, not specifically disclosed
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
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.
[00116] 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.
[00117] 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.



4.3 2 12-15 6.3 2 6-8 6.3 1 3-5 [00144] Weight, thickness and
conductivities of the bare SWCNT networks and the Ag nanoparticl e decorated
SWCNT networke/zsse been conpared to commercial ly avai | abirscgem/odesid usi on
el ectrode (GDE) based on pressed carbon on a nickel mesh (Electric Fuel
limted, Israel, product |ine E4A, BASF, Gernmany, product |ine ELAT). The
conductivities of the SWCNT sanpl es have been neasured in a 4-point probe

configuration while the V%X?Elﬁf\#ﬁlﬁ%{&@ﬁéﬁ?w | y avail abl e sanples are

taken from the manufactures specitications. e results are conpared in
Fi gur mod1gjThe. advpeeagedofAdabrication fanmE4lhik badtenpr ks over commercial |y

one. oRNAI9b( CavsmtoudeAUFIEITS TAb pIPeTdn TEHRe e mPGTe sl PRI ey ces
wher e %@g%d%aﬂgggexgr GEELHE PVDRS ifider cHRe aRaduRL 0f 4 Wickh b ot her

hand f ases around three orders magni t ude. Anong the SWCNT film
the conesicil Véflon® e was flacdronltyp b tleekE foact aga bpdophekid laysr tr addition( bar e

SWCNT fil nms: about 1000 S/ d [ : -
1 ghes thegepe L 19reraBb e SBOGPS iy Etad Dan 4 Binatrdn SsdodmeRl] ag'®
parti ﬁ')e gxl%hzf‘é‘r i afsse‘?nmg)gf‘afé gD AEMEXRhiRbRESyDITh 18Fxs foithe besbrblyof

addi t current pat wthin the SWONT network. [00145] The
el ect pbdieediffeaint ainbsvohelectfodeCNEsTope isandedBr B2 WWer gr#rahopHr thee! es

has beep i.nvesti ' t ent i;odynam | ar i | L.de. th
he STt o RN RSB S P Relep Bl R et e
confi gl5 qfl%ﬁ-ian&orﬁ%m%tesp& a dnik@ire FTRPALIEE) SWOONT bhdCOOHSWCNT
commerclialty available air el ectrode (E4A) have al so been tested, 3£7d t he

|

r esul (R/COQHFWERT) ewere filieregtheugh adilter aprmbrare (EBHM38, AAPTARMC BFCvEh ght

o e Rptegonts SHCRTAF TofabfhoTRAR Bl Bl BT R WiRGELERET &1
si gni fleATbinYink RaraRs@ansRennégork. After drying, the SWCNT network can be peeled
off from the filter as a freestanding thin film of thickness of approximately 20 pm, and was
directly used as material for the electrode. Circular pieces of these air cathodes were punched
out using a die set (16 mm).
[00120] 2. Zinc-air cell assembly
[00121] Anode represented the source of zinc and either metallic zinc or zinc powder
mixed with PVDF binder was used. The anode was cut in to circular pieces (13 mm) and
stacked with KOH impregnated PVA as the electrolyte and the Air Electrode (AE). AE type 1
(Figure 1B) electrode was constructed by placing the COOH-SWCNT bucky paper in contact
with the electrolyte and placing on top of it P-CNT bucky paper. AE type 2 (Figure 1C)
electrode involved a single bucky paper consisting of a homogeneous mixture of COOH-
SWCNT and P-SWCNT.
[00122] 3. Electrochemical Testing
[00123] Galvanostatic discharge curves of the assembled zinc-air battery was collected at a
constant current of 1 mA using a computer controlled Macpile (Biologic, France and EG&G,
USA, Model 263A). In the case of conventional carbon electrode the electrical contact to AE
was made at the Ni-metal screen. Whilst, electrical contacts on AE type 1 (Figure 1B) and 2
(Figure 1C) were made directly to the bucky paper and to the zinc anode. It is to be

mentioned that the CNT was used both as the active electrode material and a current collector
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a GDE based on CDE Conductivity [S/cm Specific Capacity (mAll/ Ener
Density (Wh/ kg) bare SWCNT 1025 270 125 12-15 nm Ag- CNT 1840 9 gy
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have end —COOH groups that can be wetted by the electrolyte thus enabling ORR to occur
and ion transfer to take place. However, 100% P-CNT does not have any hydrophilic
(-COOH) groups attached to it making the surface more hydrophobic than 100% COOH-
CNT. Hence effective wetting of the electrode cannot take place for the oxygen reduction
catalyst (ORR) to take place which is seen in the discharge curve. During the ORR two
concurrent process takes place and needs to be balanced for optimum performance of the AE
(i) Oxygen diffusion takes place within the carbon nanostructures and (ii) oxygen reduction
takes place on the carbon (with/without catalyst) and ion transfer takes place in the solution
and equivalent amount of electrons flow through the external circuit as current. When a
relatively hydrophobic surface like 100% P-CNT is provided then there is no obstruction to
the oxygen diffusion from the air on to the electrode surface, but however due to the limited
wettability the ORR does not take place effectively which would be evident in the discharge
voltage. When a hydrophilic surface (100% COOH-CNT) is provided then there is limited
access to the oxygen diffusion, however due to the wettability of the electrode the ORR
Takes place much more effectively than the former. It is seen from our results that one of the
factors that controls the discharge time of the AE seems to be the oxygen flow or diffusion of
oxygen within the electrode. Unobstructed oxygen flow prolongs the lifetime of the device
(but at a much lower discharge voltage), but flooding of the electrolyte on to the elecirode
surface increases the voltage but decreases the discharge time due to the unavailability of
oxygen diffusion sites on the COOH-CNT electrode.

[00128] Although the results on the pure SWNT compares well with those in the literature,
it needs to be mentioned that the discharge voltage is slightly lower in our studies because of
the absence of (metallic) ORR catalyst. Also there was no other current collector used in our
devices. Electrocatalyst was avoided so as to exclusively evaluate the effect of only AE
architecture and CNT functionality on the device performance.

[00129] 6. Effect of varying the ratio of COOH- and P-CNT in AE Type 2 (Figure
1C) electrode architecture

[00130] In an AE type 2 electrode configuration the amount of COOH-SWCNT and P-
SWCNT were varied to evaluate its effect on the device performance. Figure 4 shows the
galvanostatic discharge curves of varying amount of COOH-SWCNT (labeled as P3) and P-
SWCNT (labeled as P2) in the AE type 2-electrode configuration. It is seen that a mixture of
50:50 % COOH-SWCNT and P-SWCNT gave a higher voltage plateau as compared to other
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composition. The discharge voltage and discharge times from this curve are extracted and
plotted in Figure 5.

[00131] There is a slight increase in the discharge voltage for 50 wt% COOH-SWCNT
(Figure 5a) after which increasing the amount of COOH-SWCNT in the mixture reduces the
discharge voltage possibly due to flooding of the electrolyte in to the air electrode thereby
decreasing the diffusion of oxygen that adversely affects the oxygen reduction reaction. The
discharge time increases from 17 h for 70 wt% COOH-SWCNT to 21 h for 50 wt% COOH-
SWCNT. The discharge time levels off after this composition and decreasing further the
concentration of COOH-SWCNT does not affect the discharge time. This longevity of the
device is related to the additionof hydrophobic P-SWCNT which promotes oxygen diffusion
and prolongs the device lifespan. In terms of both discharge voltage and time it can be
concluded from this study that a 50:50 wt.% mixture of COOH-SWCNT (P3) and P-SWCNT
(P2) is a good composition in an AE type 2 electrode.

[00132] 7. Effect of Ag nanoparticle decoration on COOH-SWCNT (AE Type2
electrode)

[00133] It was seen from the above results discussed in the previous sections that the
simple unified AE Type 2 electrode architecture exhibited the best performance. In a further
step a catalyst was added to the SWCNT by decorating the COOH-SWCNT (100%) with
metal particles, such as silver nanoparticles (Ag-CNT of various sizes, (3 — 15 nm)). Figure 6
shows the galvanostatic discharge curves of the Zn-air batteries made using Ag-SWCNT of
various sizes in AE type 2 electrode configuration. It is seen that the discharge voltages of
Ag-SWCNTs are much higher (about 1.0 - 1.1 V) than the pure COOH-SWCNT (0.75 - 0.8
V).

[00134] This is owing to the catalytic enhancement of the oxygen reduction process (ORR)
by silver. The oxygen reduction process occurring at the AE is complex and involves a rate-
limiting step of hydroperoxide ions (HO,") formation that affects the reaction kinetics and
battery performance. The intermediate HO, then reacts by catalytic disproportionation to O,
and OH . Carbonaceous materials like CNT and activated carbon are known to reduce the
oxygen to hydroperoxide ions. Additional catalysts (Pt, Ag or oxides) are required to
completely reduce the hydroperoxide jons in to OH" radicals.

0, +H,0 +2¢ — HO, +OH

HO, — % 0, +0H



commerci al devices -2 200-600 250-400 [00151] Gas diffusion el ectrodes
(GDEs) based on SWCNT networks lead to a significant wei ght reduction when
conpar ed wot2hiwegisrar GDEs. I n addition, utilizing SWNPsTGeeamabedowi t h Ag
nanoparticles leads to a significant inprovenent in terns of capacity and
energy density in a Zn air battery. The optinum Ag catal yst particle size
was found to be the smallest (4 nn) anong the sanples investigated doubling
capacity and energy density when conpgged to bare SWNT based GDEs. Hence,
SWCNTs decorated with Ag nanoparticles are promsing materials for GDES in
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distilled water was added under vigorous stirring to Solutio
0. 30 of RENG, PrihaONFE SIS e ESRal 845 torhedh Buloheamy TEBIOBR dde |

stirred Z\pN.Eu089d Md8H b APahREHRH U £ BHA< 7.3), and stirred vigorously for 15 -
120 min. The Ag-decorated SWCNTs were separated by centrifugation (15,000 rpm, 10 min)
and excess sodium nitrate removed by multiple washings with deionized water. A stock
suspension of the final product was prepared by redispersion in deionized water (20 mL). For
electrode preparation, the mixture was filtered through a filter membrane (Whatman, Anodisc
alumina filter membranes, pore size 20 nm) using a simple filter flask and moderate vacuum.
This way, the Ag-decorated SWCNTs form an entangled network onto the filter. After
rinsing with deionized water and drying in air, the SWNTSs network film can be peeled off
from the filter and was used as GDE without further treatment. The weight percentage of the
Ag particles is approximately 2 wt.% according to the weight increment before and after
decoration. The Ag nanoparticles decorated SWNTs were characterized by means of
transmission electron microscopy (TEM, JEOL 2100F), x-ray diffraction (XRD, Shimadzu
diffractometer operating at 4 kW and using CuKo, radiation) and 4 probe resistivity
measurement. For device testing, Zn powder was mixed with polyvinylidene fluoride binder
(PVDF, 80:20), heated to 85 °C for 4 hours and finally pressed into films with thickness
around 35 pm. Zn anode and SWNT air electrode were separated by a polypropylene (PP,
Celgard 2400, US) film wetted thoroughly with 6 M KOH. Discharge was measured using a

constant resistance of 1 k2.
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[00141] Larger and poorly dispersed crystals (10 nm) appear at higher pH (pH 7.3) due to
the reaction between excess hydroxyl ions with both silver ions in the suspension and -COO"
Ag" which promotes the concomitant release of AgOH

C-COO'Ag" + OH +Na'> C-COO'Na* + AgOH
[00142] Consequently, fewer nucleation sites are available and the growth of silver
nanocrystals decreases. The key role of reactive surface carboxyl groups was substantiated by
the failure to decorate non-carboxyl-SWCNTs with silver, at pH 6.3 and the formation of
large colloidal metal clusters.
[00143] Figure 7 shows the TEM images of Ag nanoparticles decorated SWCNTs with
three particle sizes: 12 - 15 nm, 6 - 8 nm and 3 - 5 nm. In all samples, the Ag particles
decorate the SWCNT's uniformly. Neither Ag particle agglomerates nor uncovered parts were
observed among the material investigated. Also, the size of the Ag nanoparticles has been
controlled successfully by means of pH adjustment and reaction time during synthesis, as
confirmed by the rather narrow size distribution (see also Table 1). Since the same amount of
SWCNTs and the same concentration of the Ag precursor have been used for all samples it is
reasonable to assume that the same amount of Ag has been decorated onto the SWCNTs.
Accordingly, the smaller particle size leads to more individual particles (compare Figures 7a
and 7b).



13 91 [00159] 9.5 M102 decorated single wall nanotubes (SWCNT) [00160]
Solution A containing 0.2 g - 0.5 g of manganese nitrate Mi(NGB) 2 or
manganesewacetoaikes3di ssol ved in 10 nL - 20 nlL of distill edTwaken/ones3 added
under vigorous stirring to Solution B containing 0.5 g - 0.9 g of KMi04 in
10 nL - 20 nL of distilled water. 0.9p - 0.2 g of SWCNT was di spersed in
the solution under stirring and heating at 50 - 80 C. The pH was control |l ed
from1l - 7 using 0.01 MHC1L or 0.01 - 0.05 MHNG3 (depending on the WD
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results are compared in Figure 8. The advantage of GDEs based on SWCNT networks over
commercially available GDEs is obvious. Weight and thickness are reduced by more than one
order of magnitude which is of particular interest for portable devices where weight and
space are crucial factors. The conductivity, on the other hand increases by around three orders
of magnitude. Among the SWCNT film, the conductivity is significantly higher for Ag
decorated material. (bare SWCNT films: about 1000 S/cm, decorated SWCNT films: 2000 -
3000 S/cm). The highest conductivity (about 3000 S/cm) has been found for the smallest Ag
particle size (3 - 5 nm) which can be explained by a maximum number of additional current
paths within the SWCNT network.

[00145] The electrochemical behavior of SWCNTs films decorated with Ag nanoparticles
has been investigated using potentiodynamic polarization. One side of the SWCNT films was
exposed to the air so that all films were measured in a GDE configuration. For comparison, a
not decorated SWCNT film and a commercially available air electrode (E4A) have also been
tested, and the results are presented in Figure 9. Current has been normalized by weight
(mA/mg) to account for any sample to sample variance while the area of all GDEs was kept

constant (about 1 cmz). In general, the current density significantly increased upon Ag



[00164] 10 Optim zation of synthesis condition for decoration of
nanostructured material [00165] The findings have shown that pH reaction
time and wgN@B/@esscentrati on are the main parameters comrCTesiGRicgodhe

di spersion and size of AgNP on SWCNT. After introduction of SWCNTs to 0. 15
M AgNQ3 sol ution, the pH decreases fypm 5.6 to 3.4 as shown in Table 4 due
to the presence of the acidic carboxyl groups on the nanotubes. WO
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account, the current density increases with smaller Ag nanoparticles which can be explained
by a higher surface area. Compared to the not decorated SWCNT electrode, the current
density of the GDE containing the smallest Ag nanoparticles (3-5nm) increased by a factor of
5.
[00146] Cyclic voltammetry (CV) was employed to investigate the electrochemical
behavior of the SWCNT GDEs decorated with Ag nanoparticles of different sizes. For
comparison, an undecorated SWCNT GDE was tested as well as shown in Figure 10a. For all
samples, a reduction peak at around -0.3 V (labeled with ‘Roy’) has been observed indicating
oxygen reduction (O, + 2H,O + 4e” = 40H)). For all Ag decorated SWCNT films, one
oxidation and two reduction peaks can be observed in addition. The oxidation peak appearing
at around 0.25 V (labeled with ‘O,,’) can be attributed to the oxidation of Ag to Ag,O (2Ag
+ 2 OH- > AgO + H,0 + 2¢). The first reduction peak at around 0.28 V (labeled with
‘Rag’) indicates the reduction of Ag,O to Ag, while the second one corresponds to the oxygen
reduction mentioned before. An additional peak for the bare SWNT sample can be observed
around -0.1V (labeled with ‘C’) and is due to oxygen containing functional groups.
[00147] In general, the total current density for all reduction processes increases when Ag
particle size decreases due to the higher surface area for smaller Ag particles. For all Ag
decorated SWNT films, reactions due to surface functional groups cannot be observed
indicating that Ag oxidation/reduction and oxygen reduction become the dominant features
upon Ag decoration. For a more detailed analysis, the total charge for oxygen reduction was
been analyzed by integrating the corresponding peaks of CV as shown in Figure 11. It is
obvious that the charge for oxygen reduction increased significantly upon Ag decoration, and
further increased with Ag particle size decreasing. Hence, Ag promotes oxygen reduction
reaction under the experimental conditions applied.
[00148] For device testing, the SWCNT networks decorated with Ag nanoparticles have
been used as air electrodes in a home build Zn-air battery configuration. Note that neither a
binder nor a water repellent such as PTFE has been added. For all devices tested, the Zn
containing anodes have been prepared the same way. Hence, all changes in performance are
due to differences between the SWCNT based GDEs. The discharge characteristics are
presented in Figure 12.
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[00149] The open circuit voltages were around 1.2 V which is in good agreement with
values of commercially available devices confirming that neither SWNT nor the Ag particles
lead to different battery chemistry. After connecting the device to a 1 kQ load, the voltage
dropped according to the conductivities listed in Table 2. The different operating times were
due to different amounts of Zn material used.

[00150] Among the Ag-decorated SWNT GDEs, the smallest particle size seems to be
favorable over the other particle sizes investigated. Not only the voltage drop is minimized
due to the highest conductivity among all samples, but also the discharge curve is among the
flattest ones when compared to the other samples. For a better comparison, the performance
of all devices has been summarized in table 2 in terms of conductivity of the SWNT film,
specific capacity C and specific energy E using C = I*t/m; and E=I-V-t/m,, respectively,
where I is the discharge current, t the discharge time, V the operating voltage, and m; is the
mass of the SWNT based GDE and m, the weight of the device including electrodes,
separator and electrolyte. Compared to GDE based bare SWNTs, it is obvious that both
specific capacity and energy are improving upon decoration with Ag nanoparticles with
diameters less than 8 nm. The best performance has been achieved for GDEs based on
SWNTs decorated with the smallest Ag nanoparticles investigated. Both specific capacity and
energy density have been doubled. The improved performance with smaller Ag particle size
can be explained by a larger number of Ag particles leading to more catalytically active sites
and subsequently to a higher current density. On the other hand, decoration with Ag
nanoparticles 12-15 nm in size decreases the device performance possibly due to a lower

overall surface area compared to a all other samples leading to a lower current density.

Table 2: Characteristics of Zn-air cells utilizing GDEs based on SWNTs films decorated with
Ag nanoparticles of different sizes. For comparison, the typical performance range of

commercially available GDEs and devices has been listed, too.

Zn-air cells utilizing | GDE Conductivity | Specific Capacity | Energy Density
a GDE based on [S/cm] (mAh/g) (Wh/kg)
bare SWCNT 1025 270 125
12-15 nm Ag-CNT 1840 170 85
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6-8 nm Ag-CNT 3020 340 180
3-5 0m Ag-CNT 3090 515 300
commercial devices ~2 . 200-600 250-400

[00151] Gas diffusion electrodes (GDEs) based on SWCNT networks lead to a significant
weight reduction when compared with regular GDEs. In addition, utilizing SWCNTs
decorated with Ag nanoparticles leads to a significant improvement in terms of capacity and
energy density in a Zn air battery. The optimum Ag catalyst particle size was found to be the
smallest (4 nm) among the samples investigated doubling capacity and energy density when
compared to bare SWNT based GDEs. Hence, SWCNTSs decorated with Ag nanoparticles are
promising materials for GDEs in light weight applications with higher performance demands.

[00152] 9.1 Gold decorated single walled carbon nanotubes.

[00153] 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) (4.5 mM in this
example) until the pH stabilized at predetermined values ranging from 4 to 10. SWCNTs
suspension (0.08 g in 15 mL of deionized water) was dispersed in the solution comprising the
gold precursor (molar ratio of gold precursor to SWCNTs should be 0.1 to 0.55). The pH in
the solution after mixing the SWCNTs with the gold precursor is about 3.5. The resulting
mixture was aged at 75°C with vigorous stirring for 30 min after which the gold loaded
catalysts were collected by filtration and washed repeatedly with deionized water to remove
chloride.

[00154] 9.2 Platinum decorated single walled carbon nanotubes. The solution of
H,PtCls.6H,0 (3.0-6.3 mM, Aldrich, 5 mM in this example) 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 precursor solution (molar ratio of Pt precursor to SWCNTs should be 0.1
to 0.55) followed by the addition of methanol (Merck) as a reductant. The suspension was
aged at 75°C for 40 min and washed several times with deionized water.

[00155] 9.3 Synthesis of MnO; nanoflakes

[00156] Solution A containing 0.2 g of manganese nitrate Mn(NOs), dissolved in 10 mL of
distilled water was added under vigorous stirting to Solution B containing 0.5g of KMnOj4 in

10 mL of distilled water. The resultant solution was stirred for 2 h and then transferred in to a
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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.
_[00157] 9.4 Synthesis of MnO; nanoflowers and nanowires

Aqueous solutions of MnSO4 (8 mg/ml) and KMnO4 (20 mg/ml) were mixed and transferred
to a Teflon-lined stainless steel autoclave. The autoclave was then loaded into an oven
preheated to 140°C. The dwell time for the reaction was varied from 1 to 18 hours in order to
optimize the material for electrochemical applications. By heating the well mixed solution of
MnSO, and MnSO, for 1 hour, MnO2 nanoflowers are formed as shown in Figure 14 (left
image). Increasing the hydrothermal reaction time further to 18 hours, large amount of
individual nanowires are formed as shown in Figure 14 (central image). The diameter of
MnO2 nanowires is about 80 to about150 nm and the length is more than 1 micrometer. After
the dwell time at 140°C the autoclave was cooled to room temperature naturally. The formed
brownish black precipitate was filtered and washed with de-ionized (DI) water to remove any
unreacted starting material and the soluble byproducts produced during reaction. The
precipitate was dried at 100°C in air and MnOz nanoflowers/nanorods were ready for
collection after 1 hour. Figure 14 (right image) shows SEM images of commercially available
MnO, powder with particle size of 2 to 3.5 ym.

[00158] The BET surface measurement of MnO, nanoflowers, MnO, nanowires and MnO,
powder are summarized in the following Table 3. The following Table 3 summarizes the

results obtained from these measurements.

Table 3: BET surface area (m”/g) of MnO, nanostructures and MnO,; powder

MnO; nanoflower | MnO, nanowires MnO, powder
BET surface area(m’/g) 106 13 91

[00159] 9.5 MnO; decorated single wall nanotubes (SWCNT)

[00160] 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 KMnO, 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
pH was controlled from 1 ~ 7 using 0.01 M HCl or 0.01 - 0.05 M HNO;s (depending on the
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hydroxide and stirred vigorously for 2 h. Then the contents were transferred in to a Teflon®

lined stainless steel autoclave which was placed in the oven for 4 - 5 days at 170 °C. The
resultant dispersion was washed several times with 0.1 mol/L HNO; till the pH is 7 and then
dried in the oven at 80 °C for 24 h. Nanotubes obtained by this method are illustrated in the
TEM image of Figure 15. Using the above methods the TiO, nanotubes can be decorated with
metal nanoparticles.

[00164] 10 Optimization of synthesis condition for decoration of nanostructured
material

[00165] The findings have shown that pH, reaction time and AgNOs concentration are the
main parameters controlling the dispersion and size of AgNP on SWCNT. After introduction
of SWCNTs to 0.15 M AgNO; solution, the pH decreases from 5.6 to 3.4 as shown in Table 4

due to the presence of the acidic carboxyl groups on the nanotubes.
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[00166] Subsequently, the absorption of AgNOs with these groups on the CNT forms
COO-Ag groups (Figure 16). 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 4 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 SWCNTSs was the largest with the diameter about 15 nm (Figure 17a). As the pH increases
to 6.3, the Ag nanoparticles size dramatically decreases to 6 nm (Figure 17b) 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 17b and 17c¢). This indicates that longer reaction time
actually yielded larger Ag nanoparticles through the crystal growth and aggregation after
nucleation. The variation of AgNO; concentrations (0.05 - 0.15 M, pH 6, aging time 15 min)
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was studied to optimize the condition which the colloidal Ag cluster formation can be
prevented. At the excess Ag precursor than required for nucleation and growth (0.15 M), the
mixture of large colloidal Ag clusters (20 -~ 100 nm, Figure 18a) 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 AgNO; concentration to 0.10
M. The lower dispersion and smaller silver crystal size, 1 nm, on SWCNT surfaces (Figure
18b) were achieved at 0.05 M AgNO; solution. XRD pattern (Figure 19) confirms the
formation of cubic Ag® at 20 = 38, 45, 64, 78, and 82.

[00167] 11 Electrode for supercapacitor

Figure 21 shows cyclic voltammograms for six supercapacitor devices with following
clectrode materials: reference device with CNT electrode (designated CNT in Figure 21),
mixture of nanostructures of MnO, with CNT for five different weight percentage (wt.%)
ranges: 6, 10, 30, 50 and 70, which are presented in Figure 21(a) for MnO, nanoflowers and
21(b) for MnO, nanowires. MnO, serves as catalyst material. Both MnO, nanoflowers and
nanowires with 6 wt.% reached the highest capacitance of ~ 198-209 F/g. Figure 21(c)
shows specific capacitance versus wt.% of MnO, nanoflowers and nanotubes mixed with
CNT, which indicates that 6wt.% is the optimized mass ratio of MnO; in CNT electrode for
obtaining highest specific capacitance.

[00168] Cyclic voltammograms for four supercapacitor devices with following electrode
materials: reference device with CNT electrode, 6 wt.% MnO, nanostructure mixed with
CNT (MnO,-CNT) for three different morphologies: nanoflowers, nanowires and powder
(powder in the form of micron-sized particles) are presented in Figure 22(a). The specific
capacitance of all the devices as determined using both cyclic voltammetry (CV; Figure
22(a)) and galvanostatic charge and discharge (GCD; Figure 22(b)) methods, ranged from 58
— 209 F/g as shown in Table 5.

Table 5. Specific capacitance, energy and power densities measured for CNT and MnO,-
CNT devices using both CV and GCD methods.

Capaciatance(F/ Energy Densi

Sample P ¥le) &y i Power Density( W/kg)
CV Galv (Wh/kg)
CNT 119.5 57.7 3.1 483.2

CNT+ 6 wt.% MnO, Nanoflowers 208.9 78.3 5.0 767.6

CNT 119.5 57.7 3.1 483.2 CNT+ 6 wt. % Mh02 Nanofl owers 208.9 78.3
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CNT+ 6 wt.% MnO, Nanowires 197.8 83.1 4.9 675.8

CNT+ 6 wt.% MnO, powder 148.3 61.2 3.6 651.0
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1. An electrode comprised of:
" a first layer comprised of a mesoporous nanostructured hydrophobic material;
and
Ll a second layer comprised of a mesoporous nanostructured hydrophilic material

arranged on the first layer.

2. An electrode comprised of
= a single layer comprised of a mixture of a mesoporous nanostructured
hydrophobic material and a mesoporous nanostructured hydrophilic material; or
" a single layer comprised of a porous nanostructured material wherein the
porous nanostructured material comprises metallic nanostructures which are bound to

the surface of the porous nanostructured material.

3. The electrode according to claim 1 or 2, wherein the mesopores have a maximal

dimension between about 2 to 50 nm.

4. The electrode according to any one of claims 1 to 3, wherein the nanostructured
material is selected from the group consisting of nanotubes, nanowires, nanoflakes,
nanoparticles, nanoflowers, nanodiscs, nanofilms and combinations of the

aforementioned nanostructured materials in a mixture.

5. The electrode according to claim 4, wherein the nanotubes are single-walled or

double-walled or multi-walled nanotubes.

6. The electrode according to any one of claims 1 to 5, wherein at least one dimension of

the nanostructured material is less than 100 nm.

7. The electrode according to any one of claims 1 to 6, wherein the nanostructured

material is made of a material selected from the group consisting of a carbon material,
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on its surface.

10.  The electrode according to claim 9, wherein the linker is selected from the group
consisting of molecules comprising a hydroxyl group, pyrenes, esters, thiols, amines,

a carboxyl group and mixtures thereof.

11.  The electrode according to claim 10, 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.

12.  The electrode according to claim 9, wherein the linker is a molecule which comprises

phosphoric acid or sulfonic acid.

13.  The electrode according to any one of claims 1 to 8, wherein the mesoporous
nanostructured hydrophilic material and the mesoporous nanostructured hydrophobic
material are made of the same or different substances; wherein the mesoporous
nanostructured hydrophilic material further comprises a linker on its surface as

referred to in any one of claims 9 to 12.

14.  The electrode according to any one of claims 1 to 13, wherein the layers are arranged

on a support material.
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19.  The electrode according to claim 18, wherein the nanostructures are made of a
substance selected from the group consisting of a noble metal, an alloy, an

intermetallic, a metal oxide or a transition metal oxide and mixtures thereof.

20.  The electrode according to claim 18 or 19, wherein the nanostructure is selected from
the group consisting of nanotubes, nanowires, nanoflakes, nanoparticles, nanoflowers,

nanodiscs, nanofilms and combinations of the aforementioned nanostructured

materials in a mixture.

21.  The electrode according to claim 20, wherein the nanoparticles have a size between

about 0.5 to about 40 nm.

22.  The electrode according to any one of claims 17 to 21, wherein the nanostructures of
the mesoporous nanostructured hydrophilic material are bound to the mesoporous
nanostructured hydrophilic material via a linker, wherein the linker is a linker as

referred to in any one of claims 9 to 12.
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ot e D1 alBe BIEGHA0S BCHENHAS 3 P8GO AEIBSRS Ut oo BACRPUPHSAFT FEoYhd Bt | o
via a li nk%out%e%%me RErFhdenifane h%as@pdrb%ﬁéno@@udt@rfe&'}fy@fbp‘hfhd Maftfid] 6ne_of
clainms 9 to 12 . The el ectrode according to any one of clains 17 to

22, wher ei thehmmwamnaﬁmﬂurédmt@bbwtcosered/mﬂlthhéawﬂﬂ@we%of t he mesopor ous
nanostructured hydrophilic material or the porous nanostructured materi al
is covered with the nanostructures. 24. The el ectrode according to claim

23, whgr ei mhiRechHad® addottiht fceelaind 3 SWRALY: tHe BpRIsEReuAks Arbevaly lzpaseaf the
mesopor ous hanostruct ured ydrophlllc material or the porous nano

st r uct ur ed afrtiteesuirfiice of she migsopsreus: pasgstrintesd diydeprhbiccmatenah or theneeredsh t he
all oys are aII s, of. el nts fromgroup 10, 11, 12, 13, 14, 16 or m xtures
t her eof (I lﬁ%?gcrpaai ﬁ@e) 26. The el ectrode accordl ng to cI aim 19,
wherein the alloys are alloys of Au, or Pt, or Pd, or Cu, or or InSe,
or CuSe, or SnS2 or m xtures t hereof or Ag2Ni ... 27. The el ectrode g_cordl ng
to cl am 1Thegirstere acoadingtaclagy de W@r%%F@chMS PromMiFlenmts 598 st i ng

Cos0d,  GooE NS Tiod LhA0 s it PdPPASy ot e accor aing

to claim19, wherein the nobl e nmetal is sel ected fromthe group consisting
of silver, IIad| Iatln m and res t 29. _The

ol ect Phde’ dBesidn %@054\98 shelo 1 uherenhe sl Sare AR A g 2L O P,
Nanost r uct yf gy &]El 9@1?1“3@athGL@eeoﬁmzm%ﬁhﬂesttﬁ@reW@Nld' mensi on of the
nanoparticles s bétween about to 20 nm 30. The electrode according to
claim 29, wherein the nanoparti cI e size distribution for

27.  The electrode according to claim 19, wherein the metal oxide is selected from the
group consisting of Ag-MnO,, Al,O3, M0O3, MnO,, V,0s5, TiO2, Si0,, Zn0,, SnO,,
Fe,03, NiO, Co304, CoO, NbyO5, W,03, and mixtures thereof.

28.  The electrode according to claim 19, wherein the noble metal is selected from the

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

29.  The electrode according to any one of claims 17 to 28, wherein the nanostructure is a
nanoparticle and wherein the maximal dimension of the nanoparticles is between

about 1 to 20 nm.

30.  The electrode according to claim 29, wherein the nanoparticle size distribution for
nanoparticles with a size of between about =12 nm to 20 nm is about £5 nm; wherein
the particle size distribution for nanoparticles with a size of between about = nm to
<12 nm is about *3 nm and wherein the nanoparticle size distribution for

nanoparticles with a size of between about 2 nm to <5 nm is about * 1 nm.



nanoparticles with a size of between aboutrimto 20 nmis about 5 nm
wherein the particle size distribution for nanoparticles with a size of

bet ween aoubrwn2tzz7<12 pmis about 3 rim and wherei n t hecmscoganide size
distribution for nanoparticles with a size of between about 2 rimto <5 rim
is about 1 rim WO 2010/ 027337PCT/ £32009/ 000319 44 31. The el ectrode
according to any one of the preceding clainms, wherein each |ayer is between

about 10 pmto.aboyt 30 pmthick. 32..The electrqde according.teo any one of
the pfecedi ﬁeée_fc Pﬁ% ace gitﬂ_apﬁeonlea?fet};g Pa%ceﬁa%g @%IFR)SI’ esT gt ﬁgflﬁ/??é'ﬂ gs bi nder
or do not - GeRReh S6oRa0N (it tdlasbul BwpRERIR et hanediy1) (PVDF). 33. A

netal -air battery conprising an el ectrode according to any one of clains 1

to 32. 34. The netal-air battery according to claim 33, wherein the

metal jair ttery s a zj.nc:aj at teer [ 1 Lt hi I [

ot um Atum A el ofboRlRE i, e o preBiy i ol WG B R G  96 o
35, wher ei Rokpfsehesdlyete bindeh@r Gt hewdeordiridehpoly@t Blifhioko-D @t étRanediy®6. A
fuel cell conprising an el ectrode according to any one of clains 1 to 32.
37. The fuéPVBE)|l according to claim36, wherein the fuel cell is a polyner
exchange nmenbrane fuel cell (PEMFC), or a solid oxide fuel cell (SOFC), or
an al kaline fuel cell (AFC), or a nolten-carbonate fuel cell (MCFC), or a

phospBari c-ragiethl-bltdlattes] domfpHAg)an ebsctradeladoeedingrat digrale of ehdims éltd 32.DMFC) .

34, The metal-air battery according to claim 33, wherein the metal-air battery is a zinc-air

battery, or a lithium-air battery, or aluminium-air battery.

35. The metal-air battery according to claim 34 or 35, wherein the electrode is the cathode

of the metal-air battery.
36. A fuel cell comprising an electrode according to any one of claims 1 to 32.

37.  The fuel cell according to claim 36, wherein the fuel cell is a polymer exchange
membrane fuel cell PEMFC), or a solid oxide fuel cell (SOFC), or an alkaline fuel
cell (AFC), or a molten-carbonate fuel cell (MCFC), or a phosphoric-acid fuel cell -
(PAFC), or a direct-methanol fuel cell (DMFC).

38.  The fuel cell according to claim 36 or 37, wherein the electrode is the anode of the
fuel cell.

39. A supercapacitor comprising an electrode according to any one of claims 1 to 32.

40. A method of manufacturing an electrode comprising:
= arranging a first layer comprised of a mesoporous nanostructured hydrophobic
material on a second layer comprised of a mesoporous nanostructured hydrophilic

material.



38. The fuel cell according to claim36 or 37, wherein the electrode is the
anode of the fuel cell. 39. A supercapacitor conprising an el ectrode
accor di ngvoeosme7one of clainms 1 to 32. 40. A nethod of poasGRemioussing an

el ectrode conprising: arranging a first |ayer conprised of a nesoporous
nanost ructured hydrophobic material og a second |ayer conprised of a
nmesopor ous nanostructured hydrophilic material. WD

2010/ 0 7337KCT/t C%O 9/&%80 19 45 41. A net hod. of manufacturing an el ectrode
conpri‘si-ng: & HTRPHG H %%b‘b“?%ﬂ’seﬁ PS80 hydr ophobic material and a

mesopor ous aano Sﬁﬁﬂﬁ%‘d o PHIELRIH Ostr otk SfyidAd phoBidtnatbRdl Hnd % ResdpBetha
el ectrode layer. 42. A nethod of manufacturi'ng an el ectrode of a porous

nanost r uct unasstmettened alydrophidic giateridheandor ous nanostructured materi al

ggg;: zg:. et al l{"o%nri'r?gnggiﬁéllé% e‘é{rg ell%g),grpd toits surface, wherein the nmethod

42. A method of manufacturing an electrode of a porous nanostructured material, wherein
the porous nanostructured material comprises metallic nanostructures bound to its
surface, wherein the method comprises:
= mixing a porous nanostructured material with a solution comprising a metallic
nanostructure precursor to obtain a suspension of the nanostructured material
with the solution comprising the metallic nanostructure precursor;

. chemically reducing the metallic nanostructure precursor to allow precipitation
of the nanostructure at the surface of the nanostructured material at a

temperature of equal or less than 80°C.

43. The method according to claim 41, wherein the nanostructured hydrophobic material
and the nanostructured hydrophilic material are mixed together in a ratio of between
about 10 (nanostructured hydrophobic material) : 90 (nanostructured hydrophilic
material) wt.% to about 90:10 wt.%.

44, The method according to claim 43, wherein the mixing ratio is about 30:70 wt.%.

45.  The method according to any one of claims 40 to 42, wherein the layers are formed by

filtering of the nanostructured material through a filter membrane.

46.  The method according to any one of claims 40 to 42, further comprising arranging the
hydrophobic layer and/or hydrophilic layer of claim 40 and the single layer of claim

41 or 42 on a support material.

47.  The method according to any one of claims 40 to 46, wherein the nanostructured
hydrophilic material is subjected to a treatment before being used in the method

according to any one of claims 40 to 42; wherein the treatment is an oxidative



m xi ng a porous nanostructured material with a solution conprising a

netal lic nanostructure precursor to obtain a suspension of the
nanost r ucworedyoredseri al with the sol uti on conprising thecnrsiGaddeo0319
nanostructure precursor; chemcally reducing the netallic nano structure
precursor to allow precipitation of yge nanostructure at the surface of the
nanostructured nmaterial at a tenperature of equal or less than 80C. 43. The
met hod according . to claim4l mhere n ostruct ured h) hobi

mat eri al antEFafIHgn tnah STEE g Ay 8‘6‘13?59@’ @Pwnﬁ% égﬁ%ln‘%rlg %51% BB%IKher in
a ratio of BEIMREHALRUINGY f e, o%tﬂiésﬁ{a%&@lnmtdmam@%cmm&r /?b])asmago
(nano structured hydrophilic material .%to about 90:10 Wt . 44, Th

nmet hod accdraimentt o cl ai m 43, mhereln the mxing ratio is about 30:70 wt.%
45. The net hod according to any one of clains 40 to 42, wherein the |ayers
are formed by filtering of the nanostructured material through a filter
menbr aqxe.  4fhe thb@odREGREin Ct6 QIainNg), hefdy N 1Ry&E afd @idized Qntcacif dthef byt her
conprising arrangin the drophoblc | ayer and/or hydrophilic layer of

cl ai m 40 arspravireg e flggring|capyrusepf eplasme aethnd. 42 on a support material . 47.
The net hod according to any one of clains 40 to 46, wherein the
nanostructured hydrophilic material is subjected to a treatnent before

bei ng 4sed U biienTeldnedaaeeirdinggtd an@noheobe oifime! hitos33Qort an Aectrolder ei n
the treatment is an oxidative 46 treatnment or sinterjng at tenperg%ures

<500C, or renufgtagdi aecpyieng daithe gaethed <f| dBhoge ofyelrms 40Nes 4P ofor

pl asnma tre | asma treatnent. 48. The nethod
accordi ng ﬁ%&ﬁp%;nggﬁlgﬁg¢%rﬁ&eﬁ? f%ﬁg%saare arranged on each ot her by
spraying or filtering or by use of a plasna met hod. 49. Use of an el ectrode
according to any one of clainms 1 to 33 or an el ectrode manufactured
according to the nethod of any one of clains 40 to 48 for the manufacture
of a netal-air battery or a fuel cell.



