| ELECTRODE MATERI ALS FOR METAL- AM BATTERI ES, FUEL CELLS AND
SUPERCAPACI TORS CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] Thi s
application clains the benefit of priority of US provisional
application No. 61/095, 085, filed Septenber 08, 2008, the contents of
it being hereby incorporated by referedce inits entirety for all
purposes. FIELD OF THE | NVENTI ON [ 0002] The present invention refers
to the fi HHECTROBE MATERIMESEKORMEBAL:AR BATEERIES FUEL CELLS AND
el ectrochem stry of nmetal-air b ' ells and

el ectrochem cal capacitors. BAMW% NVENTI ON [ 0003] The

| nportance of energy harnessing and storage devices such as sol ar
cells and batteries jn this era of high _gasolin rices hardly needs
Lo be enphasi zed. MEROSSRERRRERCELS Bt TED ABRRIGATIONG (&i mil ar
to that wssA]i N TeRNWRNEIHRRAAIRE iR bsheRRbE ﬁﬁérﬁ?)ofqm pBVididlal application No.
gas-diffusi oh el ectrode (cathode) simlar to that uSed in fuel cells.

Duri ng of&086:08% filed Prptemben B 2008 e ctontestshefriicbeing hesabyli inectperated Hy
expense ' ich is reduced on the air-gas

di f f usi ogéfgﬁteg‘g‘?%ﬁ%ﬁ%yg’%ﬁgf‘?&%bde, AE). AE possesses two distinct
advant ages over the conventional netal-oxide cathode in the primry
batteries: infinite charge c |t | ' I ndependent of the
capacity. The anpere-hour caﬁ@f‘bﬂg 1€ ﬁlllgﬁr battery is

det er m negboly t IThe prEReHttinGdntibh @efefit to MBe BIdAS detfbeherhistry,tpaiiculddo the
air electrode. Hence, the specific_characteristics (such as A /kg and
An/ 1) of clepgochsmisteyaf metalairdiafterdesafigl cofly and slectiochgmisalyapsciioan t hat

of the other electrochenm cal energy storage systens. Anong netal -air

batteries, zinc-air batteries offers the highest specific energy
(Wi/ kg) and energy densi tBACKGROUNDROFTHEINYENEKN and | ow cost .

i ne- ai el . ’ . .
Fong as. [00Ph " F8 cHRQIAL0CR A PHlrGonBh 3 Hotadien R0 sl nfhs 301 gng
| it hi um batierieain is es ofinigh gasvline petas hewllyf meedt turkse gmphliasided. dMetiliaiebatteries

L0 LoD S LA 0l LI Ot 0 B B S
whi ch i s diisionl detodé GEatile) sidliRr ap fHat asdd BNGel ¢BODhANS @péarhtiondft tredtyl

roduces electrjcity b he el ectrochem cal _coupling_ of r tive
P anode 1s electroc)ﬂem%/ca{ly oxidizeg at the expense of the or})tygengfrom a?r, W%x%ﬁ 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 Jow 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/]) 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 lithivm-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 elecirochemical coupling of a reactive

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



metallic zinc anode to an air cathode through a suitabl e aqueous
electrolyte in a cell. During 2 cell operation (discharge) oxygen
adsorbed fromsurrounding air is reduced (OH) using an oxygen
reduction catalyst (ORR) at the cathode (referred to as air

el ectrode, AE) while zinc netal (anode) 2is oxidized (Zn2-1),
providing a usable electric current flow through an external circuit

connect ed, Q%}\[{gﬁfbfnr@m aqg%golﬁg& bAGretAR Surrovn Kod S%@tﬂﬁ@@ SOHa using an

el ect r odeposi el ectrolytes to rep
zinc-air bmgeancchmttmanatblesfs(@&?&idame Githode [ﬂefmdrbm amyldoabdeeﬂﬁésvhﬂ.amnc

Cat hode: o EBLPENRLES oFGRALAE o i Apgple dleniCSument flow trough e externa

reacti on: gZanOodnAstdd $30VEen the 660de[L0Q5] calivde aSificdZS cali bd elsétfodeposited from
el ectrode (AE) has to the at rrosphere and_anot her

ne surface, expose
surface cxpeBueceaIE: &y IS BB #0265t bR AN besepopdary g well as
limting 5QRRQMREHdsN the Zn-air battery cell performance It is '

because oxygen reduction at the cat hode}goses_ subst ant j al
pol ar i zat Hothepoeds; contrQZmHQfg—?@Zn@é'tZ O+f¢ie vol t agB +BbaAB¥tion in

cell di scllaf%g%].at'mgr ef or(g% §+9@&E£6Hof AE with famﬁte_ 40
a

el ectrochem¢ I'netics articul ar inportance. I\/any actors
have beenOestdlrbacthed t&bf@eﬁn@e el ectrocat al yti c P@CY)=naéLe of

AE, (1) t b t b duct i ve,
s sesbeo a5 Ee B FEGH bl ber iR CHF R ot et B! o fisqumospber
oxygen I eghic kh@her Qafick QxphdelRRd, thei dquedireeledtRlyie Qﬁ‘aﬂha| QeHt arth @SR limiting

requires efficient Dbreaki nq}@of oxygen bonds, (jij) Internal pore
st ruct ur eCFRPangRt BEthenaire q3kery P R B BpReicars e ﬁﬁiﬂatﬂon at the

el ectrol %a%cﬁfﬂ%ogésﬁﬁkﬁnﬁa@%ﬁfaﬁ%honQB% %ﬂ&bﬁtﬁ% BYRELBP R widaYe fgdu&tﬂ)% in

AE is tuned to mnimze electrolyte flooding. Hence it is recognized

t hat per f ethdisehargs Theefpr gevislpemenhne e Witho facile selectieshamieal; ignetigfds of
t he types t

owi ng Lo PROCERCHIAREE il stk Bi0E +8F blibby WTUAYE the HElRkplre
ar e r at heperfoomphaexof{ AEG@Y ﬁlembonawogtemwahl employesl mastebeundictixe, possesses
hydr ophobj ¢ | a n

vl oph 1Pz YEFe et SR RS dht ks 1] 3Rt ERvatt 1uRidh BEi0f QR 00
1I The lhyﬂlBCHJ)éb b&bbz&alb}iﬁy@fos& ﬁdqtihtésgmleﬁelehﬂbﬁ&niﬁglﬂfa)ﬁygeﬂ b&nch (hﬁly)l]ﬁtemal pore
el ectrolyte bu ou er meabl e air. T ro lic |ayer 4
consi sts WCEF‘?IQ? %ﬁ?’ﬁp R ORJER26E & HTPRSH ‘E‘ﬁ'ﬂrﬁ‘%l" frplyfe,nd gaseous
| ayers cogé@éthﬁeamptwﬁmﬁﬁ@hebm& Vi Bhe hﬁnﬁ%nédhﬁt mitiRgs élél!&oiy@é/ﬁﬁ&img
on to a conductjve netal screen (usual léé made of N ckel). The

hydr ophi | Henqedyisrecospizad fagt ﬁer&rmamﬁﬁﬂm@ hinges immepgely: an B gongHyction and
suitabl e &R oxi des (M02,

per ovski tes %fp%%gé %%Ebrgl grlggﬁ&é‘l&z’; %yﬁtcd%'g:l)l? atteries consists of

AE t hat aIrOQO@]onstﬂwwgttedhebybm Ifacrhtgs ahet dtri:hitcctm@taf thé campuly used BEmre rather
bi nder and hes al nst. keI

both the sol]JJP &l %'%atlgﬁ TT e s lf g %81)8110;3 eﬁgg\ﬁ @Erﬁ%n%a? S in
screen t hﬁﬁt&ﬂﬁﬁﬂaﬁﬁaﬁ a hy&mp!nhplr@br 4 (bz&&(ﬁi) tliaitdi iV eorttaut wdth the bleﬂﬁelyﬂe 1.
Lg? aIO;Q S ;Tl?é ge rgg?h% 1c ayer spgluqd %g Hp‘er%:éaﬁ% 3 %&ﬁe‘éﬁs % & e but sgould be

permeable to air. The hydrophilic layer 4 consists of single/multiple oxygen reduction

catalyst. Both the layers comprises of a suitable polymer binder that binds the layers onto a
conductive metal screen 5 (usually made of Nickel). The hydrophilic layer 4 consists of a
physical mixture of carbon and suitable ORR catalyst (noble metals (Pt, Ag) or oxides

{(MnO,, perovskites)).



[ 0008] Carbon nanotubes (CNTs) have attracted nuch attention in both
fundanmental and applied study owing to their high surface area,
exceptional electrical, nechanical and thernmal properties. Due to

t hese properties, CNIs are considered as prospective catal yst support
and repl acenent of active carbon in netal-air batteries and fuel

cells. Onmng to this, there are studies on the electrocatal ytic

oxygen r eﬁs&i 71 01 PR Z&c%ﬂ%@@&%oﬂéﬁt%%ﬁ@%%m%ﬁﬂﬁ&éd%yﬂﬁﬁ%ﬁ%& ek
(such as was reported in these studié

usi ng Cl\rrpase @ﬁ@%ﬁwwbgupmﬂqr audtrresping thenmgoineich nigkel geaielreraen imthjchodets as
the AE bu I i e h

|nterfaC|gPég§§§ﬁ?§B Oh%&g&h%opg%%]éﬁeg dg@@%ﬁﬂ&5¥g%g£§§eﬁﬁﬁﬁﬁmnmgmcfa
st udi es, hhﬁoﬁ&bi@l&geﬂfﬂdﬁrelcﬁr’thhe- indeyehé bbhadideankien of hydrophitic 18gb {active
with binder aanH%herE? gltives and was placed on a nickel nesh

screen. [8899% 5 Ca%Hed exists to develop further materials

sui tabl e {epoRe UEBHoASalRELA (CNIS) %e%k%%eﬁ%h%eﬁﬁbﬂﬁ%dﬂ?md&hental and
| east some of the problens referred to above. SUMWARY OF T

| NVENTI ONapripdeiudy osving tostheinBigh surfacetsecapexesplipnal ﬂm@al,dﬁecﬂlémﬁlgné éhermpal
el ectrode f el

manost  ucPuE Ry o e ST MY R AGRTH SRS RA i port and
conpr i sesreplavementorfoactive ambset i otetal-ait Haytekiespdnd| fuel callscOivalg G thisn ede are

on the first. la a r.t her aspec t he present vent r.ef .
o ol o iiish 3 He alhdbatali e BORE Sng oA B S AR Tl e
of a r‘resopﬁ'helgs r(]smgn@stﬁrgml %Pt Mﬂ]lrngh@bs eepﬁnécehi thkseaddatics mmd o?w as
nanostruct ur.e ro | c materia r a. si (0] a
porous naffidFFLSE YIPIPEg Vet opuctifity agﬁ%ﬁa‘é Wéﬁ[)‘@ts}gﬁ‘ gpidyincreased

mat eri al ﬁié%fﬂréﬁ-&eé]ﬁia@é Mt&fd&?dﬂ@&hrfﬂﬁéwg% n-)MEcﬁﬁr @éd%c cés@ ]&J’cﬁe above
surface of the porous nanostructured materi al . 111 I'n a further

aspect thétu@«eé E witre made in {he canveatiensgmethod oﬁw&pg T with pindgr gd ggher
fuel cell \fes%ﬂ@%{ag ggd&pgmggém{ $idgnan el ectrode descri bed

her ei n. [6 I'n anot her aspect, e present invention refers to a

met hod of [Or@aﬁhf aEhllﬁ anepdoaxistd @oiewddleﬁn'ﬂmma@naig sratablmg ibagsesk as gas diffusion
deposi ti ngo é‘trJ }l@%% GONRLLS ﬁle%hh% %ﬁ@rﬁ?%ege%efi 1§ alfoSt ruct ured
hydrophoblc na Cer T aloon A secend layer a nesopor ous
nanostructured hydrophilic material. [0013] In still a further

aspect, the present inventi manuf acturing an
el ectrode conprising m xi nggmpﬁﬂﬁmwlﬁr ed hydrophobic
materi al EOdOR NRSHEE Qkifect) ARO plekdi idlefion Hedr® pd il electi®ieCtonirised@BEla first

formng a single electrode |ayer. [001 %\]I n still a further aspect,
the preselfen Fhcht GOBPTISes ér@eSPB"f&“SrrBﬁ?é Spredgpdronbebie imajeriak aid @ sécond

el ectrodepQfr %hﬁﬁr&ﬁﬁm@@éqQ%ﬁésHﬁ&rHﬁse&nG?&&Hr@d hyOOHBE TdiRl RRGEIA on the
nanostructured material conprises netallic nanst tuct ures whi ch are
bound to fitsé lasigr flacefusther hwegho theupreseah bwertinn: 1efessl tavan electivde qimeprised of a
net hod co | : .
et one B 65 B HR L BOEHEL LS BB S b
suspensi omdb mdssepmaugahnusﬁﬁmtumd hydtophiliel mafietisl; ohe sinplatlayen comprised of a

conprising the net c_.nanost ucture recursor fyrther, step .
PP S hofortts, s esuctafedh AR, Pt B S sngefipdtutel] troErial caprises
precur sor meRNR daavstRicRedstitiat az%o@rtd th Mg NIAEOSETHEDMHESnAAbstildirsdhbRE4.

of the nanostructured material at a tenperature of equal or |ess Than
80C. [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



[0015]In still a further aspect, the present invention is directed to
the use of an electrode as described herein or an el ectrode

manuf actured by a nethod descri bed herein for the manufacture of a
netal -air battery or a fuel cell or a supercapacitor. BRIEF

DESCRI PTI ON OF THE DRAW NGS [ 0016] The igpwvention will be better
understood with reference to the detail ed description when consi dered

i n conjunctl 1 =] 1.0t 019 t A
ar avi ngs, PHOGRER pofobpitic' Mol 2IRLER B3P CAmpREar B Mporcus
of net al - aiahodtattuesd Isdrophilicyestenidl , a netal - air battery known in the

art (Figur ), .SuC a zinc-alr batfery is de, up_o ,
hydr ophobi [gofﬁye fn E@E Paﬁ%\er?sm%?hq gre'?eﬁ% ’(98%‘?@9 rg%‘% 9 a&inp&gﬁa f panufacturing
hydr ophi | igg d@@de ‘J:oﬁaﬁﬁﬁh% hixingad meSopofous MaheklucitddhjdieptbrRCibeti Md a
1. The hydrophobic | ayer shoul d _be i nperneable to th aqueou1s

el ect r ol ytreesepasges ranadiruetused huirorbil mateigal gand forpige WH%@&?W@@ aYFer 4
consi sts inghel 1 381?%9 [WaVel t :

| ayers 3, ctgo?:ﬂnprh? g@g 5o a&s téﬁkeﬁrg%figﬁn%%%%%#y?haa?gﬂt}?%gg Htﬁﬁ%facmn?g
| ayer s on anclstrodnadicpirees naosiiuchredmatefal( wherzin the pexdus onosiredtercd material

The hydrophili.c |ayer.,.3 consists of hysi gal .m xtyre arbop.a

sui tabl e c‘ﬁﬁpﬁﬁsa@/‘g?“‘% ngﬁogﬁ??éfrgﬁ SW%E;F, a{%g%? rCl ot9<i s S‘%V[%cgz ,0 P e B&ous
per ovski t eshgstrudiifedanataiar T methodcngiseamnidity apsleuofanastmehabd msateribllwith
used in netal air batteries, such as zinc or alum niﬁz?.oxi de.

5
Figure 1B POlpiqr serprising g metellic ngnosiiaiyre QISR PRIFR| % SHPERRomAE the
el ectrode ﬁnos@ru@@ré&%ﬁﬁﬁﬁﬁﬁﬂﬂﬁé@%lﬁtligﬂ Ebrﬁ}ﬁﬁm@ 88 te@li§c Sanoéniture precursor. In
ro |

hydr ophobi ¢ | ayer 3 and a hydraop ic layer 4 are |am nated or

stacked ort fusperstepdhe methofepmprises shemicaldy sededng theapsfallie ARROBLVRAYKE PregpLsor
The nanosty Ugbeelifiilioh b tnetihohiubitd A He!sififld o the BadbiAh AR biaferial at 2
| ayer can be m Xe th catal ytic nanostructures or the

nanost r ucttempstatoeet afielwdl oc dess $ian80%® such cat al yti ¢ nanostructures

(decorate ostructured material). In.a firt . i

o her oi n ORETY Y 1 87} A0hTabiEc, Bieprotet Byl i s P e Iy didoRiboe
mat eri al aBdebdiibel Yigki«p o birc clettealeroamiriired byl a atethod Zexdrivddt hereiacfor the
other to formone sjngle |ayer 9. AJP%]? i.n the enmbodinent illustrated
in Fi gur e MRRUTACHEE ol B ORFEY ora 8t $4) O RSP RE AP B hpr i sed i n t he
hydrophilic |ayer can be mxed with catal ytic nanostructures or the

catal ytic nanostructures can be bound to the hydrophilic
nanostruct ured material BPBEEEDPESCRIPIAON OF It P&Ug\}@ﬁsal ). In

anot her e e Aty e ifeRfib R Yill Be BEASG RS0 WhithSicAlRE tb Mhefdetie® dddeription
the electrode"material 1's nade of a netal nanostructure decorated )
nanost r uctwheadcarsidereilain eonjurfcionsvith ienporelimiting: exampleshandriieg pecompanying
nanostruct&lﬁga“%nge%& tc d nanostructured material can conprise for

exanpl e a Noet ruldtired materi al, such as carbon nanotubes. The

met al (metjed17]c) FgnaihsttatésudiFarentoafigmstions lof aretahairdptertds Clnegenerivl) @ 2netal-
nanof | akes, L\]/hOZ Eq%nofl_o rs,  OL. I\/hOf anow res; .are l%o%nd to t(gee £
surface of®% Ay, XRGWR Hc x%(ﬁ’ﬂl’é@r'é’ SHEh 35§ {3 DRYEY g TRiY up of 2
shows gal yaaRphelit fayel @EMBNYIE thaths Ve Sorffdct #ith Airfan€ @ Hy8roghilid Jays 4 (carbon) that
Conventional , "b) AE?%y(%el (g?a ure 1B) (stacked P- CH(}JIO-l#buckjapaéers)?
and c) AE isypeqntzctwitr ef@fﬁegscbﬁhemopéablséﬁyeaﬁrshealfimﬁdwemblzi tgthe
foil anod i I i i : :
Zn-air cel géoglgije%mgj)y%c zlalrgqbug Eﬁﬁ%% p}égfg%\%;fefﬁoi %ﬁa l%can Q’?\“Eﬁ%%%sé%mm of
el ect r ode singiahaubiblel 099genaxtdudion bjatdlysENBotanthe clpy@OISEdiiprses of a suitable

G e g o o PR e AR by T oo 0050 8RR bty mace of
confi gur at}iﬁ@l&béy.\ﬁlhb hyadophilie 18y 3onslis OPDPhBNENMik R ofdehdr- SMGHikable ORR
(P2). [00212 i a] 5 shows a variation of a) D scharge voltage_ and b%

Di schar ge cefafist (ioble metalsdPt Ag) o axidss (YAOH PRyEiiERS)p dhe epuntgielectrode 2 can

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



[0022] Fig. 6 shows gal vanostatic discharge curves of Silver (Ag) of
different sizes a) 6 -8 nm b) 3 - 5inn and c) 12- 15 ri m decorat ed
on to 100% COOH SWCNT. The Zinc air cell was constructed using AE
Type 2 el ectrode configuration. 6 [0023] Fig. 7 shows TEM i nages of
Ag nanoparticles decorated SWNTs with the particle size of (a) 12- 15
nm (b) 6 - 8 nmand (c) 3 -5 nmas well as x-ray diffraction on

sanpl e c. Pﬁ%ﬁa‘ﬂ?v 1Ehﬁrate§ alrhét&lsﬁrr Sy BesbrHER et Bk aﬂ@%d@@s 805 98Rribed
di f fusion ctrodes with comrercially avail able GDE

(El ectri c Odef %sr‘b%hydraplmwmrl %@d@b@dﬁm)@c lam:cr%miammated or
product saelééatﬁi \1%;; b L&A rs%hlemiﬂahphfaeﬁ%e%gl Zapg glafe%fi gﬁé o ﬁ’z{nbé’{gmmred

[0025] Fig pot enti odynam ¢ pola an un ora
SWCNTs, ¢ @)mh@md: | whichhisacomprised t modlb d?tydroﬁgﬂmamyplarcan che snited owith echtalytic

SV\CI\I'I’svm rent_ par |cIe Fig. illustrates a
conpar i so F 1 v@‘f 1(5:1 &até%{f? ’é\c?é%l %ﬁ?%th?Fn structutes
differ ent (m,bfateal BarfisteGued xﬁ@taﬂaly at b af fuleMéiboditacat IYefbeti B! herbiaNand

Figure 11 illustrates. the total charge for oxy

d
Feduct | on It gb AGEE 4l o GPRIRE Pleelc QeI PHbe AyGRbYR gleczale

shows a diffdial 4R Witdd Wik @ r
usi ng GDEs based on SWCNTs g‘g%:gﬂrm;ﬁ Eed;?dle-ﬁﬁ{t ﬁﬁﬁgn%lfgn%%gﬂ |%12@%%é Eihbodiment

di f f er ent liustrated fp Figur 4€, i rheostmctuzadonatedal ofhighn lmmn@tiseérm thedirdrophilic
| eadi ng t dey 9

shows 3 TERF e N T lfte nediil Bl 0F R PHRE nepchB o B P e
her ei n antb tiwi Igtirephilec hawsitnotured neaterial f{(deveratdd ﬂannetnmﬂirédJmaﬂerrﬁd) In another
mat eri al . S e bar 00 14. sho E es .of W02
nanof | owef 4‘5’!‘3{n ﬁeﬁ?ﬁﬁg)to %ﬁl%‘fnﬁglhwggén ?’(%’Fﬁ ﬂ?ﬂ ﬂ% %@t‘gﬁ%%é’ﬁﬂe% gspmade of
powder ( ragﬁétall mg;)ume dedRtled YamstRéthed Haeed 08 dohey 8istheld BS& 0. The
bars in all inages urr) [0 31] Fig. 15 shows a TEMinmage of TIQ2

nanot ubes™5HY aP4ReETYHu JauestusEEedh apaisrial ffg GeBgrisefor example a
decor at i Oﬂaﬂﬂsﬁnﬁbtﬁ@& ﬁ:laté?ﬁﬂ@@&fés‘ alRa r@ﬁotqg‘éc'f'hé)ﬁgtahﬁﬁﬁélﬂc) I%lg%tﬁl(oh?ésf ?]uch

100 nm [0032] Fig. 16 shows proposed reaction mechani sis
deposi t i ofs BiVerpangpwtiplgh drQsnanpBakes, MaPposnplogers gy MAOSHENTEresrade $dnpd

t he resol {gm‘g%gég mg%éﬂﬁatkg- surfaces at high pH

[0033] Fig | mages SI'lT'ver decorated carbon
nanot ubes)OORB} h Rig. & ahopogdvanbsatis diesharde dqumes ab AntairkBlinnsitp ) Gbwwhtichal,

o 2n (o0 8r el Q04 e R B B fE Sha  AERB L1 -
&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 c) COOH-
SWOCNT 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 2) 6 -8
nim, 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.



AgN33) 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 ntn at 0.05 M (AgCNT2). [0035] Fig. 19 is a XRD pl ot
showing the netallic silver reflections of AgCNT6. 7 [0036] Fig. 20
di scl oses the general principal of the method of manufacturing a
porous nanostructured material wherein the porous nanostructured

mat eri al i's i ; | &GPy .
shown in |gu1e g 4 %}‘ﬁ‘l’éﬁggﬁ@?@ﬁ%@%ﬁ{e@%&mﬁ%@?ﬁ%ﬂi cal&lggg-?pé&l cle
conpr i si neizé phifad 12 - Wh oot (Brfe- Srouad (oh 3 i-t55ng as Weld @s k-gayndiffeattion oinsample c.
sol ution i S§ C .pre . In a.ste f

chem cal | E@Bjﬂuc % 8t Irté;g'(.:iluéroéH (rgn%d;%nt %@ﬁ@@%iﬁ%sr%ﬁ?g% Q‘SCWG%(‘?]HES)
nanost r uctavﬁttﬁ!gmfr@efrﬁianyl ]leﬁtabtei @icli)Ea(E*lectﬁc tﬁﬁell Bmité@daagx% Efﬂd&“ line E24A; BASF,
nanostructured materi inding to the |inker. 7]1..Fig. 21

shows cyc EHWI*P@ﬁﬁﬁgﬁ”ﬁ%ﬁ%@f?ﬁ%&h@%,wm&ﬁwcmﬁ‘wth 6,

10, 30, Sfhoas 7RigM §0 ghovd Gotentib @i lpAaizR8R0T AOWR' Smddchamide SARCRIs,
nanow res neasured at 20 nVs-1 fromO to 1 V. Figure 21 c: Specific

capaci t ane@nmercial sE4t i Flepiaiz ah 412) panepattiglesl deeeraicd bBY CHTsewith different
CNT, whi cgmjdg]gis%g es that electrodes wwth 6 w % of M02 obtai ned

hi ghest speci'ti ¢ capacitance. [0038] Fig. 22 shows cyclic

vol t anunoffl026s f Big. gt sliustreteCNT compatisan eofo bydGNTveltadmdégravhs %foh g M@@rated

t . .f , . d - _ -
powder meRdSRSTe Rtk ST BoRP s ee 7sod e qrup P g B R sl e
char ge- di gxolaaj{)gem‘guw ¢ ilhRfrated e SEMEhERE foeSyRBNfddastieh foNud@porated and Ag

a

nmeasur ed at out 1A/ g, [0039] Fig. 23 shows TEM i nages of single
wal | ed ca@??&?ﬁt?ﬂa%W@gggh%%i ch have Mh02 nanostructures bound to their

surface. [oespYerRIa2SieSs A dbsfifrftaRaa d Helstihe Fest starkE MR AR e} dsiig
10 m. (left "and right inmage show the same structure but the
magni fi cabiP&s basedijopf SPEANTs decqratedy aiith| At nanapayiclen Of Wikferenasice. Pigte that

right im HESRY ke BEQEEQE |

[0040] I n %%@2%%55 %I‘ﬁ,eg pr esen?gglh%éé?t&% on Fg ersto %ﬁg@e%%cg%e

conpri sed{06R9h f Figs13 Blanwer 2 WEMcimage op Migsapofilaken poirined by a method described
nanost r uct ur.ed . ophobi ¢ terial . and a second layer. Wi gh

Comr i soctdbRded S aaR L SatPiht Skt ROn PrpRrritred BTt Rod by g0

on the fi[®80] ayRig. 14 Bhews BEMhi@ages pENMnO, thafofivese (Ibft iinygd)) Mad, hedevies
to an el ectrodqe conpri of a single |ayer which conprises a mxture

of a nesoés? STRERLET %}Qﬂ%@&@ﬁ%ﬁ%ﬁ% m@# 8 & ﬂ@ﬁﬁéﬁ%ﬁaﬁgﬂm-
nanost r uctsb18 Hak YulsI0Rhidek ¢ pwt erial ; or a single layer conprised of a

por ous nanostnctured material wherein the porous nanostructured

mat eri al K8Fpk i sBig- ke shows 8 THMh segant Tiegandfubrs ahtpinedsbis amelead described
et | e R o P e e 00
hydr ophobiw. materi al; and a second
[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
AgNOa) to the silver decoration of the nanostructured material. (a) Large colloidal silver
clusters formation at 0.15 M (Ag-CNT6) and (b) Average size 1 nm at 0.05 M (AgCNT2).

[0035] Fig. 19 is a XRD plot showing the metallic silver reflections of AgCNT®6.



S layer conprised or consisting of a mesoporous nanostructured
hydrophilic material arranged on the first |layer, the nmesoporous
nanostructured hydrophilic material can further conprise catalytic
nanostructures which are either physically m xed with the nmesoporous
nanostructured hydrophilic nmaterial or are bound to the surface of

t he nesoporous nanostructured hydrophilic material. [0042] In a

second e n f

conpri ses 1P oTon gl S B, En8al paitGf 8RS AERoR of Bl g Pitious
hydr OphObhﬁndmﬁﬁﬁteal matedalawﬂ’fmnp tireo pmrcnm masdstructizedentateyidk ophpiijes catalytic

material, the rreso nostructu h hilic mater

further cBﬁ’iﬂsﬁg‘éml@ 8\1 'iocl?sn%'ﬁ%%et AR BWE%X gfrﬁ“@%ﬁ%raenaé‘f)ﬁtﬂlézbnﬁ%ys%{égall q%ey
m xed Wit et BERp %}ﬁfyﬂ&i&% BARGS thidH areasbuhy Ghophidrface i@ kikédalvithra suletion
bound to the surface of € Mmesoporous nanostructur Eeﬂ&ﬁﬁgr Ophl lic

mat eri al . CPODASHE magosickEE ERFSHPHBNIIN Bftep Bt CheRE Yelfigs they precursor
consi SUS Qladia® b B HEI< SOt HafihiRlinfcd Rithodd fedtbitale APRUSHface of the
nanostructured nate

wherei n the porous nanostructured materi al
conpri sesnam;ts&hcbthmdrmmmﬂbwbmdmgsomwlmhezare bound to its surface,

i.e. the S nanqQgtruct ur erial 1s.her. 0 e

decor at edm@gg %&?3 i‘ﬂwﬁrﬁ?"g}c’ ‘gﬂﬁttagjfmﬁf)%u@r aegtg%%aékz Ir]fng?]H(%llsetérjf Er“g 6,
mﬁt e ][ ial. 1PW6%|M0@%%MMC%¢F@&£{H @Lrﬁ?mwd@e(ﬁgﬁe RY bj admoiviras measured
the formof sta menbr anes_py_ si e filtration a

or spin- c@hthn@Vﬁr ofemsRé 1H¥ncFég‘Fﬁe21n8e§PF% °§68?th‘8‘?%¥“5‘?¥3§ of Mn0,
(i ke PVDE): afweRindiRokipEdmixd hith GRT, ffifch Sutht (e dlaitodami & ah% of
| i ke the one | I lustrated in Figure | Ais not needed. [0045] Using the

above el e@ﬂm@dé)ta;mﬁdughqﬂmslﬁﬁ@apaéﬁ@%l ein anetal-air battery, cell
perfor man e 5
. Goasiu hE é;n 2 %{‘l }»&R&&Y Gl graJJ‘Forﬁ%EMEe B hiRR%e of ONT with

conposi ti uce the "size and wel ght of future
devi ces, swuch o:ﬁst@i ahncatructiuas tsech @s najafliwerse [nagowiress apd mieiendized pewder

TILS o et B RS, 0y OB 505 Ao APBRLAA A e RSP

swi t ching dbﬂcésﬁﬁ@ﬁloﬂb@ﬁi(ﬁﬁﬂ&sﬁ&ﬁpﬂﬂjmtm@ hence the act uaI deV| ce

size woul d becorre_srral | er wi bette it The ctr.ode
conposi t i A& an¥ig 29 %W%%LEWS Ggﬁgg% aﬁeé ?‘%P’énf%ot %I’th have MnO,
batteries pafloshciteddahe Rhedt s@dtdcelBhd a¥dr M&H gh ﬂiwnﬁxﬁsthMﬂ'esaldeeen

i npact on printed power applications. [0046 eneral , the

nanostruc 'Plédl tead i@ mimy | (eflsend ﬂ@tt%g%ﬁkﬂ?ﬂ%w T’ B Gt th prguification is
can be marny u | s ¥t AR B in the

applicati ons %T%rﬁf}%} eggiwﬁllﬁfosrc exa 1@@ e nanost ructured

mat eri al can be made of a carbon materlal a ceramc gl ass such as
soda-lime gl ass, p%ﬁ

(Muscovy- gl ass), b’gﬁmﬁ’%ﬁ?ggﬁﬁ?ﬁjﬁﬁ ?E such ‘as t| tanl um

a nmetal oXook®] aI]palﬁmyisp@dtetherpremxﬂmmmwfreﬁaartosamr@mdedompmd|cﬁlasﬁrst
made of different, of the aforenentioned nater.,al to. nane _.only.a

few. In ordyeeTHeeh FRMPIises feFSHRELIUS ARSI TR @qs%’hoﬁ r% a fa}{ g a second
carbon matigrl alhicHXGHIRERS aOhePbload niRdsahétated HydfdplilR, mbtetialasreanged on the
limted to “activated carbon, carbon black and graphene. 1 n one

exanpl e, tfg ln.*smobx p faxther eepeshtihe DERseutanyRREEn seterpi toan deritpds compriged of a

nanot ubes
si ngl e- wal¥: iyl ROl f @é@{g&?ﬁ%‘géﬁ% useg*mf’s%“g%f@ﬁﬁﬁﬁophobm material

nanost r uctmdednmm;mmwl naanstrucaneb hydroph;hesnah(sw oma tsknglep layer pemprised of a

i nvention i s porous pores .of .the nostructur r r

ei t her m&oé%ﬁrﬂ@oﬁ?”%%p‘?}?t@sﬂ RSPy eh&}sgﬁ%(?tljfl%%nﬁ Somprises
nacr opor e%&ﬁﬁcﬁ&ﬂﬁh‘d@:ﬁ&@b@ﬁfd&&%ﬁﬂf&c& SI ze of between about > 50 nm
to about 5 &lehl | e mesopores have, a size_of between about

about 50 r[0P4llpudntthe tirel erebastimentt iny ethe rfdeqtrods dt @E@Hﬁ@doﬁrﬁq éli%f Laver

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




[ 0048] Nanostructured material and nanostructure refers to a materi al
wi th dinmensions in the nanoneter range. |In one enbodinent, at |east
one di nension of the nanostnttured material and the nanostructure is .
| ess than 100 rim |In another enbodi ment, a nanostruetured nateri al
and the nanostructure has a dinension typically ranging from1 to 100
nm (where 10 angstrom = 1 nm =1/1000 m croneter). Nanostructured

mat eri al s ;and nanost,r uct ur. 30 be cl aSSIfI

i rons ondins pREBas At ol fopyfiehinoihe R PhidiSoil, b Bhrranged
(al so cal lgacthe @aayet, b asEopoehg ﬂnm&mﬁiﬂhy&dﬂhmc mafiefislaga, further comprise
nanowi res (also called nanofi be“na%% nanot ubes; and Two dimensi onal

(2D): nandfiakibies NapoRHEFERe vEC BRIl o ARIRF . With oMy TRFsQPOTOUS

nanost r uctfHesRittukdae hS}%?&hE UGk Rd of Btr& Mhghd a0 tRARGTAJeUEE URE Sm&dPorous
i ncl ude, but is not to a nanotube, a nanofl ower, a nanow re

(al so cal Inguostan@teddwdyophdicnemieridlake, a nanoparticle, a nanodisc, a

fil f
nanof || M AGACTITELNE St GIRILL PR R ERHNEA S 1Sy
si ngl e- walcomprifes\Wx Epngigts dfminbﬂlmlfhmbs()ﬁdﬂiﬁ)naﬂosﬁmmm-hl}dtdphn‘anMailﬁmals and

W th B df mIbEPRRRehLBPGreh AHSORLD BAeD. ! I GToRPeRS HPAHEERFed

of < 20 ripguRiphificéndtérial cﬁ%@%n@ﬁs& eatayad nﬁoﬁﬁ%&ﬁﬁhﬂc@ﬁ@,mﬂaeﬁphﬁkaﬂy
least 1 inn of at |least 2 gmor between about, 1 pmand 10 5

Doubl e- wa|m1xe¢ Vit the TREANOTGYA MRS YK phEic IR O &%@R@H&%F‘? surface
tightly st %Bﬁoﬁﬂ?ﬁﬁ%& hBOPHardfhifRagAROdi ment the nanot ubes
car

are made o and can e used as single-wall carbon nanotubes
(SWCNT), dotdse- kald tlu:eﬂr bmhomzmm Uibe slegtMENDmpsisesgr toonsigts |ofcasgle layer

G aphi to. SPARESPE oo ot Pui oty Byt QBB e B8 IR Mo Porbus
cyl i ndri cahnsstapi@resionitbddl cbinpnsﬁs metdllic aanostnmmﬁesjwhmhsfrednmhdw itahstafabali e.
symetry, tl%mdln eneral |t ng a.spiral g r ion %Hh terial
chirality. 5[5‘68'?‘1 ?‘? gf’ﬁ’“} ﬁs%ﬁq]&? gﬁ‘b ﬁl% ogfrychiired material or
mesop;)r ou?,ofmgngédm@a ﬁﬁ%ﬂuﬁﬂ?@ﬂﬁtelhhp mat eéﬂl:l[ 0853] aTmest(:)por ous
nanost ructure ophobic materia e

"hydr opholP@44] e@pgmﬁ ftgrial ﬁsanab%%ﬁﬁ@is giogid it the doren of S e Replanes
little af fyonid tﬂ@trﬂf%haipré}pde}ﬁgﬁﬁél oSYEPcRBnYBEREssed. I-ﬁncd tbe héed for additional
nonwet t abl é. ch hydrophobi ¢ structdres or_conpounds

char act er ibimsigrso@likedt VIRBhest they rige pestdain the gtipfor el nleatr@eer;we%féﬁ likg theyane

outside p epggeﬂ& pol ar sol vent, such as water. On
t he ot herqin 3‘%@{#: erm "Shﬂoér ogﬁdl ic" refers in general to a
conpound G004 r uﬁsurgemmbow eletterdaatosapaéitibngfir axampleviare metal-air battery, cell

i cul h h
D Y Sy by Y AL 0 Yl GR Bt

whi ch ar e rexReSRE size irie weiphS iod Sutiby idedodse Rtich ias eneta-aaobatemgl foehtells or
[ 0054] Thus, whether a nesoporous nhanostructured natta]rial ii: e th
hydr ophi | iSEPGFADRGIALS oD S VErRY & FRRtive ox HB“%B‘F SFYies appticefionsy gy, gample the
exposed tQ,dilig (PUltmids (S%H‘Heer(IHEE&‘B Qf 1&&1&50%@9@1%55 sRdhASH toURiésd eRdtrode
material or Tn other words the pol arlt Fd:nds on the surtace

nol ecul es omhipositionse haresolbe ragivs! dan%smmmu Heapmecyaler pyitiskiies portability.

These electrode compositions can also make present day non-flexible metal-air batteries in fo

flexible metal-air batteries which would have a deep impact on printed power applications.

[0046] 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),



[ 0055] A nesoporous nanostructured material is hydrophobic when it
does not conprise any or at |east alnobst no polar groups at its
surface. [0056] Hydrophobic nanostructured nmaterials can be
characterized as bei ng hydrophobic if they have not been subjected to
an oxidative treatnment, i.e. they are umoxidized. The use of an

"unoxi di zed" nanostructured mat eri al neans that the nanostructured
material has .not d }beq)éj

does not &Y “umoé%;hi%%ltyalrﬁ%gl?gﬁ%gasgg suB %Hﬁ%?g%lﬁga%l%@g%l ar %Iﬁlgﬁﬁges of
at its s umﬁ@&&uct&edhnﬂmaiamade of didfetami nf ﬁleeafm'emmed matmlam nzmelonly a
can include, but a imted to a refho Le

strong aci@¥-df %B%e H’SH& Lg}?% OSFiuERd gfe /a?—ﬁ\@g%r lin'ral ﬂﬁngamples
112804 t 0 ypaiRy oA ndtedalk SMEIngs, WhireGlot Mignitel etongutivated Uathone daried didckl and
to an electrochem cal treatment, or reacting it with dOI,[Lb,b?)éb ﬂ ;l,
cont ai ni n@rapdama:dne@ne exrEple sthe hapesiEeyres: Batesial ol frehgas L
acryl i ¢ aghdnfls YWhiY! Pyl | daRgle cﬁxggl'i_’?ﬂanbﬁb&nesu%ﬁadﬁptsﬁgletvb’@leﬂecEaBBon
"unoxi di zé refers o a nanost tured material which has not been
subj ect ednamotah\ascﬁsmT)\meuwéat mant and/ or has not been

functi onal unct i s th

mator i ol 1G4 o oo e stRRpsh B er (AR ushathftsAORR ih S BieEGhy invention is
t he nanos fpbﬂﬁﬂsuﬁﬁé poRdsebf @le nimoktrectaed | Bateridl caro xdiitiat mrauropnteh @nmagopdres.
i ntroduces - ? ﬁﬁs at .the surface of the ‘a&ﬁﬁstruct% otween
mat er i al . AGciging RIS SefiBiion, MasPRRPS, &t SRSKHETSH POTH: Vi dcdessth AW
groups at ;HH& St hAGeastut 5 ﬁﬁl ﬁ&'l@ﬁbidﬁ@ieﬁ hef I8 Es RtweeRaBPa 2GS tobedk 50
for silanisation can include for exanple am nosil anes,

gl yci doxy it dhestodhel perohe sipichse ﬂ&rf@@ost[%%lj mefsireAnd; nanpsfrustizes  hape & high
nanost r uctyred ﬁ?# G rdkPactst lﬁlaf [ 1R SnRurBPEAhE @&aradi@f%d Pl a large

carbon are normalTy not oxl zec unctl onal i1 zed and are thus
hydr ophoblsnrfaddmreaewhxeh can beat laast about G0 2e¢e. dn on¢ pobodiment the gqurface area of the

nanostructure I s.ar n_r as pristine

nanost r uct"dP alls[%ﬁ%tgl][dar %fig@n rr%g@ %hydr ophilic o
nanost r uctrop4sd M&bsmicﬁnmnﬂemﬂaiammgcmmfm tat maiateﬁahwﬁhd'enenswhm
pol ar groups can be |inkers mhlc re bound on the surfac

nanost r uctf SaNGHRRIE fagee- a{ﬁ‘dm%%ﬁ‘g ‘?‘gﬁlﬂ% rﬁeaﬁyalﬁ% 11 g %ef am&mcmed
i ncl udes  gnfretit bh@® BR) nalb MBS 48 Nes ha maﬁmuhn@hmhoaummomcmd
ester, a thiol, an am ne or a carboxyl group. is also

that nixt um@gnaéfan@ ke RRTICHiTR Rt 8 dispensile THbBHRERS fe g 388%(""]1%

used.  Exanpl et SU LA171000 HiBohehd Nalbdiilfired ubtcARI aldbaldsthdds can
to por phyr| ne~(including am ne groups) or polyethylene glycol (PEG

al so knowbeadasgificd {nge foplfellroving diteepyional dyresidi ng - OH groups). [0060] In
one enbOdlirE %"5‘1??8?10{1&216]?)%&‘% G%Rl &e(a?s%rmﬁérfﬁﬂ aeé i nker

i ncl udi ng,”“H or m aceti ¢ ac propi oni ¢
acid, but am@i dimesdichal (A ﬁmmﬂs,amndwlrm(xhnoalbedamndﬁbang)@héatﬂms and
car boxyl i c aC| ds or q (o] exa | e .0 ncl udes -am nobenzoi c
aci d. Fur t11es figpeastone m ﬂb ‘ﬁ'eﬁe LRSS gdla]i] *1'i nker

i ncl udi ng,rofay; nqthe'ﬂaﬁbstn%dtu}@oﬂ)ﬂh@&aﬂwusmaﬁl 16laterial Sl franégruamied. can mclude
[0061] For exanple, in one enbodi ment the hydrophil.ic nanostructu

mat er i al ‘tslt rndwt dimitedc & BowREEERS 2 MBS, AsHENvES @I0aFH nano 5D, o
nanot ube, carrti t T d
use %i( e & na ﬁ%}%%d@é QU Parfdfilrh laRd SeibfGons Wth@%?dr@menﬁone

mat eri al I ¢ nanostructured material and the
hydr ophi | |nznammﬁﬁresqeguam&mwénmmmammwgegarre or different. For

S AR 5 TS BB AR et

material  ugRfndiRrbeN MMNINOARHE CwhiR afpkbsekn be defirraeryiaaylindriehstserwith a
12
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 pum and



nanot ubes whi ch have been oxi di zed and thus carry a |inker conprising
a carboxyl group -COOH at its surface. In another enbodi nent, the
hydr ophobi ¢ nanostructured nmaterial can be hydrophobic Ti Q2 nanot ubes
whil e the hydrophilic nanostructured nmaterial can be carbon nanot ubes
whi ch have been oxidized and thus carry;q |inker conprising a
carboxyl group -COOH at its surface. [0062] It was denonstrated that

w thout ¢ RemkdoroR e B VA0 SRy PR MBI SRR 4, oo

cat al yst sgndigersui tabl e as el ectrode material for exanple for a

metal -air batterﬁhas shown in Fi gurg}g 1B and ﬁ}% [0063}1 Inba fuérther1
enbodi menf0054] calmpyasembasinent the fagotnhes arermadeint cAoB 5B S be used as smgle-
hydr ophi | | r}gﬂ,%t | @uble A cabah YishotiBek EDVAENTREr Shdlthevall
be si npl ybv(r%uxe \%i%%%ﬁéﬁe%‘gg%g?’ous ﬁyﬂr ophilic noanosf{]rbuct urg .
mat eri al ~ tarbéonanciulek (BIWENTH Siegle-wvalrcartion neaetabsssean gt deseried @g @ gaphite

bound to the Sopor ous, hydr, 1Ll £ na Il N8 :
cat al yst Hﬁ?‘éfﬁ%ﬁaﬁséﬁra%méf %gﬁki%é{%%myg@d%%g{drﬁg%t Ures bfi‘féa&é}g Acie 15
nanopart i gh&gimengioaill voteadal spameisy,raag inpemvaal ekhibking ampirdl cohformation, called
mesopor ous, hydrophilic nanostructured material or can be bound to the
mesopor ou§ -ophi lic nanostructured material in form of

nanostrucgwslng, AYCReRELARMREA t inClsBfhe RABOHINRUR 9. nt3sVMUse hatdstructured
nanof | akeS. For exanpl e, a physical mxture of cata

| ytic . .
nanost r uc hydrephili tatesishandosmesgperapeRanasirstyred h@iwb@%ﬁ‘i‘qt%@l Fasgken
about 0.5 % t te 05 WERR WonthoindVbr HdctirdRHidh Ha
wt . % of cgq&asﬂ//ti gh%gér%glséh}%g%?be{&s %gegggi on t h:fibtg_ot E%OV\/ei 1;1t of the _S
nanost r uctitifecaffimity eoi polar §adRLE sheh e iwdtera ipuftt igaro ¢-nipeh, hydgephobic

catal yst material also forns .par f.th IS. nan d
mt or ol Aruseh o duitnpdy GE PRt bV RoP RiSinRRane Rl HhR are erpose
of netal | i¢theanesdd pelidrfromhénthi.cneobaisoliehy stdicaspeateru©n the other hand, the
nanostructured naterjal to forma single el ectrode material | :

11 ust r at ey SOEehiHsT 6T BSHra B (APRRTeRT CRECEYRe: Grgady Sig Poler
layer 10 tQ%&fs,RAphrtR{laf withtvitkerfbr witld biteF YolaEx@upy. Saciohydsoytiliovstuehirescor
nanostructures i nclude, but are not limted to n

t . obl e net al teid
nanopart i epmpounds @i eharastarized by SHBPETIRE £PISE Broyps M%%Yg e Fgosed o fhe Qutside
such as W%rd?]m?l :i.re]egl,éolg{lbgg,eﬂ@noflakes, or Mh02nanof | owers. [0065]

S a

The cataly mat er’i an be a netallic catalyst material. Any netal
that can BRO54%ed Thss, cdietieysmesngprons nanostctared matesial is dydophilig pEydsephobic

used herein. l.n one € [ t | fg! renPdnnheit BPfhe lnhd¥bd & 6us
to a nobl ge%F%P?ﬁ'ﬁg% a Og%g(%%ge@%l tdaﬁ%c?ggﬁ%rfni nt er net al Iei C, %r

m xt ures @fndshectafedr perisli @nmdothat wbsls thd Doadifys Gkpenidhbr the safase molecules
i nclude silyver al I adi um I | atin iridium osmum rhodium
and rut herff m?ﬁ‘eé?@r@ﬁ%ﬂgﬁﬂ%?‘egﬁ% al}lg%g?qt%idi um gold, platinum

m xtures herseof Aofmesdpofins nhiltRtredired aatiital isRetirofiobitphies ioflossatnit @omprise
netal alloys include alloys of platinumand iridium Pd-Pt, Pd-Rh,

Pd- Pt - Rh, a8y pratleast algiopiono Rolas ks o 155UERF%i um to nane only a few.
Al'l oys of e b SahaHcthQl neitad Sad B @htAtddzed as being hydrophobic
erosi on-r g‘lggh an?ﬁigfdggto@ogle rrat%tpllgal_s._ [0067] In another enbodi nent
met al oxi dithey haveomt beanckubjiciod toin oxidaivedreatoiant Lgdhey pamnpxdized. The use of

limted to Rt02, .V203. V205 b205. N i i

Li Vh203,  RSRBSICE RO iRt e AP g getfirey g ot been
ZROZ’ fSnO%ﬁbjE&é’@&? M @xidﬁﬁ@d)&gat@mﬂ ahlb 268 d‘d‘ﬁ@&ot wonprisee anya pdlaal groyps or
thereof. The netal oxide can be either stoqichionmetric o .

non- st oi cHiFeiEtallE neepogar SVAVDS 7 §S SYR Qﬁ?&?}%ﬂ%"féﬁ% ,en% qr%g?c:)mf dﬂ)gg]m
Cat al ytic .ahl.oy $ndide, bGFAéH A6t Rifte@ia RMtuidgMiréaReerdtOria] b @¥ngMUid br axidant,

made of elenents seléected fromthe group of elenents of group ]bQ’ 11,
12, 13, 14ucnas tedluafintthSOpEMNQuirdKMpOr OMESOp KCnarBereRly| aafews er subjecting the

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




or a porous nanostructured material which conprise netallic
nanostructures bound to its 14 surface (i.e. decorated

nanostructured nmaterials) formnore efficient electrode materials or
parts of electrode materials |ithe maxi mal size of the nanostructures

i s between about 0.5 run to about 20 urml [0073] Since the dinension

of a nanoparticle is not always regular, i.e. perfectly spherical,

the above cgh#Ridpeh@ledults) subR A RANInk&hRRked! Qridi§lidaKinels. dédi‘ﬁibs hQd) &fvmyl
the nanoparticle in any direction. In other efibodi nents e siZe of

t he nanopayupldas, nanof |l akes, or nanoflowers (irrespective of

vhetner BRSO et 6 ARSI M S Pf Bl Syt hnicn

0.5 to 12hapmotlbeer sGbjbcied tb6 amr wxidativenlreatineht nndlot hasbotitbed? famotionalized.

about 5 tq ut .15 ase of usin no r, oth .

el ongated R g‘? %r‘@gans nth hagRTHPe tﬂﬁeﬁ'ﬁgﬁ%ﬁn ‘Fﬁr %3‘} i ngﬁ‘?'f"‘Briﬁ’Fgmnal
al so bet W%Etﬂlpabpﬂib s@rfzﬁ:etdf R nanbtruchiredidtialOFer &x@mbke, ﬂfemxadahoﬁh@ﬂitm acid
0.5 to 12, about 0.5 to 5 um or about 5 ma to about 12 nm o

about 5 téﬂt&@aeﬁs —LOOH groyns G e W@%@ﬂ%p@loswwﬁémaae%@m%@&hzaﬁm
herein al 39 4l VAHE BHbLdGIABRAREE UE b t
narr ow Si ?g Sdlil?a\r%?’gutl o‘% ,Qi ne eng&ﬁlsﬁe&ﬁwﬁggﬁgﬁgg%ﬁﬁgﬁﬁ%nﬂ
si ze di st Cobyoimnds wsed fomailodsation gmemclug@uf;h easmpla amiasilines,elycidaxyisitines and
si ze of bete\é\gapposﬁlane t 12 to about 20 urn is about 5 urn. The

nanost ructUr 6781 ze di stribution for nanoparticles with a size of

bet ween alpeof8h nmToinmrercidl® atrailabls nabstiicturdd Materiblye suvh e ahmoksies benaiozdres,
distribution far nanostructures with,.a .siz of. bet ween, aboyt

<5 nm'i STROBE caHbg e FTIALY AplBisen TEPeAE R Aot dHdipphobic.
size of 1ymehtsd, @Sl hdtokRiEkel Or GRSz, n@alertchddd SlaterRls add &Fh referred to as
Snmal | er nanostructures such as nanopartl cl es have the advant age of

not bl ockPHgnemengsEperTedmteiialhanost r uct ut ed material and thus do not

decr ease ;dv%g ur fAEEALER g{? fite d&ﬁm&&%tﬁia# ﬁg%g&@m apolﬁ’r BtodPs at their

surface area tan iIncrease conductivity of
nanost nct alnéajsenﬁmemmﬂar BEOOPS|cahnbe dindensf wmhpmge hovtdngnt the surface of the

nanostruc ur, g]?y r

mat eri al éa@%;&g l%%%% Bﬁ)(}%{f ﬁ{iﬁ@%ﬁgﬁt& ruc u{rilefs?lﬁgIJ oJl ;ﬁ%guonal group
surface oﬁudhlm aredopxyl grosprrapwsie, ao esterg d thipkl ao pidel a amftmxy]agmhp Keis also
for the poro ostruct ur, rial or at ed nanostruct

ot o115 | Bttt Rt T BT et T SRR o I i e fpaunples of
Fi gur e | DsuilB@/Bikelsh@mniaclags, ut dfecsot1onitd tbQpokpierise r(ifnal(ﬁemgfaniﬁ@ groups) or
nanostructured material _are chemcally bound or fixed tg

nanost r ucPeelyisas gy (PE S aalse knavmess. POM?WRI& 0&@&%@:&%@* groups).
connect | ngau : eF sy{&ﬁ%ﬁ&ﬁﬁéﬁ% tH@EH?ﬁ&;{y!J Elotth % PR Rhdrbd m 4 BukeP Sacluding, but

nanostruc A linker includes functional group such as a
hydr oxyl getdimitededo ;fgméﬁecldmefe%md Jprepiemi¢ aaid, b@}tﬂnamaﬁrél pentanoic acid, hexanoic

acid, cycloalkane carboxylic acids or benzoic acid. One example includes 4-aminobenzoic

acid. Furthermore, a hydroxyl group can be comprised in a linker including, but not limited to
phosphoric acid or sulfonic acid.

[0061] For example, in one embodiment the hydrophilic nanostructured material is made
of a catbonaceous matexial, such as a carbon nanotube, which carries carboxyl group at ifs
surface. The basic material used for the hydrophobic nanostructured material and the
hydrophilic nanostructured material can be the same or different. For example, in one
embodiment the material use& for the hydrophobic nanostructured material is pristine carbon

nanotubes while the material used for the hydrophilic nanostructured material is carbon



15 a carboxyl group. It is also possible that m xtures of different
| i nkers of the aforenentioned group are used to bind nanostructures
to the surface of the nanostructured material. Exanples of suitable
|l i nkers can include, but are not Iimted to porphyrine (including
am ne groups) or polyethylene glycol (PE5 also known as

pol y(et hyl ene oxide)) (including -OH groups). [0077] In one

enbodi Menhandtitees GAKIEOKMle e URIGAT DE (B BrHSE tinkdt @n‘gﬁ@iﬁgra carboxyl group
including, but not Iimted to form ¢, acid, acetic_acid, propionic .
acid, but aREIOE gicissuriaem i ApRthorFqedimaas, the hrdraphaic RapestBiwiured material can
car boxyl i %ﬁﬁ?ﬂl‘aﬁhﬁfic PRNZBhSBS! whilc R iEndddstnitaiGed N OR&IAon
acid. Furthefnore, a hydroxyl group ca e conprised in a linker

i ncl udi ngpatsubes orhith haveden oxplined pndrthies eretyda dinkes foprisiog secsafboxtyb grogp
such linke nnect the nanostructures to the surface of the
nanostrucf%@ggpﬁggg?r?%cﬁ can enhance the device energy density while
reduci ng {¢0s52) nt &rwal deemsisdted dat tHearse &f diyHopholtdy andlhwdrophilic nanostructured
segregati on/ aggl gner at.i on_of the catalysts in nmetal-air patteries can,
accel erat glﬂﬁﬁ%%oﬁwéﬂwa@&@ﬂé}ﬁw eauy] %ﬁisﬁhalafeﬁrﬁk SRR S np_ﬁl@ me&jicgiglysts, s
per f or ManGgiabld 43 Edctrb8d nBRFiall PEAVRIERE aGadaller Kies) AeHoWA i AigBrek 1B and
nanostructures are evenly distributed at the surface of the
nanostrucl&red material such as shown for exanple in Figure 17

(Figure 1 ws g ETAY : exa f t eh.

di stri but E%%gfsohprrg‘ans teha%kﬁgﬁ%&ngs?}rl %Jl tu%g&%gqio%dd%%n %shgpgl\régc{};gyous
cl ust er s hydreplulin nanrvsEngunce niB¢ri).. ThEh@tadysd meteriah cam eittenibo dimnpip tpix¢dwith

nanost ructures are evenl y.di stributed af .the surface.of the

oot 1 ot EeroREBur bRt SibteRth i Rlerk S 5% 2 Sl s b satalyet

80% of t hfrasaial eaebobouint &o Mg @Sidpuus hedtopRilie hhfdstriSuka \tRdtethl WiKdhcatalyst

nanostructures, |n _another, enbodi nt at least 30 %or 40.% or 50 %

or 60 % aF@teEil &rPe n¥h QE @RQErucrgy §chy A8 J13Ro 5 mepqlowers,

(hydr ophi hafekwifek oY ﬁﬁno@lﬂ]&&ﬁ@fﬂ?ﬂm%sb%ﬂow&éﬂhﬂ& ARbShiREral makAkl kg Be
o)

is arranged on a |layer of (hydrophobic) pristine CNT is used (i.e.
CNTs whi chowghia thesnerapogu pRilissnagpstincyired inptgad)in fermpehnagpsiiyeciugrgesuch

mat eri al -al et i :

v oph | £ apRERL bt aRRE Taloy i dah i FOLSHARIEN Einffl mixoe of
( hydr ophobitalytigdtostptuseowil g ganpsfrngnred imateriadl cathenguise betyeent oyt WS 1wt.%
not be weft g, € t d,t 0

el ectrol ytoe%\?\)n“ﬁ{obﬁé@’e#rg%%gﬁ%ryéb%&%ggtwh@cﬁlggléth?%ﬁbﬁ' EE% a‘?ﬁﬁg ﬁlggosmcmes
surface) based onviteitotal weightnetiopaanbstaicsedanatedalsper sed as catal yst that
ot 1 ver  dobBP4] cqortfich Bt el @Reno ferais GRS ab0 TS 1o o peporovs
enbodi menhgnoblidbiure® Gadtért Ovitadih Ghe RAARLL BRGerAl §n WsR bmbMABAGL s il Gorm of
Mh02 nanostructures can be_M02 nanoftakes, M02 nanofl owers, or Nh02

nanowi r esmetailiy paosTicturge Whichoae gt e thenparens pnosfaiseieh staib e famna
be formedgh it nBRITREARS! RYer i ﬂ]ﬁf]ﬂ:a'?& foR @xRLIR h %i%ﬁé! "ILJ @ Whikh B &iRfle
menbrane which results in a thin sheet or nenbrane I ch can be

peel ed of elactfasiedayeh &0 &rmg prd déa metadairdbtiay. Bramdlerafispelr metallic aanostructures

el ect r ode, nat.erq al el ect rjals referred to h i

whi ch ar el dg’ef?lﬁn%%t[ggg at e%g‘g&glg Olﬂétaﬁg%ngg%"ﬁf}ﬁ:ﬁg% aﬁﬁ&‘(%‘p%agg?agg&gg’ b
Lra'a eri ﬁl I R amgﬁfk_tmftuas,l sayleds Mh?@nmbml Qerél@,_ ﬁ?xﬂﬂﬂtes,bﬁimdﬂ(ﬂﬂ?anoﬂowers.
ydr ophi terial, .or a .single, layer e a mxture o

nmesopor ou@%ﬁgﬁos h%ﬁ*ﬂf%dnﬂw&ﬁﬁbﬁiacmﬁt& ’érﬁ%?y%%t%‘aim’%@b&e@g%hﬁ can be
nanost r uctdened dawesoRfterial fio¥BhCdléddode Oin Blss HEUsEl he¥R! [ bndeBEBMEnt the
nanostructured mat'erial conprising netallic nanostructures bound to

i ts surfametat dacludesy beldisanotelimited doea mablermetnl, fao metdl coxide; 2o meédl rdlgw, an

of a net afnteﬂ-nretaﬁ%éﬁﬁ%&ﬁ*@%ﬁ?e%tﬁfeﬁam}reﬁgﬁné qneqal;_uel cell or as electrode

in a supercapaci terires are characterized by a

U



[0084] Like lithiumion batteries, netal-air batteries normally al so
use an el ectrode nmade of carbonaceous material. This carbon el ectrode
can be replaced by an el ectrode material described herein. An
illustrative exanple of a netal-air battery using one of the

el ectrode materials referred to herein {3 illustrated in Figure 1B,
1C and 10. [0085] In Figure 1B the cathode is conprlsed of a

oF o meco ARBT o NakE a8 st SRAPhEIaTE oot pliiRfh KD, Hhrfurh Hbium
t he cat hoded hﬁhﬂﬁtﬁmr I1s efie elﬁnb@dmmtt sﬂuer ,ofalladines gpldy platinuan odtinies tthma;f or

hydr ophob| c ma eri nd a r no uct ur.e ophi.l i c.

mat eri al Oﬂsﬁ #e ?aé‘ Seﬁ‘:ﬁ“&“ﬁ’? %Senq%z %Pﬁ%‘gdn%}léyg%gg 6"’&3[12&11“1111 and
nanost r uctiigd, P@IP@rP@JRhC OATFtLISH, Rverairalold ©gHBEOSIH tHlditkhe e shly @ few.
its surface. [00861&;he el ectrode material s referred to herein can

al so be uddeysef noblametalsaraisediar grampledo phiain casiqn-Tesistin sfectiafle mplerialy
el ectroc h fu : gfﬁﬂoﬁf‘er Eﬂﬂ% c}}lﬁgﬁk\fﬁé’cﬁ%}& B! A 8ol 9¥idelcaRinkiat, but is

(hydrogen gas anol, gasoline, etc.) and an oxi dant (alr
or oxygen)101| lrhited H7PIELEVI®S, Oy, NEAOk,MNI0.c8h0, &dﬁqﬁzb @tf?Qa; b@@ﬂw@h@doo&

compr seq a0 N Aath Ry ROV, B SEReR Qs P Hhi0s RO, §H0R, coo,
const r uct NBROL SN, 2hliMuee asd all@saheraof Thk rﬁtz&aklidmdfan(bami)tﬂa) staichioaetric or

oxi dant el ectrode (cathode) separated by an cting material,
such as aRom-sleicinmalae (cry -arfisx b0§¥ ]alﬁaf%’olr%%gnenbr ane) .

Oxygen pag&%?£0/éﬁtaﬂz@i% thlél?qﬁcl@tﬂ;dbﬁ'ry HOBR NANST td Bfo tﬂﬁfch are made of

generatin ctricit ter and heat. [0087]1n nore detail
general , elmenfsuelectsd| from the groop oforieinents af gwpi @, ddnbl.alde 16@@) 1§ gf the

surrounded b fwo.la

Constant - 2emiy SBr R APEACT et EbE AR ARCLE 200y RYBdns iy Fhuck, and
t hgl anodeI—Rﬁﬁhaﬁﬂ] fpeﬂbcﬁrb wysten 208y é?ﬁle;,pVCH GimbHc &t G9. )Iéfﬁm{ nWﬁndabiny 4 edition).
nobl e net a acti o r rea

di f f usi on%{fﬁ‘il L@FY f‘@)ﬁ? H’&Eelé#g)eﬁ 6@%@ @8&’&5 tlltlof;'?c’1 o OPPer

mai n el ecyeRg Bﬂﬁrgﬁb} gbzuqml) 066t 12 Indliides fziel (Za};ldadmﬁ)me (@é)amdl mercury
occurs at the ano ano

ic reaction), andti Ihe t, 1tj Cﬂﬁ
AL the an6de) eree Welelmerborer 02 5 g gligm
t t - and
o o e S iy

way to th t hrou

onl p055|ble
for the etgmrlénsclucbeswmd@),@ﬁ rselenivay(Se), tothaum(d %@"é‘r?
toget her \fﬂ)(i]égl'[]t he, #1% %‘)8 e.ﬂﬁlcﬁ/“i’s%acﬁl &Céléﬂléh@ {dcfildi (I’aﬂfinéthl%mted to
as rbu

oxygen whi-C use porous cat hode reacts to water.
The wat er lmlﬁmnfalummu&nm PhiPd, @‘edn,tﬁaﬂe. mmésm racted fromthe

syst em by ess air T i S o3

fuel cell é‘g‘%ﬂl PP&’P eg‘é‘g{%g 25 Sotplylip olel #"IBE?(?E% cifdlte is an
solid oxi %ﬁeﬁﬂ&dlh@@lﬂ mfeﬁ%@bh,c 1@11 K@hpcﬁbﬁlcfwlhc]@ edﬂsm(s%ﬁ) of metal atoms which are
nol t en- car bonate fuel cell’ phosphoric;acid. fuel AFC

or direct banad iherchr gher @i Flﬂe @K%:é?n‘?s[ 688@]‘ Stﬁ’c?ﬁ“’@%?%faéms %@es ot such
enbodi menty e ARadsciale AsiNiek Agekd. can be formed of a layer of a
mesopor ous nanostructured hydrophobic material ar ranged on ala

a nesopor §0&71handbe sizetafrthel nhlgqm;@tmes icen fpgtredily) con by atpeth 3/ descﬂb"'d
mesopor ou nano ructur C i i
ot vor - BeEhaRLIs IS Sihohefl At cATBAGEEAL 1 OARAIRE SRl it o
with the fﬁﬁﬁ(ﬁiﬂﬂiﬂ&&m@ﬁﬁb@hﬁlﬂﬁhﬂ nmdoﬂmd:soﬂhodﬁmcturmltledm@lﬁlmrmaiﬁ@@lﬁbel pide of
to the surface of the pesoporous nanostru rophilic terjal

b anot horhOFAIBHTHEHES SREA SR DS TR o* F e e POt L i B At o i

singl e | aygfwddh aBoltRSRP R fYit 40a0est ruct ured hydrophobi c materi al
m xed with a nesoporous nanostructured hydrophilic materi

the nesopdP@i?d nadinwes dameansiraier heraindhet 3 MESORAKOES RENOSEHHPRY f;@gmé‘ﬁﬁo materal

or a porous nanostructured maferial which comprise metallic nanostructures bound to its




18 hydrophilic material. In a further enbodinent, the fuel cell is
conprised of a single layer of a porous nanostructured materi al
conprising netallic nanostructures, such as nobl e netal

nanoparticles, bound to the surface of the porous nanostructured
material. In all cases, the cathode of {fe fuel cell can be conprised
of a layer of a nmesoporous nanostructured hydrophobic materi al

arranged on_.a _l.aye t ol ;

mat or ol ope PcleBiod MRSARRRAUEARNGS) R bR IEHRGF merials or
nmaterial  phetesk eddodantesialxdf the snaninad stze vf themadosipdums by betweansabevt Gf nm
The cat hode  of é&e fuel cell would in this case not conprise any
catalytict%QW%ﬁ TR such as catal yti ¢ nanostructures.

[ 0089] El e¢fg/a¢hepires thetdResdisos ta {abbsakiad isaidt sidlayetbgalar, i.e. perfectly spherical,
"supercapacitors” are electrical_ devices w.th highly

] reyersible, . .
char ge st dreaahove sige aefers\ier panopprisies fq thegnanjpal genyon Eg&é’ﬁn@éﬁ%‘? oy
consi sts d i Lhs d icldsN QarsiRREC {dfRkw
crosses i %IIS&%(%’[ !ig%h.\éfg%ﬁh%@gg{%’ 31;%} ﬁ%ﬁgﬁgg{g@?ﬁa&fmgs’egt r.odesS ’ gﬁg%a_n . efs
el ect r ol yt(ierespEctvd nbwhetertiey eapbmind ¢o hegpmpstruchredmsteriabey mixed wigh i) is

they do not. stor Vo N T edox r ti.00 j

el ectrode EWB’&?@?"E rbe%%eztgt%’c%eaﬁ?‘gzﬂe é@afpg%l}%’t %—:ﬁg&étﬁg%'gbr %aiﬁgf é@&tt R'rsotgg5 h
el ect r ost @f hisoult Bindt ACiHoANE?2 ik ab&R Bito kot N6 nal. & tase dBusimginanowires or other
el ectrolyte interface region, also énown_ as the .doubl e

| .
have propé&lopgeied BenpsirEsETS.dRY mayinal dBRSio) 1B ARY SPden l%ﬁlg‘?\;géwegggbc%lﬁ 0.5

be prposgéz@hﬁbﬁﬁsm@% #2588 06 dbbex ©5 &8 12, aeboRies (038 ml 6f syoued nidto
herein and an electrolyte. ECs can enpl oy both aqueous and

non- aqueowbous|12 oy e apowkS torpbent Be®n.| | qui d or solid state. [0090] One
enbodi nmen cri i e to er CifiQr rigl A
Al HAEOBEE, oS uaie GR0RC e RO g

el ectrode esc rein. e electrode material can be
used for aasosehentes oddciphatrot vest rartovosias distrihution.sThwsy im peg pmbedimeg, the

one enbodi nen il ver decorated.carb nangt r . : £
el ectrode nﬁ%‘lsé'f"%ﬁ’fe eVt cﬁ%ﬂéﬁb%gof %aﬁgo |°§£%t %ﬁﬁf)fg gf:l TG Pl g fize 0
nanot ubes affed §66ht W arab AbsReMMORNBORSE § Hel The nasirbeueaiie didiribdtida for
nanof | akes, Mi02 nanofl owers, or M02 nanowi res. [0091] The separate

| ayers fommopgriichs witle @t sizelef beiwebie about 2hgeanbto Sodlaun dhelpul 53 e the

material (in other words ubstrate such .as. a =) i
st andi ng %P?qu’ﬁ%z%&f“%uﬁ% o 8‘%’%686’8%?‘ 5$|%gﬁ&|vjﬁédr(m a §gllnzrl fo <5
bat t eri es pgf isf4s8lt £a! df. FohaRPRek silvdt@ahdrRaicsé afliangzd of Mmunais eltémated to

bucky paper or a sprayed or printed active material on a flex] lﬁ] h
conduct i ngorsitssafr ehowt 33 (lematomss. Spal@appsTuchiesy Spileds SFROREFHYS faFfnihe

of a nanosaﬁ?#ﬁ&ggro? ot'B @ﬁinglthe é&%ggﬂthé RarRBBu e ARl andii8s HO nbi@ictease
structure, e el ectrode yer 0 not conprise a polyneric binder or
do not cortiu issfageokngé 19f1thei fidnosirustured matdrishedi Yiph ufpr)area ¢ap jrooepsg the
The new el ectrad er al n f .0des with a thickness for
each | ayer® gﬁucg %ggti’fdi@r%ﬁﬁ?gﬁosﬁcﬁ%géﬁﬁﬁﬁggness of between about 10
um to aboyboBf gMistdad cFemplyheitingehe nuetrodtinek vethsthe imaropages: napbstiistired

el ectrode is about 20 gm, .That nmeaps that .a,.double | ayered.strugctur
as the onélYii!th%‘Fr@?'@H%i B g é’gsd’r Bosfﬁf%%%ﬂ‘gv@‘ef@ﬂﬁeﬁ?ﬁ%?s%o?heb & eer?% the
about 20 %s%gorﬁlﬁ)soﬂém@@uéﬁ%d RO@3fililié matiatl ke f@&ﬂ@?@mui Agopesasd material

invention refers to a nmethod of manufacturing an el ectrode _conpri.sip
ar r angi ng (decorrgpsbzinostigtured material) aged for thesinglecdecoda laygrasBpsgigted in Figure
nanost r uct l]%ed hydr ophobi ¢ material on a second | ayer conprised of a
mesoporous1 anostructured hydrophilic material. In a further aspect,
the presernboia)vemhconanostnestsres boandrad hbe suffacaofifthe tnanpsigicted material are

Tter | o ARGl Lo e S PO L PR Y P L, SRkEPE A Secule
subsequentdyyndAha11A8 sRrfatedF heé lntdst@6treli apigteriall Withtthe InaBodthtuctuier A linker

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




[ 0096] Nanostructured materials, such as carbonaceous nanostructured
materials (e.g. carbon nanotubes) can also be fornmed by nmethods known
in the art, including but not limted 20 to electric arc discharge
nmet hods, | aser vapori zation methods, chem cal vapor deposition

nmet hods or hydrothermal synthesis. [0094 To obtain a nanostructured
hydrophilic material by introducing a polar group, i.e. a linker, at
the surface of the namno : =1 H3Sikd ioned
nydr ophobt SoRaRDEFPl: A alft i R nikd s of (IRLRIIBLLS L AR atbieRuion
t r eat ment grogp afé usteta bind ainosiseratouhe surfse 0fthe apnastiiieiwied gnaterial. Examples

I norgani ¢ pol ar. solvents, or. plasma tr.eatnent ar..1

02 bl asrmof REaPIRkec o ineBitna? Bsb e T poraRiid (Rt it eroh) or
mat eri al 'anaﬁgje&cg1§&1 (2EG; d§Saiowits pUl?r'(dﬁﬂylérrer oxdtlegit (ieiudivig-FOH groups).
gama-rays and subSequent contacting o

. t he ganma-irradi ated . .
nanost r UCTANTEN  ricaeiembosment b Gy LabE eerchn BBy Re iR s imker ipplpding, but
gama-ray ot(i&gite(ﬁrt? %rﬁn% ﬁc\ifﬁ,.arcﬁg:’ &4 ? fonid i $ifaAGie 261, fddimoic acid, hexanoic

ma iCh r'eadft

nanost ructure erra reacts with the unsaturated ]
car boxyl i ecidctydldatkafo carbaxylicracils ardieszait ecidnfobiexinply iepludes fnamippbsngeic

surface of ., anostruct.ured materijal . ' J -

car boxyl i Emé.@ﬁg&gxg}?r%g%aﬂrq}g i g%ne ¢ g#]gig‘g@ iagﬁggﬁgagélﬂg’g}ru?g%lﬁfsd fo

t her eof . E&s%ﬂ&i&aéi@%f: s’gn‘@ﬁd iasidaNemghaichwinkert he cnmﬁupﬂletliclianbmm%f teethe

nanost nctured nateri al becones tQqQ great, the unsaturat ar bhax .

acid for nF#ce Hémeiwwﬁw‘é‘cf&?%ﬂ@g&%‘b FJI?]?&BG Eﬁ&&?“% Pnﬁf%’ége‘%sﬁ%??’?‘%§¥°d“%‘“g

C-at ons. tl{qu%%:]al g&is%ge.@!‘ﬂ?%hﬁﬁ@;[ avdidifig %ﬁ%ﬁbﬂh@ﬁmﬁ&&w yf ihe cataly@ts in
y a

is an acrylic acid or derivatives thereof.

xanpl es of acrylic acids.
or deri vatietedsirttatieriest GW%ﬁe@%mEé’xﬁg%fqdﬂ%qoé}dé?otﬁﬂtangrlﬁlﬁ/ﬂﬂ“ﬂ aﬁ ‘feé'tfe
to acryli Ur?ig';qncenet haaylic acid, nethyl nethacrylic acid, ethacrylic
acid, al pha-chloroacrylic acid, al pha-cyano acrylic acid, beta
net hyl - acfQd78¢ aBurthef dmproweirentcin)be abtpihed fhetags the mppqsgugiusey are evenly

sor bic acid, ..al pha-.chl aro bi ¢ ' | [ ' ) b e

o chl or o CisRaE i Ryegk e ol hred Ao o chg P g e rigure

aci d, gl utaqBizue BT skhwasaapiticlesal dxamplk dor namstiyctire) Fvenly dstiibivtedalso

tricarboxy ethylene. [00100] In the enbodi nent .in whic €.

mesopor ouéleﬁ%‘sné‘é‘t rﬂEFcPt[?ﬁoéé”ﬁ{}’G? SlonBY; %%ﬁeg?ﬁa% clgﬁﬁrstﬁesmr?esobnog i 18(a)

nanost r uctiyeRehrY4 6AP BhbdGmeR Sleindhostfunids sedeviealyatiftabutediat thavirfcobf the

m xing is between about 10 (mesoporous nanostruct yred dr ﬁoﬁ@hc

mat er i al ) nepostweturgd mpterinl. (Irwse sepedimenh AeRery eR gé" ng%tp%gff’ ¢ surface

material) o% %e%%é‘&u&giea% 0% Href it Bnd Hretur N ndMothef eliBddiment at least
oge ur

material s her. ITna er enbodi nent, the mxing ratio is
bet ween aB0gb o34 H®rho Aer & Yorde Soverad With manogimicBwyest . % based on the

total wei f both mater. o :
formng t g@@ﬁ)ec O © é?\ ‘#n%%'? ﬁ%’?(ﬂ?ﬁgﬁ{}o%ﬂgg%%ﬁt%%g?ﬁgﬁ Pg‘%é‘?;? ° (;f?nmn% “
si ngl e | ayges whithds egehded oner biyer afihpdrophpbin) tpristinee€NE|is vsed Eas€NThavhich

el ectrode material referred.to . . . .
have bound Ag part?cles at its surface) as air electrode material for a metal-air battery. Owing

to the hydrophobic and hydrophilic natures of the CNTs, high surface area pristine CNT
(hydrophobic) will absorb oxygen from air and the pores of this will not be wetted by the
electrolyte. On the other hand the aqueous electrolyte will preferentially wet the hydrophilic
CNT (high surface) on to which Ag- nanoparticles are dispersed as catalyst that will enhance
the oxygen reduction reaction.

[0080] In one embodiment, silver decorated single walled carbon nanotubes are used. In
other embodiments MnO, decorated carbon panotubes are used, wherein the MnO,

nanostructures can be MnQ, napoflakes, MnO, nanoflowers, or MnQO, nanowires.



21 herein fornms part of a netal-air battery, the cathode is forned

of an electrode material referred to herein and is arranged on the
electrolyte layer of the netal-air battery which is already in

contact with the anode | ayer or is arranged on the anode |ayer after

it has been put together with the cathopge |ayer. [00102] In the
following it is referred to the nethod of manufacturing a porous
nanostr “qu&'s?g ﬁ%@ﬁé&k%@ nE IR HSREpABIE cin BERIEIeAURIW RESmBAMBGY
to its surtace. I'S method conprises m xing a porous nanostructured
mat eri al Wltéfngaths ahaiediab pvenarfitration gnemtrateathick resalioby # thin gheet or membrane

bt aj i f . .
Phe. sor ut Mo aPit Bhe Rog elCe Bl BERT] U oh Real Rl droin Webdbae

chemi cal | yhateidici ng the nmetallic nanostructure precursor to allow

th
preteL88ae it msgporovs

precipitation of the nanostrugtures at the surface a

nanost r uctQ#$gl mikeelpelfodgmaterias P SeiGR ‘gg‘ﬁ

[00103] 1R, 006, ja&’(ﬂgﬁﬁgﬁoﬂi@ pEvE e I e | & HRiR: ofaN@8dopbfdud anostructured
precursor IS used the tenperature for the chemcal reduction step is

bel ow 60Chypdropislioma50ig], arre single Hayer aprde dif rremixturepd & WAPPEAUS mangsgructured

bet ween about .15C t o 0 abot 1514 [
about 0C, B%%Ophfgff mitg%,a aﬁ@&%%‘gg@m%%\%% ' ik vdﬂo}g&fc ‘}%%%‘:‘al,gcg& s(?)nrgle layer
bel ow 60Cof dheroig aaidstractad dhdténtal sofnprisitg enctdbiio/manosttivbdecbounddo its surface
adapted such as to formpanostructures wth, a maxinmal .diension .
size of aBBue ‘lfﬁ‘ti anlgrirosls mateel g«?r e gy ?gc%?debogg\?%gﬁa%%a& % r?%eﬁ{r?%e n
about 20 [ ifmg) 0611 &k eficliBde BiaZlpéedtita@d to herein. [00104] One option
to adapt the reaction conditions _such as to form nanosfructures 'thh
‘g B o 5 Gsonire

the i ndi cEA083] si Metplinl hadferietapie treacodimedRY alieh PuEfeY 14785 Retta
nanostruc (rb!l'iagg Bh& ﬁﬂﬁ?i%gsflf jife. HRe I %Pﬁﬂﬁzh@ﬂ the refotive Andde@mBialelicGodd result in

nanostructuré&d mate and nmetal[ic nandstructure pfecursor. In _
general , thinesavsiible cathpdnreatans Avpersdounepesityin deanpdeas well ppthehgrdions

of between @gtgfi}gﬁ%é?%%ﬁ% gﬁ,dﬁag'ﬂgﬁegmﬁ{%s Eg{r{;aﬁiﬂﬁliﬁﬂp?gérgﬁfgs pﬁiﬁr}glﬁfhreserve, and

concent r aff e netal precursor materia | e range
of bet weebothbddectridll) hnd/nieahaticulity récHetgeabike Inectalraitabtetien: Véhiteote megrhaniepdly

concentration r e of the al oxi de ecur sor . n ri i

t he rangeT1au5eqR e&b’&ﬂ““gs £ ey 5%%@(’%&%ﬂ@{lgéﬁ%g%%%%ehgeds 2
chem cal padlGtHiRBCcKcHAl dectaebifevedghy ertytionn Bxafiplehef thethl anbaitgries include,
met hods. Chemi cal  reductjon, can he la hi eved for ex le.b acﬂ sting
the pH i nbuizse seidizaitnd tp AncHirattenssy iE-giy 6%%&&%4158‘8“%5% e

the netal té(%étgangﬁ(terlﬁﬁhhﬁti%n DaRGIEE SRbtal-AP B4theiks ARLRAY aRb E6 efekairode made
reduction 1s by heating the suspension in a reducing atnosphere, such

as heat i ngf carbemacsousimatenial This Gabos ¢lpgtrode 1paa PRaPRIaRd by ar slssirode material

<500C for 4 t. rs, : i 1 i d
such as sGaeteOBOG An Bhsrip Bl fmPAEH: Hitory SLE 18 FARPLlccirode
CaH2 or MyldterialsQG6k06d td kereings dntcdédne Figurt EBpIE afd \the suspensi on

conprisin nanqostructured materi al and the nph) t al
nanostrucg‘?ﬁ‘ggf pr 3?’5'3? :lg e r?B%’Pge gt 3?m%sﬁ§p8$tai ﬁéegg C?Iglclzsurns"%?ﬁmgtrmed
met al  oxi ¢edr idEdridl 8 REREEd $ara l5eAdaat Mesoporoas hanvsahetmiedahydrophilic
reduction of the netallic nanostructure precuraor such as g nobl e
metal nangterisktdir B &igrechy sbe mhodaaist Fomressd ofHar BibHure AT £ MgFgRerous
of betwee t hotAE mtdrl 1 druslihnodtiucRigl hilic material
enbodi nmen @%ﬁgé%ﬁdggﬁ%geo?n a range 3 elg’e vrveen about 1 tgﬁ%?% and 1.
to 10. Fo®. &xHigute]Cj thecathodofs cunprised of ial RaspusRARBETUCiced matepipk QRN
material th His adjusted qr adapted to be in a range of between
about 4 t@%ﬂﬁ?n@gﬁ% e%%%“&atcﬁﬁﬁs'ﬁ%c%l 3. In another exanple in

\thi ch a gcpd)(cgsqlapq'ge eueﬁ-weagmmyf@@fedj 16 heédeantadtm hehised anelpatside dhataial in
e in arange o et ween about 3 to. 10, or 3.5 to r-4to10. In
case of ugifig cgllph fasl selkissastckeds dw%tgg@gpvﬁgﬁep&}epgca;aﬁxeﬁgq @fp fuel

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




[00108] A further factor which can influence the size of the
nanostructures forned is the concentration of the nanostructure
precursor in the starting solution before mxing with the
nanostructured naterial. In one enbodi nent, the concentration of the
nanostructure precursor is between abouty 3 mMMto about 150 nM or at

|l east 3 MM or between about 3 nMto about 6.5 or 6.3 MM or between
about 3 t.0 aboyt pel : i chareed
her ei n ar%ﬂg'@%cﬁ)én%f ﬁa%?%‘?wgﬁ‘ﬁgg%rﬁ}ﬁé’%‘ﬁﬂg o&%@t%ﬁgg%nda'%g?ie%hbﬁgereign
t he nanostathisdelThs fixdwell also dohprisesr fnaive-cohdicting meaterisd. rln ottar ewprds, fuel cell

mat eri al have a, narrow.Size.ra s.alrea t ] fur.t

[00109] NEFRSERFHfEFRera Eanistec A ctgede E%P&*tli ﬁ'Jé‘él g’gg’\‘/‘gﬁr%ae ?rz‘f’g‘%)@égﬁ‘-’%e)
known i n E%b‘%ra?édt by Dinf {@r eaEnaxarmbiedalpfsuglt @s lms b-coplieting| sembehedeg. a
nmetal chlo ide®s, such as noble netal. 23 ch or@ggees; al nitra es,ﬂl
such as ndlsfien mspembrane)s SRYEEN REPE OVE 9%k GiECH 5%453 FER QIVEY ¢oe oker

precursor g, k| fe%hicﬂgﬁ&lét[a%dh'éﬁ. nane only a few Exanples of noble
met al nan sntch ure precursor and netal oxide nanostructure precursor

i ncl ude, pAOB7Rr elmotord defatleth ponergNDEa HelgieliHe prjtan Corfucting eqlyl membrane

HAUC14. 31~ ﬁé@é&ﬁ@% gﬁ ?‘i@) g‘a%gfg,r E’qul}%ggg%\?d Pleadield Ia%l?.(ﬁﬁd]ep gal%tan%ul.pp%ycof

Kwvh04. Fo nhanostructures can be neta
al koxi des h@drogénd@idaisizen thetyifogen difhisas thiagh iiecmodé and thandiffmsion layer up to

al koxi des can include, _but are not |limted to,ti,tanim methex] ‘oo

titani um Serfaialgtmoppallng Bﬂﬁ? E}?ﬁ’? 8??6])?'?%‘ e pepption; 1Y epr\ﬁﬂggg%érn%g diffusion
titani um Bt gxiidene &Q&k@?]ef hADEEE bRy gen rB&1iGBR| Bko midin @ledfrodheinddal reactions
nanostructure precursor to nanostructured material, can%cg}s iEI th ¢ th
range of bewwdetheddielioDosrereionsars gt hegpod freapiiRmy 2pd the qfher at the
about 0.59,4 L4 %Q%heemﬂg,' ﬂ@@éaaﬁ&ﬁ‘f‘eléﬁgésaﬁydg@éeh%rﬁfanﬁ dBBhs FRb:R! transport is

nanostruct’Ure e precursor, such as si[ver nanostructure precursor, to
nanost r uc tucad taveteegyi produiobsThederrazen don en Hpway toths gathpde passesrlyough the

enmbodi nen he..nqpl ar.,rati o, 0f i : c
nanost r ucﬁbg}\éﬁ'ﬁﬂﬁ r(iny pesgt %‘E"%ﬁ% %]éeb%é‘ltu%gé %a@%%g%gﬁ%ﬂ%?%wuﬁog%ﬁl fir&ébn
Bef or e beidig todesed withiihc élagronaafibt vutet eleariprieatirand the eiygen which has diffused
nanost ructure terial i.s dispersed.in sol.vent riat

respect i v&IR rH?E‘?‘lﬁr‘é’er‘?ﬁtrﬁ% S0 Watery '@8 %aé?{tﬁl}ligl?oéﬁgﬁl %gst %géet%lh Gllbe
about I 0.1 eﬁ@%&é?loﬁﬁm e Skt bySl&!@ékoE@ aefl llivﬁ. Thiepriceesoccurs it bB tyres gf faet cells,
exanpl e, carbon nanostructured materials or nanqgst r.yct.ur e

mat er i al s SednabROREST |fchAngs SHcEbgaIentish c@ﬁ@%ﬂ%@a B 8 SEFO,
Qt her sui gﬁaiiﬁff $d1 Vet Ay, GRolfAlaltRnkts SfeNBHLINCHT)) YRGpRbEiad Sel cell

t
such as ethano |sopr§panol; et hyl ene gl ycol and acetone. [00112]
The nanostiPAEChemdreatinethand sl gell ((IMYFEhem cal reduction bind to the

oL ST 5 B 3 b kg ol g

netal naneparhésoheropy assisastured hydroplobohmriedal drangedion @ dayes ofig mrsEBRIOUS

thus form ng Ag whi.c i to . the nanostructured i J a1
car boxyl @F%Q?B’“ﬁq‘refihﬂy‘ﬁ?ﬂ’g@? ;naitergagn\gﬁ?{gp élﬁb% CREN ngfg%%%g,h ?té}egsfgﬂg%phﬂw
netal oXi ge,qam @%}Eﬂﬁs W ReRNRWABRE, subl sdmdtte el aasbstroctbdeSPwhich are either
nanostructure which also bind to the nai{\yost%if,ctur ed materj al

[

ia a

| i nker compired Wity the @ggqp@gcpqsin@n@pggﬁr_ed grop m@atfﬁxeg\pr B{jasqoynd\fo ?he surface
ment | oned.,-40. fBk P iaf. 1@ 268 A8 ment, the anode of
nanostr uctotJﬂntrﬂsie)e rrapzé@?%fi r g?lér r edﬁfdgggﬁe{?g?lﬁ&?ﬁfemggcor at ed ien’ Te & ec_}
nanost r uctthe éekl ell ds icainprised dica wiagleeldyemef afmasepmpssnapestaicgired) hydrophobic
through a filtration nepbrane. Afterwar e d

decor at ed AR Pffﬁeau Fvétgb fraPEPIPREOTR a’f'v:%ggé%cgier%g(}{%%? ﬁlfe‘E {4 #{r{ﬁ wlereh e
menbr ane ggeshp@o6d MadithgniredRy@oshiliaahateryl denpisees tetallicsmihlyes, such as noble

electrode material. It is also possjble to . m 24
metal nanostructures, which apre either mtmed va(xth the mesoporous nanostructured

hydrophilic material or are bound fo the surface of the mesoporous nanostructured



t he decorated nanostnttured material with other conponents which are
to be used in the electrode material before sieving it through a
filtration nmenbrane to obtain the electrode material. For exanple,

t he decorated nanostructured material can be m xed with untreated

and/ or unoxi di zed nanostnttured materialg [00114] In a further

aspect, the present |nvent| on refers to the use of an el ectrode as
descri bed ey t

descri bedhﬂ‘%o lﬁc manu ggl%lure (E) %fﬁqlg%%: %ggglbg&daﬁﬁgﬁ{% %?%Ofa
battery opom@us unahosuebﬂmadr nmtesalpemmamcg tmetalhq mmapcmsa $ush east najrie metal

illTustratively describ rei sui t abl e
:absgnce o:‘ly‘“&’rl?%m@fé’r@ﬁ“ﬁgf’qﬁ %‘Ar’fgaﬁ? §’¥ tl}eull?ﬂr?%ﬁ 1%(%1858&&? }n[%%&d onriléta{i rcages, the
speci fi cakhfodd Sflﬂfﬁ?@lﬂ heneédn. bd lpmprifedr of ¥ aapireof & haesoponsss nanostructured
‘conprising”, "includi

a? "cont ai n| ng", etc. shall be rea dronhili
expansi yehydIaPthw anaderial | qUpgask PRrA 18NEHOf | & MASPRPIOYS, RaNO8 tfwgura%dw ropuiic
expressi Ogﬁfe?iqp{)loé/ ﬁg%lg Hff Bt PRAYSpBRED nMRSPudSred 8YdTSpitbiciaaeRlRhixedwith a

and not o atio d there’is no intention in the use of such
terns andmx@omlmnesmhleedchmmﬁamyt%@iu The cetheds foth? el calh tpuldin this

shown and descyi bed. r |zed t hat

vari ous mS@FP %EWI%WE aafga*;’%@s' { i Sﬁ% i Q#ﬂgh%%%n%% 0 e i nvention
clained. Tduss] lEleﬁﬁ@dHeﬂu&he cnphdﬁdnst(ﬁﬁsj’ ditemt catied faodgipetdapaq[tom§@m' electrical
i nvention has been,_ specificaglly disclosed by referr

and opt i oﬁé‘fl"efsem?"egfy W&?S&ll%ﬁli‘q%%s%?&e \?&& dﬁﬁ TSh B9t q‘ﬁ‘g ﬁ?‘sr%% g fgeular
enbodi ed LRGERINCREHRT OF GindGdtve MWiliBNd Bairy eemiited thosipgrdapaiter sisidsdtto
in the art,” and that such nodifications and varq@ilon are, caonsi dered

to be wit hitery Frebralepeb psing preciah glesitadshand groelg eqhogiuieg] papapLiors
been descrj CfPe Sfb %ggér)’es%dthzﬂ%? bg %% ¥toﬁeeérﬁi'%: mEﬁan ofactifi® A SRV the

speci es an generic groupin ling within the generic
di scl osur eleafrsis slhmpmrq; ﬂe:ctroﬂlenmal ncamemris siore auieray thingih gestesnsicdaiseactions

descripti of the. n r. e
erout b B Sob 6 ERELP et e ER BRI 08 e
not the eRUsade ﬁf@!veﬂtlbﬁbomlﬂemﬂﬁmyfto s@dohgrary befiteried Sushan BC §@0EIPmposed of

O her enbodi ment t hi l.ai,ns..and, n

exanpl o5, SFFISHTRISFbn kAP S FH R gr e AR sl <phan hesbPh P, o
descri bed gjy Eloﬁz%ﬂﬁaqﬁEoﬁ%lilﬁﬁﬂ-aQﬁ&Up&ac&dlﬁSﬁn&lﬂhbﬂ 1gid or sbhidstatet WI I I
recogni ze that the invention is also thergqt}%t described in terns

any i ndi vilQRPRl nEwsermbrdimensofesoRber hERsHnEFES o0 A HIPRERARAGLT ﬁPIBBBsmg an

25 EXPER! McNTAle SHCTMON 0081 horkin, At oRb@Gd kerifiAh vt abed RalohoBIctwsde
netal -air battery [00119] Conventional AE (Figure_ 1A wereﬁlgre par.ed

by adher i oy twthriekacirodesobt gbe isvpareapacitorbdn oe@ﬁden@bﬂdemﬁmywaaé corated carbon
O f uor ! 5 SNl LS8 DL NGTHABEL il By lneR Db EHELn TR, SELERM cafbon

Teflon(r) p| BCe was P ace on to to act as a hydrophobic

| ayer in aldmbthbeemretuseﬂ ImaemarﬂleMnO'jrenbsmaeme @i bemmdapf Witk nangftakgs MnO,
1B) and 2 ure 1 ectrodes were prepared for the assenbly of

t he cat ho “ﬁrﬁ’rﬁf &Inﬁn%wg{qsery The layers for the assenbly of

the dif L eb@m;l% Ki ][rﬁ;e‘ ls.éifara@é ﬁ?&rﬁ gslating tﬁg eIEy@@ielcaﬁEd aegnglwme c@a)ted/\mrte a Support
prepared by the follow ng, the COOH n Sol uti
Ag- decor at@éemwﬂ?ﬁ F9Els S Hhstrate) Surl A PE}P% Cﬁ%? )g?ﬁ %@@qﬁa@&%ef?iff’ bgmg ‘used

m xture of, é}cﬁ%?@%ﬁdw& ARG X ox;SMelfsp/[‘@ﬂ‘exSM% éﬁ.ﬁ{c&ng ﬁlm can

fllteredtﬁr ter nmenbrane (\Wat nan, ore size, 47
di anet er) be'EHchy\ﬁbﬁérfoalal spraykd ougfinted ectp@rreeteiaﬁd»nvea exibly sordicHng ﬁ‘ﬁetrate

dryi ng. ¢ FESRAYPeRER RETy otk Ron il S SR E AR R ST

Lr eest ?ndl O@d’zl_] hi m bhé Bih@(}Sdl?lbh‘[? Hﬂ@ﬁﬁtlheﬁ‘ s&@@mxthmﬂ&ltrvdéﬁyemdo amfl cmﬁsnse a
irectly used as material for the ele ar of these
air cat hod?ébmwe*ﬁélfﬁ?ﬁeiﬂl@jﬂ%ﬁ?mﬂ’éﬁed{j’%ﬁ ‘gﬂ‘écg? ?(%%tﬂ (g%i)%éf




[00122] 3. Electrochem cal Testing [00123] Gal vanostatic di scharge
curves of the assenbled zinc-air battery was collected at a constant
current of 1 inA using a conputer controlled Macpile (Biologic,

France and EG&G USA, Mddel 263A). In the case of conventional carbon
el ectrode the electrical contact to AE was nade at the N -netal

screen. Wilst, electrical contacts on AE type 1 (Figure 1B) and 2
(Figure 1 re | ] FwiB &l thiRnt 120k layer of
anode. Ita)% o] gﬁe{gﬁg‘ﬁ%}%ﬁg%é%ﬁﬁ%ﬁa% E%%%Eéﬁfed bot h&gség'?‘%lzé a%t iyve
el ect r ode amdemst 18] pmndr withua rteicknesolof detvesen 2bguti KOt $o bowety30 Pie In one

open-ci rcui ol t age of. freshly.asse e %ﬁ
range 1. 4‘3{%’0{ nggle[%‘g%@ff o a Ey?%g{thgfeﬁigggefgﬁ]?@gk?gﬁé- P&)%fg s fhet
ef f ect i verpgsle Myeflikmbiredis the baailluéirated tiFipaetll eanisse adhiplarestlofbetween
t he baseline perfortnance of activated carbon black m xed with

pol yvi ny! ie8eweOmmyabaet (4 9DF) binder on a Ni mesh AR The discharge
profile Of&%%frn- & bndiRd: RbYctC MR Srédht Bentioh RefeRCto A etiRdofUBarifacturing an
P- SWCNT, SWCNT using air el'ectrode configuration AE Type 1

(Fi gure 1Blectinde AEMPsging Zrapgigere deppsiting as ayqy equgrised 2 gngnesoporous

conpared to car Lo i ' aj 185 YedC 8RS $hd

o Srons RatEeaRt RhorpiS hiulhh b, Shig abe SphhRedTONS) Sadsbibrous
ar chi t ect wassstabowedthydedghilic aeterial dn faofimthec aspéetp thieepuesenb finvsatién refers to a
vol tage and discharge_tjine). The inprovenent observed was 2 5x

per f o?rrané’éetg‘?ds PE é“agﬁﬁ‘\?'%‘ﬁf‘éoﬂ’afa eﬁhé‘?r'%o??piﬁnﬁ% PRERY S EEEr o0 5.]1&}3\%50}%%8 fped
the air el BsiRe MREEaDT ardV\GNTmesdBorbyd enadhofthicgited® H¥droptilec tmatsal, and
conposed of a single hucicy paper consisting, of i sti ne£W . .

( PSWCNT)  arbreaesntly Soqmnne @ sinals eledirodpéaysedn Sl ﬁﬂ%’ﬁfﬁéﬁ’% preggnf jpvention

di scharge { A d pbRu®hardditractiredSmeRAMAHRIEh @mprise
car bon (O.Iéfgt?, %ggﬁg?%th%E%frybe 2c( Fi gurg 11C1:) 11eI ect(r:ode Ir?ade of pHees

COOH SWCNTngtallid rapestiucayess howndd toa ith gyrfare. dike meatepd vomprsse Mg g porous

0.75 V) as ¢ e L0 E ].g%l%lg  nan oSS IR e t
attribut edlaflgsr&t%?ﬁeﬁgi% er@n [ ala\% ‘?“(r)\g"‘ﬁ%t u egg?é%]ﬁ)ésngl tvvoc_Sy\CRIT . _0
el ect r odesbhiin elseptunsidnydfthd nendstruttived wsateriah githythe sqlhtddn eonpyigingshe mistellic

h teristi f th S AE 1 (Fj e
clectr ode TroTERE BRERger AL ey BoBnb R i ot e F btbhtisor o
a stabl e \w@blvagecipi@ution b e dakosttictofes by thetsuffeceodf & tanostivetusadpmntenal at a

performance of SWCNTs hased AE n, be attributed to the | arger
ef fective t%P%@‘@‘ﬁF@%@B’FﬁSW%S%t provi des an increased platform

for oxygertoggi_qor 73 ig@ﬁbrﬁ?ﬂaﬁ(%%@tﬁieﬁﬂnﬁt_@ﬁﬂé 0 Bny Fornd k@ BE Foened! Intd & layered
clearly seen that enhancenent of Zn-air battery cel| performance is

obt ai ned stmpturehbs matheRs kaeww e sheottt inctudize But BrfimitedetoTiiiraing, easting, spin
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3. AE nmde of s showed.a better,dis r e

to convenﬁ“ﬂﬁg}me@gmy?rﬁaﬁvg? foHaeqe%eg%r ageﬁremﬁg%&f& i %?@eﬁ%;m‘%&dm
el ect r odessadk BthaPhfeertifeis Hahafatutder the ldyerst arel aabupged Tdneeadh stheaimge continuous
vol tage of AE Type 2 (Figure 1C) el ectrod mdegtﬁ%%i[%)%
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groups that canl be wet ed by the el ectrob%te thus enabling ORRto .
occur and dfohe tesinkfer dirastly aicethe| st laystoloy examnleotheriiipyaoean heeither a

have any drophi.lic (- attached to it nmaking the surface
nor e hydr%ﬁlﬁ%ﬁgblf?}agﬁgTM%i Hence effective wetting of the

el ectrode [pgvg]ot Napkerphsed riadriald)euci g emrhoaskeots manastrhethned t maleREy (o.2.
to take place which is seen jn_the discharge curve, ri .1 ..
two concurdaEn n3pealesy cat“aai&b eiogaed %@eﬁgésglgnotwdl 1321‘%%: ﬂ@%%“&hﬁqt%ﬁmted




[00128] Al though the results on the pure SWNT conpares well with
those in the literature, it needs to be nentioned 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. Electrocatal yst wag avoi ded so as to exclusively
eval uate the effect of only AE architecture and CNT functionality on

t he device performanc 0 FGE 8 OchleRheal Fhpdt @position
COooH an&oﬁﬁw il %ﬁ&fny%eﬁ%&?ﬁ’gﬁsreg%%@&gﬁ%%%‘%ode ar chi taect%re PO
[ 00130] |1RethidsAT Wytipehe?mallsgathesisie confi gurati on the anmount of

COOH SWCNT and PS [ were varied,tq evaluate. iis. : -

devi ce pdPPBtlnant? @F&@P’éosﬁ'”%tﬁﬁagly%% 3W;%§§%nﬁléaﬁﬁs%ﬁg?%€&8$’\}géa

of varyi g amoune AfrfekdOsk SWCHEndstradialee cn terid?3 YheapdsRS\WENTth$ dlyétophiobic

as P2) in thé AE type 2-electrode configuration. It is seen that a
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as corrpargg?%& 8t }}ﬁﬁxjpﬁ% ﬁlgfgra%'pbweowéﬁé ofbRsHAE88mYe] sirBQs BEr H, or O,
s m ve d

di scharge ro i's C are extracted and plotted in Figure
5. [ 00131}iaske treatizent Ial angthter ienbodiansat, | the tianostiueieredr Haterial isagbiqctsd Bo2

Wt % COOH SWONT _( Fi ) _after which.i ' ]
SO0t S eRoRt s ratep ot cehiEryt 3R 3ABicifer Uon BB bf the ggmma

to fl oodijpgdpfedtdagosiuefiddomytegaliwith e tuivatusited edremdytiodeidt ey gdyyma-rays can
d ing the diffusi f t hat _aff.ect -
e e 58 bt RSBt PR A By
COOH- SVCNT, o 0kt dhetf 351i8 Qeitt Vi SRRHIENGE R oledihe it Sisitiasdgs bbinmteod the etnsace of

off after this conposition and decreasing further the concentration
of COOH SWeNanasbueuredmagdriabct t he di scharge time. This longevity of

the devi C@) - refdl-?e% gﬂsz&&a{eﬁec Ak ofd  day dhO PO RhtdPat ey (Diboakii€ Macid or
pr onot es Q?@en iTfusion and prolongs the device |ifespan. In teréns
of both diabhtvee thotdfadly aavdid ithas ithe clisiadse beWesrudbe RangRrtifes and the

tudy that 50: 50 Wt , % i xt f % ;
s "a goocrnnpneer b ot e i B AR e (e

Ag nanopagibiehie coReaseen oplesGREH BUEKHN{. AB Type2 el ectrode) [00133]

It was seen fromthe abqve, results discussed .n t.he iQu t]
that the K088l e Bnicpe e‘?i!’%@ e tBE P%@ecaél?c’@‘lﬂl‘f eacc?‘%?ge/ %x%?%ﬁ?e%f?&]%r
the best petfQloRAGROL! Bxaudle shetryht @pida of aleriytbies Waseafdwikich toan theeused
SWCNT by decorating the COOH SWCNT (100% v%th met a% gla%i(ﬂ S ?féczpcid
as si | ver ingldephut Al ved limiedoter agyliG Acidy juetagerdlc aqid me 6?%%0%? ’
Figure 6 ; 2 {lec ddigch af aM9Bc aid] hea Atldilacrylic acid
batteri esg@gﬁh%gﬁﬁ’gﬁi%%ﬁ%% valt.?’i o%gsa.g?i .zes&?nc AE1 type 2 el ectfode
conf i gur afdrenniclatid),salgmephenylzcrlicacidi suhigragd, olpha-gjeo S@?fb‘%@@l%\ﬂﬁ?éc acid,
are much hi gher (about.1 0 - . : [ Sk SUENT ebRodie acid,
0.8 V). [EGHE¥Ef grﬂi?’spTcgﬁ%\)Nicﬁ%&f%c :%Ed’ r(:]gdt@'?ﬂr}l)g/tea}c(;mfe‘%‘ﬁancemsnt’ o the o
oxXygen r eghigicoit apidpanakicaEBRnaleic aid, denaricHeil, oxlyigahoxseabdendn

process occurring at the AB |s conpl.ex and involv Lt o1
step of hiRPHEPLr Buthgsmbadimep ")’ﬁ‘fqﬁ W?s(%or{)ﬁsagang? [?uec?’fréébﬁ%-h ﬂegg%% #lgtﬁnal
kinetics ang dhatdesspbrRR fRbsPRESed Fh@oplilie mmetizitate WAfed tdgether ductatio of
by catal ytic disproportionation to 02 and ON %ﬁé}l}){fﬁé}:gous %a%lgrv&tq/ts_ 90
| i ke CNT amigingds betatcen abeirthOn(ReseP RS RANP B TRRIO8IG, At 70
hydr oper oxi.de 4 ons. Lhd ialf\do @b 00ciRSHi%arRsed on the
required t ‘/gcg%%&orecﬁg/qlf‘@cf%@@?&?ﬂ%ﬁ%e&%%@ fons into Of

radi cal s. 12l weipROf-bofiPmateriditogether. 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



HO2- 1/2 02 OH 29 [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 coeatal yst (Ag-CNT). It appears that the 6 -
8 urn silver particle size give a slightly higher discharge voltage

as conpared to the other sizes. Electrggatalytic activity of silver
particles depends cru0|ally on its size on a physical dispersion of
Si|ver o, Lah0eNEha! Sk melliSiOBHBRN HEUHESILR fofREd 108 hn( PEiolic fitéril
occurred ]?henﬂg particles was stricture sensitive reaction and
depended @ferfeleto tieyedt ahd isamemged dn gt dlowrodyte dayenaf ticlmetal-aif balss hih is

U0 01 bt BUEL Bl 5781825 SARASHUF B Bt s o

functi ona{ogag&mme%aﬂlb@gmwrc groups (P3-SWNTs, Car bon Sol ut i on
Inc.) were dispersed in_deionjzed water (0Q, SS_gﬁgﬂ% the aid o
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rati o of € silver nanoparticle precursor, to the CNTs should
be in t hemmnge:onfpn@esmmg @. BaYus ma@pa;tomedoylatqﬂei Wil 3 SolHtion comprisig 2
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filter. Artér rinsing wt el onl zed er and drying in air,
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GDE wit hO ur.t b e $ t eCAg)oC 5500
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measured using a;const EADISRlthEaspd bfbetw
[ 00139] AR™S H%%’i’ théﬁ nera&af’mélﬁe Edeﬁt%%fraﬁggﬁteféﬁ matel?‘ﬁse di sper si ongéan ervesn
size of t agoutelGl MamﬂfousﬂeMs hom&mbﬁﬂlmsntpth,e concenfyetiemiange offmoble metal

hyd I h t t
AUNCE Lol TR0 oRssBl s Fgt of PR feb 04TATY 008 4 B witn Mhote

of car boxyl,,ghigitRethe vhidehbratish ﬁaﬁg% oFxlieanébtalr oxdde frbersoa rotariabean telinthe range
subsequentlg interact with AgNG3 to form -000- Ag+ groups. For |ow but
suf fi ci entof @W@@mhoat 0.801 ¥ torgpautdk/M-i ons for reduction (pH4), a

hi gh nucl 3&@ o8] 3h E A l%%xt ngéaﬁ%sac?mea %?'ﬁ yHRVthe foll Wi methods.
silver cr ars can serve according to the proposed_reaction

C- 000- Ag+ Chefhich} reduiskion can GeCidhievetyfor examatEoln @fusting the ot [in dho GfsPRyHon

hi gher concent.r.ati h
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Ag+ +NOB- + Na+ + OH -> AgOH + NaNO3 [ 00141] Larger and poorly

di spersed crystals (10 run) appear at higher pH (pH 7.3) due to the
reacti on between excess hydroxyl ions with both silver ions in the
suspensi on and - COOAg+ whi ch pronotes the conconitant rel ease of AgOH
C-000- Ag+ + O+ + Na+4 C- COO Na+ + AgOH2p00142] Consequently, fewer
nucl eation sites are available and the growth of silver nanocrystals

decr eases.pylfignd 8 hémichl RidubiBAGEEMEsiRH ok R6GiukPHRENNIHdS other metal
subst ant i ated bé; the failure fgogdecorate non-car bo%gl/-1 é%lg\l%y@s o men

si | ver, athygrd®s, sichng CeHeor Migiat i on of | arge col | oi dal retal

cl usters 3. Fi.qu t %%S f‘i?ﬁgﬁf@ oparit |

decor at ed @ms]h\}m({n% %rﬁ?ogdéﬁ Eﬁa)c\r,\?llec e Si 78s Siof ﬁl%681% %dn(r&%tﬁ%%med
and 3 - b5 material | andalt]he ambis estalt hmoé(gumaetpredmﬁ)rdéacg)radﬂﬂetxhetaB\fﬁhﬂ{mﬂicle
uniformy. Neit par.ticle a Iorrerates n 0 ar

observed HHEoRHE bRt SirteEfig Freaisns aguntth b URse Cohitbn gediGhon of
nanoparti gh@snehdisc hmuﬁ&aﬁerﬁhm@brs sihems ubby rﬁétalnﬁf&ﬁ%&fmr@l'é precutsor by
adj ust ment and reaction tinme during synthesis, as confirned

rat her naradeRingitbepHite beill anings of Yeavesh geputarp 40y or 3 tg %@rﬁﬁe){edﬁ@notﬁﬂ
amount  of ?@Z&&Eﬁ n%}{i%a&@% szAH @He%éeﬁ%&ﬁt 1138 ShdPf RO, $6F eﬂﬁ%ﬁa in

been used | es It i1sr asonab e to assune that the sane
anount of cAge dfazsms@@ﬂvetemuomuetmr@pmmrsoma&ml\tﬁs phHAsedjudtied gt gdapteido beina

2o 1 P35 18 5 aTRES BN 4R 7 S SRS i

decor at i ogobf naAgstnatmppretakass ﬂieddihiefpﬁrle ﬂdjuﬁteclzﬁ&)edﬂ h@a@%ﬁ%&w{abﬁ about 3 to

adj ust ed I?%:’:lg;[ {’:g r{otIIOrTgr h}:JJ I%anr ga%g 0'%%3 Sptlatmu%:{ éanostructure precursor the pH is
adjusted to be in a range of between about 4 to 10 or between about 4 to 9. In case of using a
metal oxide nanostructure precursor, such as a manganese nanostructure precursor, the pH is
adjusted to be in a range of between about 1 to 7. Thus, in case of adjusting the pH chemical
reduction is achieved by using a reducing agent, such as an acid or a base. Examples include,
but are not limited to NaOH, NH;, HC], HCi1O4, HSO, to name only a few. In general, any
known acid or base can be used to adjust the pH of the suspension.
[00107] The reaction time or incubation time of the nanostructure material with the
nanostructure precursor also influences the size of the nanostructures formed. In general the
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 materjal. 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



[ N

not decorated 4.3 2 12-15 6.3 2, 6-8 6.3 1

23

chlorides; metal nitrates, such as noble metal nitrates, metallic alkoxideé, organometallic
precursors, or metal acetates, to name only a few. Examples of noble metal nanostructure
precursor and metal oxide nanostructure precursor include, but are not limited to AgNOs,
[AgNHa)1" (aq), AuCl, HAuClL-3H,0, H,PiClg6H,0, HpPdClk.6H,0, Mn(NOs), or
KMnOQ,4. For example, precursor for TiO, nanostructures can be metallic alkoxides or
organometallic precursors. Examples of titanium alkoxides can include, but are not limited to
titanium methoxide, titanium ethoxide, titanium isopropoxide, tfitanium propoxide and
titanium butoxide.

[00110] In general, the molar ratio of metal nanostructure precursor to nanostructured
material can be in the range of between about 0.05 to about 0.6 or between about 0.1 to about
0.55. In one embodiment, the molar ratio of a nobel metal nanostructure e precursor, such as
silver nanostructure precursor, to nanostructured material is between 0.18 to about 0.54. In
another embodiment, the molar ratio of metal oxide nanostructure precursor to nanostructured
material is between about 0.1 to about 0.5.

[00111} Before being mixed with the nanostructure precursor, the nanostructured material
is dispersed in a solvent appropriate for the respective nanostructured material at a
concentration of between about 0.1 to about 1 mg/ml. Such solvents are known in the art. For
example, carbon nanostructured materials or MnQO; nanostructured materials can be easily
dissolved in an aqueous solution, e.g. water, Other suitable solvents which can be used herein
include alcohols, such as ethanol, isopropanol; ethylene glycol and acetone.

[00112] The nanostructures which form during chemical reduction bind to the linker during
precipitation as illustrated for example in Figure 16. In the embodiment illustrated in Figure
16, AgNO; is used as noble metal nanoparticle precursor which is chemically reduced using
HNO; thus forming Ag which binds to the panostructured material via the carboxyl group of
the linker. In another embodiment KMnOQ, is use as metal oxide nanostructure precursor
which is reduced to MnQO» nanostructure which also bind to the nanostructured material via a
linker comprising a carboxylic group.

[00113] As previously mentioned, to manufacture a membrane made of the decorated
nanostructured material referred to herein the decorated nanostructured material can be
washed and afterwards be sieved through a filtration membrane. Afterwards, the membrane
formed of the decorated nanostructured material can be peeled of the filter membrane as free-

standing membrane and may be directly used as electrode material. It is also possible to mix



3-5 [00144] Weight, thickness and conductivities of the bare SWCNT
networ ks and the Ag nanoparticle decorated SWNT networ ks have been
conpared to commercially avail able gas diffusion el ectrode (CGDE)

based on pressed carbon on a nickel nesh (Electric Fuel limted,

| srael, product |ine E4A; BASF, Germanyz4 product |ine ELAT). The
conductivities of the SWNT sanpl es have been neasured in a 4-point
probe_confi qur at A Wbl Bk Bl SRl ok R oFBBIBEC Wlch Vard (At ABkin the
sanpl es a & T5REF 1 Om t he manuf act ur es specifications. The results
are conpagleshdde fhatgtialebdfore Hmyvirgditdhtongle aofilr@Es msmbrapeda @yginthe electrode
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par ti cul ag,d/stebepizel ahndatéall enateisl.ces where wei ght and space are
crucial factors. The conductivity, on the other d increﬁg

hafg ses lbé/tr d
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peaks can be observed, {n addtilt' on. .tT(gﬁ oxi dation peak appearing at
around 0. e sycispdparergl #isPer! ISOUEGATBE attributed to the oxidation

of Ag to ;f@(ﬁ(m 2 Bfihek chbotimehts e Fitinkhe Bollowaf) claii and howtlirnieidy exdngries. In
ou

peak at a

nd  0.28 V (labeled with 'RAg') indicates.the reduction of
Ag20 to Agddifipm,|veherhEaBuREgy ASRSHE of 84@19‘@68%?3%65%15365 %’@%"&E‘ff‘ﬂ}@i BHPS:
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cont ai ni ngnd kit deih adentren apsib gio0p dAHpmbers géthe Markushimoumt al  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 filnms, reactions due to surface functional
groups cannot be observed indicating that Ag oxidation/reduction and
oxygen reduction becone the dom nant features upon Ag decoration. For




[ 00149] The open circuit voltages were around 1.2 V which is in good
agreenent with values of commercially avail abl e devices confirmng
that neither SWNT nor the Ag particles lead to different battery
chem stry. After connecting the device to a 1 K2 |oad, the voltage
dropped according to the conductivitiegslisted in Table 2. The
different operating linmes were due to gifferent anounts of Zn

mat eri al used. [00150] Anong < GDEs, the smal |l est
particle size seens to be fa%ﬁ%@%ﬁ?@ﬁﬁ er particle sizes
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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 i
. (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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in this study. The open-circuit voltage (OCV) of freshly assembled cells were in the range 1.4
to 1.5V.

[00124] 4. Effectof AE architectures

[00125] The effectiveness of CNTs in different AE architecture was compared with the
baseline performance of activated carbon black mixed with polyvinylidene fluoride (PVDF)
binder on a Ni mesh AE. The discharge profile of a Zn-air battery constructed with the AEs
made up of P-SWCNT, COOH-SWCNT using air electrode configuration AE Type 1 (Figure
1B) and AE Type 2 (Figure 1C) are shown in Figure 2. As compared to carbon, it is seen that
the zinc air battery consisting of SWCNTs made with AE type 1 (Figure 1B) and type 2
(Figure 1C) architectures showed betier cell performance (in terms of cell voltage and
discharge time). The improvement observed was 2.5x the performance of the conventional
carbon-black based electrode. Amongst the air electrodes made of SWCNT, AE Type 2
(Figure 1C) electrode composed of a single bucky paper consisting of pristine SWCNT (P-
SWCNT) and COOH-SWCNT exhibited the best cell performance, with discharge voltage of
0.8 V and cell life of 20.5 h as compared to carbon (0.5 V, 8 h). AE Type 2 (Figure 1C)
electrode made of COOH-SWCNT (hydrophilic) showed a higher discharge voltage (about
0.75 V) as compared to the one made of P-CNT (0.6 V). This may be atiributed to the
differential wetting nature of these two SWCNT electrodes by electrolyte due {o the varying
hydrophobic/hydrophilic characteristics of these SWCNT. AE type 1 (Figure 1B) architecture
electrode with two bucky papers made of P-SWCNT and COOH-SWCNT showed a stable
voltage (0.7 V) and a discharge time of 19 h. The superior performance of SWCNTSs based
AE can be atiributed to the larger effective surface area of SWCNT that provides an
increased platform for oxygen adsorption and reduction reaction to take place. It is clearly
seen that enhancement of Zn-air battery cell performance is obtained with this architectures
of air electrodes (AE Type 1 and Type 2).

[00126] 5. Effect of using SWCNTSs as the AE

[00127] The discharge profile of conventional AE based only on carbon and by using only
a single bucky paper of COOH- or P-CNT is shown in Figure 3. AE made up of SWCNTs
showed a better discharge plateau as compared to conventional carbon indicating that the AE
Type 2 (Figure 1C) electrodes are able to sustain the current drain. The discharge voltage of
AE Type 2 (Figure 1C) electrode made of 100% COOH-CNT (0.76 V) was higher than the
100% P-CNT. This is because the 100% COOH-CNT is made up of hydrophilic CNTs which
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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 AR 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 electrode
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 cutrent collector used in our
devices. Blectrocatalyst 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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in the Pt precursor solution (nolar ratio of Pt precursor to SWCNTs
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and Mh02 powtEPWCNTs 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 AR 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 O . 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, +H0+2¢ — HOy +0H

HO; — £ 0,+0H



Mh02 nanof |l ower M102 nanow res Mi02 powder BET surface area(nR/g) 106
13 91 [00159] 9.5 M102 decorated single wall nanotubes (SWCNT)
[00160] Solution A containing 0.2 g - 0.5 g of nmanganese nitrate
Mh(NGB) 2 or manganese acetate dissolved in 10 nL - 20 nL of distilled
wat er was added under vigorous stirring to Solution B containing 0.5
g - 0.9 gof Kwvnat in 10 nL - 20 nL of distilled water. 0.05 - 0.2 g
of SWCNT was di spersed in the solution usger stirring and heating at
50 - 80 C. The pH was controlled from1 - 7 using 0.01 MHC1L or 0.01

- 0.05 M HN%O&?F%@%&:E% %Quchgﬁe of oxygen to hydroxy! radicals resulis in an increase in the
discharge voltage and has been achieved using silver as cocatalyst (Ag-CNT). It appears that
the 6 — § nm silver particle size give a slightly higher discharge voltage as compared to the
other sizes. Electrocatalytic activity of silver particles depends crucially on its size on a
physical dispersion of silver on carbon catalyst. The oxygen reduction reaction (ORR) that
occurred on the Ag particles was structure sensitive reaction and depended on the crystal
faces and active sites on silver.

[00136] 8. Use of a single layexr of a decorated nanostructure material as electrode
material (Figure 1D)

[00137] Single-walled CNT functionalized with carboxylic groups (P3-SWCNTs, Carbon
Solution Inc.) were dispersed in deionized water (0.5mg/ml) with the aid of ulirasonic
treatment {120 kW). The SWCNT suspension was mixed with an AgNO; (99.99%, Aldrich)
solution (0.05 - 0.15 M, 100 mL) (the molar ratio of the silver nanoparticle precursor,
AgNOs, to the CNTs should be in the range of 0.18 to 0.54), followed by the addition of 0.1
M NaOH (99%, Merck) for pH adjustment (4.3 < pH < 7.3), and stirred vigorously for 15 -
120 min. The Ag-decorated SWCNTSs 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 SWNTs 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
teansmission 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 k.
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[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 - & nm and 3 - 5 nm. In all samples, the Ag particles
decorate the SWCNTs 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
SWCNTSs 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).
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Table 1: Experimental parameters for decoration of Ag nanoparticles of different sizes onto

SWCNTs
pH adjusted Reaction time Average Ag crystal size
[h] [1m]
- - not decorated
43 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
nanoparticle decorated SWCNT networks have been compared to commercially available gas
diffusion electrode (GDE) based on pressed carbon on a nickel mesh (Electric Fuel limited,
Israel, product line E4A; BASF, Germany, product line ELAT). The conductivities of the
SWCNT samples have been measured in a 4-point probe configuration while the values of
the commercially available samples are taken from the manufactures specifications. The
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 polatization. One side of the SWCNT films was
exposed to the air so that all films were measured in 2 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 (@bout 1 cm?). In general, the current density significantly increased upon Ag
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nanoparticle decoration when compared to not decorated SWCNTs electrodes and the
commercially available B4A air electrode. Taking the size of the Ag nanoparticles info
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 *Ro’) 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,z’) can be attributed to the oxidation of Ag to Ag0 (2Ag
+ 2 OH- = A0 + 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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[00140] 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 arhounts 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/my and E=1-V-t/m,, respectively,
where I is the discharge current, t the discharge time, V the operating voltage, and my 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) (Wivkg)

bare SWCNT 1025 279 125

12-15 nm Ag-CNT 1840 170 85
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6-8 nm Ag-CNT 3020 340 i80
3-5 nm Ag-CNT 3090 515 300
commercial devices ~2 . 200-600 250-400

[00151] Qas diffusion electrodes (GDEs) based on SWOCNT 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, SWCNTs 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 HAuCl, (HAuCL.3H0, 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,P{Cle.6H50 (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(NQ;), dissolved in 10 mL of
distilled water was added under vigorous stirring to Solution B containing 0.5g of KMnO4 in

10 mL of distilled water. The resultant solution was stirred for 2 h and then transferred in to a
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CNT 119.5
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pH the MnQ; particle size/dispersity varies). The resulting suspension after stirring for 1 —2
h is centrifuged, wasbed with distilled water and dried in an oven at 100 °C for 24 h.

[00161] In an alternative approach for the manufacture of MnQO, decorated nanostructures,
10 mg of single walled carbon nanotubes were dissolved in 100 ml distilled water and were
mixed for about 30 minutes using sonification of the solution. Afterwards, samples of the
solution were then added to a solution of KMnQ, (40 mg of KMnOy in 200 ml of H;0). The
resulting mixture was stirred for 3 days at pH 8.5 at a temperature of about 70 °C. During the
reaction the purple color of the KMnOy solution disappeared as oxidation takes place. At the
end of the 3 day incubation the solution is filtered and washed to obtain MnO, decorated
SWCNT. Figure 23 shows TEM images of MnO, decorated SWCNT, wherein the MnO,
nanoparticles bound to the surface of the SWCNT have an average size of between about 1 to
10 nm. The images provided in Figure 23 show the same structure but the magpification is
different.

[00162] 9.6 Synthesis of TiO; nanotubes

[00163] Titania (TiO;) powder 0.5 - 1.0 g was added to a 15 M solution of sodium
hydroxide and stirred vigorously for 2 h. Then the contents were transferred in to a Teflon®
lined stainless steel autoclave which was placed in the oven for 4 - 5 days at 170 °C. The
resultant dispersion was washed several times with 0.1 mol/L. 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 AgNO; concentration are the
main parametets controlling the dispersion and size of AgNP on SWCNT. After introduction
of SWCNTSs 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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Table 4: Silver nanoparticle characteristics as a function of pH and reaction time for metal

decorating single-walled carbon nanotube

Sample | AgNO; pHs® [pHsc® |pHn® |rxn.  time | average Ag
cone. (M) (min) crystal  size’
' (nm)
AgCNT1 | 0.15 5.6 3.4 43 120 15
AgCNT2 | 0.05 5.6 34 6.3 i5 1
AgCNT3 } 0.10 5.6 34 6.3 15 3
ACNT5 | 0.5 56 (34 |63 |60 4
AgCNT6 | 0.15 5.6 34 6.3 120 6
AgCNT7 | 0.15 5.6 34 7.3 120 i0

* pH of AgNO; solution, ® pH of AgNO; after added SWCNTSs. © pH of suspension after

added NaOH. “Determined by TEM. rxn. time = incubation time

[00166] Subsequently, the absorption of AgNO; 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
Aglto Agl. Table 4 shows the silver nanoparticle size of three different samples as a fonction
of pH and reaction time. At pH 4.3 (after added NaOH), the Ag nanoparticle size decorated
on SWCNTs was the largest with the diameter about 15 nm (Figure 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 h}lrdroxyl 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 vielded larger Ag nanoparticles through the crystal growth and aggregation after
nucleation. The variation of AgNOs; concentrations (0.05 - 0.15 M, pH 6, aging time 15 min)
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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 AgNOs 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 28 = 38, 45, 64, 78, and 82.

{00167] 11 Electrode for supercapacitor

Figure 21 shows cyclic voltammograms for six supercapacitor devices with following
electrode materials: reference device with CNT elecirode (designated CNT in Figure 21),
mixture of nanostructures of MnQ, 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. MnQO; 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 ®/e) &y o Power Density( W/kg)
cv Galv {(Whikg)

CNT 112.5 57.7 3.1 483.2

CNT+ 6 wit.% MnQ, Nanoflowers 208.9 78.3 5.0 767.6




1. An electrode conprised of: a first |layer conprised of a nmesoporous
nanostructured hydrophobic material; and a second | ayer conprised of
a nesoporous nanostructured hydrophilic nmaterial arranged on the
first layer. 2. An el ectrode conprised of a single |layer conprised of
a m xture of a nmesoporous nanostructurﬁp hydr ophobi ¢ material and a
mesopor ous nanostructured hydrophilic Taterial; or a single |ayer
conprised of _a porous-nanostructured-rateral—whierern—the—posops
' nanostru§NﬁféH“Tﬁ@@ﬁNﬁFw%%nprisggjnetaﬁ%Tc nanost ni ctlures which are
bound t o|GRIF 6 9% MEOEpcaert he rormwg ngdnestr lict urkd matleri al . 6810 The
el ect r ode-accordi-rg—te—etarmi—or—2—wheret-n—the TTESOpPOres—ave a
maxi mal di mensi on between about 2 to 50 nm 4. The el ectrode
according to any one of claims 1 to 3, wherein the nanostructured
material is selected fromthe group consisting of nanotubes,

nanow res, nanofl akes, nanoparticles, nanofl owers, nanodi scs,
nanofil ns and conbi nati ons of the aforenenti oned nanostructured
materials in a mxture. 5. The el ectrode according to claim 4,
wherei n the nanotubes are single-walled or double-walled or

mul ti-wall ed nartotubes. 6. The el ectrode according to any one of
claims 1 to 5 wherein at |east one di nension of the nanostructured
material is less than 100 nm 7. The el ectrode according to any one
of clainms 1 to 6, wherein the nanostructured nmaterial is made of a
material selected fromthe group consisting of a carbon material,

Kot




41 a ceramc, glass, a netal, a netal oxide, a polypyrrole and

m xtures of nanostructured naterials made of different of the

af orenenti oned materials. 8. The electrode according to claim7,
wherein the carbon material is selected fromthe group consisting of
activated carbon, carbon bl acks and gﬁ@phene. 9. The el ectrode
according to any one of clains 1 to 8, wherein the nanostructured
hydrophilic material and the porous nanostructured material conprises
a linker bound on its surface. 10. A& ectrode according to claim
9, wherein the linker is selected fromthe group consisting of

nol ecul es conprising a hydroxyl group, pyrenes, esters, tbhiols,

am nes, 1a caphatectrody amprizediofri xt ures thereof. 11. The el ectrode

according to claim.10, wherein the carbo ' hS6d nhdlerBi:
nol ecul e sel &ct edaﬁfngYFﬁgolﬁ?%sﬁé 0?8 SRS OF%%:;S I%%‘Q#I@rdr%fec gm : acet#% ’
acid, propioghe acid, butanoic acid, pentanoic acid, hexanoic acid,
cycl oal kane carboxylic_acids, and, benzoic acids. 12. T | eGt 1 -
according to*cl ai W@Pﬂ@w}?é’?"eﬁqmﬁqﬁ%d?'W@@PP@u%nWBF%Wﬁﬁ%ﬁ‘}%ﬁ“ﬁC&Qt%ﬂﬂ
conprises ph Iof 1Ak S 1ersul fonic acid. 13. The el ectrode

accordi ng togg%&%gr?g of cl gil}errns 1 to 8, wherein the nesoporous
nanostructured hydrophilic material and the nesoporous nanostructured

hydr ophqbi c terial,_are of the same or different substances;
wher ei n“t he :%'se %CngﬁgoWPg%??uctur ed hydrophilic material further

conprises a ki nken siglétlaysucdmprisedsofr ef mixted afoai mesppproys rapestpChreds
9 to 12. 14. The el ectrode agcording to an ! - 9. 13,
wherein the PX?@P@%’@“&P%&?@@dnﬁﬁp(%ogwgﬁu%ﬁ%@ﬁdgpﬂ%&eﬁaq’ ok

" 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 a 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,



15. The el ectrode according to claim 14, wherein the support materi al
is a paper-like free standing film 16. The el ectrode according to
claim15, wherein the paper-like free standing filmis a bucky paper
or athin filmof sprayed or printed active material on a flexible
conducting substrate, or a free standipg filmof a nanostructured
material. 17. The el ectrode according to any one of the preceding

cl aims, wherein the nesoporous nanostyuctured drophilic terial |
m xed with nafesEme:slises metgl, appgial ox ?B@&Hﬁ%?‘?ﬁf‘ﬁa‘wﬁs Bﬂgﬁnﬂﬁt’i“’ﬁlieds
17, whnerein %{%aﬂ%?i‘@&@é | qeirgent O tHeGorBRSRRPEAHBIAAROS I uct ur ed
hydrophilic materral and the nmetallic nanostructures of the porous
nanostructured nmaterial are catal ytic nanostructures. 19. The

el ectrode acgQrdin o_cl ai 8.1.; rajn.: :

of o sudet andgeculerSa PR Bzt Fifleh i QRRASKIUENK e KahdR 4%
an all oy, an gdifpajorsibtalg dfastivatetiatationpodlshn tdacka and graghenton net al  oxi de
and m xtures thereof. 20. The el ectrode according to claim 18 or 19,
wherein the nanostructure is selected fromthe group consisting of

nanot ubes, nNaRRWIERDde Q@E&@iﬁg_‘?@%ﬂtﬁ@%ﬁiﬁﬁ'ﬁ% 8 &mefelo Wer sanostructured
nanodi scs, nanofil ns and conbi nations of the aforepentioned

nanost net ur edwyrmpbilicanaeriah agd fiie;poraus nanpstructpred g ERpaprtses 8 ligkss fovyl

cl ai m 20, vvheor 8] %fgge nanoparticl es have a size between about 0.5 to
about 40 nm 22! € el ectrode according to any one of clains 17 to
21, wherein the nanostructures of the nesoporous nanosh-uctured

hydr ophi | i c terial .are bound to.t SQ 0

hydr ophi % ¢ :@Fe?lfcgi"deiaﬁwé g %@rﬁm%e"‘r’ o1 N 3@%@%@53‘%@%%@ erfad
referred to idnd@ihe0ndlboutdsaiompriSing @ HyAroxylgods, pyfines, ekters; thinle amines,
according to any one of claips 17 to 22, wherein between about 5 to
about 80 % of2 q@FRex¥} EpuR edgprtyes heReBhor ous nanost ni ct ur ed
hydrophilic material or the porous nanostructured nmaterial is covered
wi th the nanostructures. 24. The el ectrode accordi ngi to claim23

wher ei n the reodeatiode apesding éo elpion|1), Wherpir e q2Rr Y HEOSLISFEBTSH Prib
Mesopor ous n%ﬁ&%{% ;glélg{t&ﬂ AONOBRPRLYY CodRERE 10R Iforic 1B, BEYtieURid, propionic

nanostructure . L.
acid, butanoic acid, pentanoic acid, hexanoic acid, cycloalkane catboxylic 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.



25. The el ectrode according to claim19, wherein the alloys are

all oys of elenents fromgroup 10, 11, 12, 13, 14, 16 or m xtures

t hereof (I UPAC nonencl ature). 26. The el ectrode according to claim
19, wherein the alloys are alloys of Au, or Pt, or Pd, or Cu, or In,
or InSe, or CuSe, or SnS2 or m xtures,thereof or AgaNi. 27. The

el ectrode according to claim 19, wher® n the metal oxide is sel ected
fromthe group consisting_of Ag-M02, A 203, MO03, MQ2, V203, .TiQ2,
8i 02, ZiB2, Thodectrdpagcordipoio %@%h‘}sm HisoBporpgisnialis g nqp';{fl&egfee
t hereof . 28. TQF e trode according to claim 19, wherein the noble
metal is sel &Y romthe group consisting of silver, -palladium
gold, platinumand m xtures thereof. 29. The el ectrode according to

any one_of cl ai 17.to 28, erein the nangstr i : :
nanopar -l e%ﬁgfe%@ee?%ogwwﬂm}i dﬁ‘?bﬂ% i%'f)enP ag’f% }"#%egﬁhéﬁ%%%url% fpdg 2
i's between ahgidly dageP o2Qa ik 86 of lipragbd ok rihecdaseive dnagrisloon laflexiR®,
wherein the nanoparticle size distr]butjon for nanoparticl.es with a
si ze of bet wewugting Aubstrais, pha fee ?tﬁﬁm%ﬁi&bﬁfﬁn@ogﬂichﬁf@@ﬁeﬁ he
particle size distribution for nanoparticles with a size of between
about amto <12 nu is about 3 am and wherein _the nanoparticle size

di st ri buvi onTheelesanispardriing és any one of the preceting elpifse Whetsii e MeESPROIYS

<5 amis about m ,.44 . .ef.ect. . i o any one of

t he precedi nﬂanﬁé?‘%ﬁed&ﬁ%?é?]ﬂﬁc %g%ﬁ‘g# Ig%g%glﬂg}g@%@n&gg%ut 10 umto
about 30 umthick. 32. The el ectrode according to any one of the
precedi ng clainms, wherein the |ayers do n comr.i sg .a_nol LC

bi nder ég- do Thet clecsioge i 2080 ?Sﬁgyfci,“ia-’ﬂi % 8’6?@1 ™ -reéPhg‘ﬁe @Eﬁl‘[ﬁ?{ﬁ%/[ﬂ-f) the
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of claims 1 to . . .
the porous nanostructured material are catalytic nanostructures.

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
nanostructared hydrophilic material via a linker, wherein the linker is a linker as

referred to in any one of claims 9 to 12.



34. The netal -air battery according to claim33, wherein the

netal -air battery is a zinc-air battery, or a lithiumair battery, or
alumniumair batterSr. 35. The netal-air battery according to claim
34 or 35, wherein the electrode is the cathode of the netal-air
battery. 36. A fuel cell conprising any el ectrode according to any one
of claims 1 to 32. 37. The fuel cell écordi ng to claim36, wherein
the fuel_ cell is | ymer exchan rane _fu (,PEMFC
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(PAFC), or I rect - met hanol fuel . The™ fuel

accor di ng toth¢mrm1®@ng$m®mr€d/m@ﬁeéﬂns @Wrﬁlvéﬁlth@li@oﬁ%uqfﬁ’és anode of
the fuel cell. 39. A supercapacitor conprising an el ectrode accordi ng
to any one of clainms 1 to 32. 40. A nethod of manufacturing an

el ect r odd. cormliei déchgde acrcbﬂiin;g' togelamf 13, ameiehyma nam:mucbtm&sl aref evanly dispersed
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41. A et hod Qi senkiuadsliHateid, an el ectrode conpri sing:

25.  The electrode according to claim 19, wherein the alloys are alloys of elements from
group 10, 11, 12, 13, 14, 16 or mixtures thereof (IUPAC nomenclature).

26, The electrode according to claim 19, wherein the alloys are alloys of Au, or Pi, or Pd,
or Cu, or In, or InSe, or CuSe, or SnS; or mixtures thereof or AgNi.

27. The electrode according to claim 19, wherein the metal oxide is selected from the
group consisting of Ag-MnQO,, Al,O3z, MoO3, MnO;, V5,05, TiOs, 8i02, ZnO;, SnO,,
Fe,03, NiO, Co30;,, CoQ, Nb,Os, W20s, 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 25 nm to
<12 pm 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.



m Xi ng a nesopor ous nanostnttured hydrophobic material and a

mesopor ous nanostructured hydrophilic material; and formng a single
el ectrode layer. 42. A nethod of manufacturing an el ectrode of a

por ous nanostructured nmaterial, wherein the porous nanostructured
material conprises nmetallic nanostructgres bound to its surface,
wherein the method conprises: mxing a porous nanostructured
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the sol uti on pREn abbid O3 tadboat 30 gmnAkidiast ruct ure precursor;
chemcally reducing the netallic nanostructure precursor to allow
precipitation of the nanostructure at the surface of the

nanostr ur . i aind, wh BayeRe not
13, The Tt o Aae ol necblfy (ARY RH8LPLE pReeily Bhick), vl e oo
hydr ophobi ¢ nergrisala pelsmetie bindgiost da gt ceaprised popti 1-1dlvgea-beicthanediy)
m xed toget hﬁ@@)a rati o of between about 10 (nanostructured

hydr ophobi c terral) : 90 (nanostructured hydrophilic material) wm.%
to about 90:10 wt.% 44. The nethod according to claim43, wherein

the mxing ratio is.gbout 30:70 wt.% 45. The nethod accardin any
one of i e Bl Aoty cERBAnE i leoile sCUTE I RO STBGE FRITE g of
t he nanostructured material through a filter nenbrane. 46. The net hod
according to any one of clainms 40 to 42, further conprising arrangi ng
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single layer I ms )L LaiFBdiRE al . 47. The method
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hydrophilic material is subjected to a treatnent before being used in
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treatne

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 cefl 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 direci-methanol fuel cell (DMEC).

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.



46 treatnent or sintering at tenperatures <500C, or refluxing in
I norgani ¢ pol ar solvents, such as HNG3 for 24 h; or plasma treatnent,

such as Ny or

Hy or 02 plasma treatnent. 48. The nethod according to

cl aim 40, wherein the |layers are arranged on each other by spraying
or filtering or by use of a plasma netjgd. 49. Use of an el ectrode
according to any one of clainms 1 to 33 or an el ectrode manufactured

accordin
nanufact

42,

43.

44,

45.

46.

47.

tothe
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lains.40 to 48 for the

mixing a mesoporous nanostructured hydrophobic material and a mesoporous
nanostructured hydrophilic material; and

= forming a single electrode layer.

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 solufion comprising a metallic
nanostructure precursor to obtain a sﬁspension of the nanostructured material
with the solution comprising the metallic nanostructure precursor;

' chemically reducing the metallic nanostructure precursor to allow precipitation
of the manostructure at the surface of the nanostructured material at a
temperature of equal or less than 80°C.

~ 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.%.

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

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.

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

41 or 42 on a support material.

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 ome of claims 40 to 42; wherein the treatment is an oxidative



43.

49.

46

treatment or sintering at temperatures <500°C, or refluxing in inorganic polar
solvents, such as HNOj; for 24 h; or plasma treatment, such as N» or H; or O, plasma

treatment.

The method according to claim 40, wherein the layers are atranged on each other by

spraying or filtering or by use of a plasma method.

Use of an electrode according to any one of claims 1 to 33 or an electrode
manufactured according to the method of any one of claims 40 to 48 for the

manufacture of a metal-air battery or a fuel cell.



