1 ELECTRODE MATERI ALS FOR METAL- AM BATTERI ES, FUEL CELLS AND
SUPERCAPACI TORS CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] This
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 refere{;ce inits entirety for all

pur poses. HELD OF THE | NVENTI ON [ 0002] The present invention refers to

the field of electrochem stry, in particular to the electrochem stry
of et al - aFLEGHRQPEMATEREALS FORVETALABE BAJERINESs OBk At kS AZD
BACKGROUND OF TAT | NVENTI ON [O%Eﬂ'@@A&Fﬁkgnce of energy

har nessi ng and storage devices such as solar cells and batteries in
this era of high gasoline prices hardly needs to be enphasi zed.

Metal -air batteries RErg: T@%‘?A’f‘ﬁbrﬂl{ﬁgﬁmﬁ used in
-di

conventional primary batteries) and an air gas usion el ectrode
(cat hode)[080%}i | dhis applieedion whagas the bewadit of ptitnly odBWS myvisiseslapplntiothiio.
met al ano 1 I r ] | X Lyl t D

oxygen f réo%r?nOdasf%rs;g’ {%}:ﬁh c éb:fbg[mre g?ﬁ’cg‘{) blr%}‘qgt ﬁnglgeg?s r 9%2?%?% ﬁ %gﬁb%{cgl&)gﬁerd ob e
(or air ekiomcothais satBety PEalppspeeses two di stinct advant ages over the
conventional netal -oxide cathode in the primary batteries: infinite
charge capacity and | ow wei ght i ndependent of the capacity. The
anpere- hour capacity of the FEID OF THBINVENIION det erm ned by the

amount of act LV t.al _ano u h e :

Hence, t ﬁgb%ecﬁﬁi?g?eégxgr@%e gcrml‘ s??r%go gt% ¢ %Zd%hi%f%éﬁl %ﬁd%&%ﬁ?ﬁ%fm tﬂﬁae
nmet al - ai reldvabtlemigy cimetadaybatdries fidl yellsiagheecitoblmmitdl sspacitors.he ot her
el ectrocheni cal energy storage systens. Anpong netal -air batteries,
zinc-air batteries offers the highest specific energy (WE/ kg) and
energy density (WL3/L) stRAeOKGROTNDQGRTHEE INVENTMN OSt. Zinc-air
batterie talhn_ non-toxic terjals.and.c p e
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netallic Zinc ano alr-catho rou aqueous
el ect r ol yinehe air-gasaidfibsionecimdg (or air electrode, AE). AE possesses two distinct advantages

over the conventional metal-oxide cathode in the primary batteries: infinite charge capacity
and low weight independent of the capacity. The ampere-hour capacity of the metal-air
battery is determined by the amount of the active metal anode, but not by the air electrode.
Hence, the specific characteristics (such as Ah/kg and A1) of the metal-air batieries are
significantly higher than that of the other electrochemical energy storage systems. Among
paetal-air batteries, zinc-air batteries offers the highest specific energy (Wh/kg) and energy
density (WW/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 eleciricity by the electrochemical coupling of a reactive

metallic zinc anode to an air cathode through a sujtable 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 electrode, AE) while zinc netal (anode) is

oxi di zed (Zn24), providing a usable electric current flow through an
external circuit connected between the anode and the cathode. Since
Zn can, be electrodeposited fromaqueous el ectrolytes to replenish

t he anode, ZI nc-air batteries can be secondary as well as primary
batteries., ng&(pg

oot hode: oF s f%%ﬁ%g %né%’i%&jadsorﬁe mfc!i@@ﬁé%r%rédug\fﬁ') TSSBI% an
react i on: ZEyg@xeduchon gﬁelm\@ERl aféb&/c{t‘mi@aﬁ]efmé @iy aigelscteide. AR vonle zine

| ectrod
cur T ace. o pADiRD RFiuBNA (A0S EARARE hIe Skl THOM RN, o iEn 3 Bl A
limting amnpbmpctcdwbatmenm apiode @taltﬂ:epgthaﬁel $ingeafaf canrbwredeetrodeposited from
b ecause Oi)%g%[ﬁs efegﬁ’cﬁ%e %’ gﬁ% ehi}g’@ ﬂfé%*&ﬁg %u{?‘,-qa'?re%aﬁ%ﬂgséaﬂrge' s%!',o dary.as well as

pol ari zat 0SS |ng to nost of 't vol tage reduction
cell di sch:ejngig(baﬁhmsef ore devel opment of AE with facile

el ect rochgglﬂcal | neti cszz fHE_Q)a%e Cﬁ}ﬂ}? +4grportanc%o factors

have been“es Pf%hed to el'é rocat alytic per or mance of
AE, (i) th@tlzea&'dﬂndaceousﬂﬁﬁﬂﬁ%‘lahé@ﬂoyed nust be WrOUOVi ve,

possesses rface E?;g have sufficient sit nce
oxygen recéd’gf %ﬁaclill@actl ozn%n%@ﬁ O(| i) the el ectrocat@pd}? C osen
requires e{@ﬂosq:l eﬁhe htr-gad diffiagjor tlechrodg A Ep bmedsne sirfhee) e;dpnseérmahe gmpgphere
structure 0 houl d be.optimzed for oper ch neki.n s

el ectrol yt egl gn arage(f‘ﬁ% FEHE é?l'?he a%u(?mf l)ectfoﬁyete ﬁ);%) 81(i;bl (%nl% ?}heo mﬁ%’g
AE | s tunedmponeni in thieZen-aif éettary) lcyit @eszcbmmnhen@ mM:mse |okyges redoignpizhd

t hat perfor ce of i.ts c
the t)pes roRRg baraa aatai [ TerRErtedl sk FERE Yl iRy
OnM ng to tchib didolarge. f'ﬁretefms deligoameanh | dfeSE umésfanﬂe tetaetrmhamal yinetde ds AfE

are rather une 1A) . ener al
nyar ophob B e rer el Wi st el sl R B Becocatatyi
hydr ophi | iperfdranpece ef &E,a(nbthﬂ yarbivateous materiebergloyedvnush be hendatteres pobegice

L The 1Yo SONORLOALRYSIL S, SDRULA 8 LURBLICAULE Lade a0NS0URR) G

el ectrol yte erneaple to
consi sts dfe sliswgplcﬁﬂmil cﬂmﬂnaeqm;egefﬁm@:d botakiog of ancageynshondﬁcﬁlﬁ Inhmal pore

|
on to o cORRRETS Qe APl BadeRRiatdty Bl thalrtfle §f Bar I meySla
hydr ophi | W@C*aa"y end §ivy Grdivstephaficity ghiisisFals tmiedt toeinbfize eletwiyte fidoding,

o baokr t SR isGedpbist P QA SRS o bl AT AR i KB Ror (M WRacnction ang

AE t hat aﬂmtypmsfcmlhnmdatmlmldlehgtr@catalysmmgmﬂe of active carbon,

L L L e

screen t heomglengfigirs 1a). Ia deyaalpphiohiade hpyks hjdmphome lmyeer Bdearbond iatisniy

catalyst) TESER B Aon atRiRRr ARt e S0 ohe Rl At etk O58

at t ent i on The hpérophdbicngaren Elaiuldalﬁﬁjmm&ﬂhtabté tthel yqlmmmgecﬁmlstmhutrshbmg fbe

surface area xceptl al I ca rrech

proper t i e€{5aHe (13 %Q@g’ ’ﬁ’e@l&? lager’ ygeust ?‘8558315@ ﬁ § Oéggen reduction
prospect i ¢galgat Bbifishe ﬁy@@@rﬁrhprﬁwoﬂ £l e peifiheiindee thay Bindathb (tyeision to a
nmetal -air batjteries and f | 1s. ere are st S
on the el GRRPETRRh TReoeR o, GBILY e of SRokeh Eif BetPok e deoorsit of 3
Wit h/ wi t hguysiGaRakitlel 6f Rabdn &ldesuibBll CORR cailsMiBle WEtalsNRPE2Ag) drt oxidrs
reported in these st,uﬁdﬁ es that using CNT as catal yst support not only

i nproved (MEOs@R@UE LYty of the AE but also significantly increased
the active three-phase interfacial area for oxygen nol ecul ar




[ 0009] Thus, a need exists to develop further nmaterials suitable to
be used as gas diffusion el ectrode which overcone at |east sone of
the problens referred to above. SUMVARY OF THE | NVENTION [0010]In a
first aspect, the present invention refers to an el ectrode conpri sed
of a first layer which conprises a rnesoporous nanostructured

hydr ophobi ¢ material; and a second | ayex which conprises a nesoporous
nanostructured hydrophilic nmaterial arranged on the first layer. In a

further asp@gy) th&eN@$ZHe drPiRitel 0fhsisRcPhS e aRboRd 6l 8 Baking a thick
conprised of a single |layer which conprises a m xture of a nmesoporous

nanost r uct RasecPTiegiiventsshon: bindeirad pepsizsnlicmageinsbpbickal snetl sgrsemivhich eds as
hydr ophi i ﬂotﬁrﬁ'fe%ﬁftal%ﬁ anlﬂ rcbl\rﬁerﬁ eOHofr. | RS de CP IR 3R ezl &réég ':t]ﬁr%{?:onsist ofa

nanostructured nmaterial wherein the porous nanostructured nmateria
conpri ses ldrephphie layanlgdivesatbor &d ths othrep siboenigists of hysisopdhilicilase (agtive
the porous,panoghuetdr-gdnmaterial . [0011] In a further aspect the
present invention Is dlrgcted to a netal-air battery or a fuel cell
or a superl®8pHci tQrvopraprtites HgNEs heve etradeiomuchsatientinadn fhethefindanfegipl 21d

| anot herBRRFGlay dife BTASEIE, LINBOLLED LBh BLPald:dy TRLDAPLd qerma

manuf act urf g an rising arranhging or positing a first
| ayer conprosaiiesoPuata thess ppapedigs, CNUsreag ossideref peptospeditepiathistsupport and

mat eri al . [ 0RO t
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i nvention f I r 0

por ous. nariete e RRE PRl PR RELL A0 AL AEH BBl g goove
mat eri al cbwpesi Be abmeera raile innhe oswentional meghodtif oixiang ENFovitiobiader tinkother
surface ofadgjt&gesna%%g i tarxggée%gsﬂs rleri al . The nethod conpri ses
m Xi ng a porous nanostruct ured materiar W th a sol ution conprising a
metal |'ic @3t r Tbewirecqdregisterta develap futiiteainateials swiabledd bruweh a¢ ges diffusion
nanoSt T UC BT bacol PikdSoiohtid AREARE Sk DE et el | ¢
chem cally reducing the netollic nanostructure precursor to allow

precipitation of the nanostg Mﬁi{(ﬁ]‘wﬁ%m t he
nanostructured material at. a tenperature of equal or |ess than 80C
[0015] I n 46910] alf & it @speals fecpresentigventios eaftrs tnuesedtmde icsmpiiised of edirsto
the use Oflaﬂp vﬁa!i&c&fnﬂbqﬁes a mesoporous nanostructured hydrophobic material; and a second
layer which comprises a mesoporous nanostructured hydrophilic material arranged on the
first layer. In a further aspect, the present invention refers to an electrode comprised of a
single layer which comprises a mixture of 2 mesoporous nanostructured hydrophobic material
and a mesoporous nanostructured hydrophilic material; or a single layer comprised of a
porous nanostructured material wherein the porous nanostructured material comprises
metallic nanostructures which are bound to the surface of the porous nanostructured material,
[0011] In a further aspect the present invention is directed to a metal-air battery or a fuel
cell or a supercapacitor comprising an electrode described herein.
[0012] In another aspect, the present invention refers to a method of manufacturing an

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



as described herein or an el ectrode nmanufactured by a nethod

descri bed herein for the manufacture of a netal-air battery or a fuel
cell or a supercapacitor. BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0016]
The invention will be better understood with reference to the

det ai |l ed description when considered in conjunction with the
non-limting exanples and the acconpanying draw ngs, in which:
[0017]Fig. 1 illustrates different configurations of netal-air
batteries. LD :QRRRER nydRpHRHi@ mat@lal R2L!KEYnd TBMP doRphiftd 8f ta felddbioBs
1A), such as a zinc-arr Battery_ I's made up of a hydrophobic |ayer
(car bon) 3natvatuciused ydeaphiligaratetiabh air and a hydrophilic layer 4
(carbon) t 1 S aRefi QH:AG 1 BB
| ayer 3 sh@ﬁ%j befni%ﬁ%gr rrea‘%Iaéve%%th%%ges%%ﬁ@ngegéﬁg%f&}éﬁ&%g%?%houIgd
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i n the enbaxdieseritiedi idreis tar aneeledtndd-inporfechir€d byhe nredind sdesuribed hein for the
material which iis ¢ rised. i.n the d il A can be m xed
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nanostructured naterial) i d to herein
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6 [0023] Fig. 7 shows TEM i mages of Ag nanoparticles decorated SWNTs
with the particle size 01(a) 12 - 15 nm (b) 6 - 8 11111 and (c) 3 -
5run as well as x-ray diffraction on sanple c. [0024] Fig. 8
illustrates a conparison of SWCNT based gas diffusion el ectrodes
(GDEs) with comrercially available GDEs (Electric Fuel limted,

| srael, product line MA, BASF, GCermany,5product |ine ELAT) in terns
of thickness, weight and conductivity. [0025] Fig. 9 shows

pot ent i odyH%meClH)ﬂlhﬁfalte%ahjlm-a&fbaﬂé}y UBRE56T 1t @ehusBWEN TS ecro 08TBRS & Rborbdd
air electr wi.th different
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vol t ammogr ahdke@bnAgp 8£60%L atiRe wiENTise %édrbffﬂnﬁrfbﬁfd&nﬁ:aﬂéﬁﬁt TRé GardlsERBuréd
scan rate of 10 nmv/s in 6 M KOH solution (a-d). [0027] Figure 11
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shows the t@h{e%ﬁltfacefofﬁuyzﬁwgua&uﬁ&mkerﬁm&yEﬁ&& concentration (in this
case Ag [é to the silver decoration of e nanostructured nmaterial .
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[0019] Fig. 3 shows galvanostatic discharge curves of Zn-air cells using a) carbon black
{(conventional) and AE Type 2 electrodes made of 100% made of b) P-CNT and ¢) COOH-
SWOCNT air cathodes and Zinc foil anode,

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

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



[0036] Fig. 20 discloses the general principal of the method of

manuf acturi ng a porous nanostructured material wherein the porous
nanostructured material conprises catal ytic nanostructures bound to
its surface. As shown in Figure 20, a nanostructured material (grey
vertical bar) conprising |linkers which are bound on its surface is
m xed with a solution conprising nanostgucture precursor(s). In a
step of chenically reduci ng the precursor material at tenperatures <
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on the fi ayer er aspec |nven Ion refers
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nanost r uct ur ic nma of a srn ayer conpri s
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mat eri al i f

[0041] 1 n (PRE e BIEMACE RARGTLHE IR (RHEC LY B subof ERA6R i,

a first | dscele barnpell seagesi podnsi sting of a nmesoporaus nanostructur ed

hydr ophobi te y. § SLLE

of 2 Tesop ATl Hishas s ETBEF R SO R EhoGRaRRL 7, 5085 Shi:a

first | ayderin del ywed &prodeoustmmwiﬂsmﬂai vaedarhiyiely apdeastibed feteer. iSedle banl 00

further C%Ir%)rl se catal ytic nanostructures which are either physically
h

m xed wt he mesoporous nanostructured hydrophilic material or are
bound t o t682%ur Fizc do6oshoivk eropesalpmacios mauiuau‘smmd‘mm@dhm)ﬂ@oemhnIont‘cSﬂVer

B Ry BB P ERSFLTR T LB R o s s
mesopor ouﬁwmm’ﬁsturfmiswth@hlpﬁdr opholbl c material and a rresol[oor ous

ruc
v ophi | 10Ukt of It Sias Traress oh periout Cava reraen anoet Fseirigin
whi ch areﬁ@ﬂah@ﬁartﬁﬁ)@/ﬁtasaﬂf@amuxainmmhbbﬁtemaﬁ@ymm nanostructur ed

hydr ophi |'i erjal_o bogund_to the surface of the 0r,pus
nanost r uct holg (‘%ﬁf‘? $thegifent of p varying metal precursor ooncen i this case

AgNOs) to the silver decoration of the nanostructured material. (a) Large colloidal silver
clusters formation at 0.15 M (Ag-CNT6) and (b) Average size 1 nm at 0.05 M (AgCNT2).
[00351 Fig. 19 is a Z{RD plot showing the metallic silver reflections of AgCNT6.




[0043] In a third enbodi nent, an el ectrode conprises or consists of a
single | ayer conprising or consisting of a porous nanostructured

mat eri al wherein the porous nanostructured material conprises
metal | i ¢ nanostructures which are bound to its surface, i.e. the
porous nanostructured nmaterial is herein also called decorated
nanostructured material or porous decorated nanostructured material.

' [0044] Nanostructured materials can be easily fabricated in the

f or m of st@ ﬁ@ MRADIRNESIds Bk Igpﬂe@aﬁphh& ?ﬁfdf%b mSRbA YT dﬁﬁﬁ’édtltﬂrigm Porous
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This is vemgttem‘ltat Enlpem’elrderSUﬁ@rth%lmﬂeSfﬂ@W%éormﬂdlwfé 91 ﬂl@cﬁurfé‘i?aﬂﬁﬂ:}ee

t he wei ght t%clg?etd r%a?gsplg%n padHcRADY at |east 50%or nore by

swi t chi ng ?"mst ese e conposi tions, hence the actual device
si ze woul d[0P#H on¥Fig 2l dhews wiclih vblanuraesrpay foapkistine,CNThHeibre PRENT oHd: 65

conposi ti o 3%3 Taﬁﬁ@vﬂ@l%?h,{}&ﬁfﬁp& gfl?)tmgng‘;&ﬁqﬁ%ﬁﬁeﬁ Yahan@ifes measured

batteries exi bl eri es ul'd have a dee
i npact on qirimhré.ék 'ofomr 0 pp| Ve Bigoon gl c;@@q@ﬁclmp@éﬁ@mersus g% of MnO;

nanost ructure r .' l&j
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appl i cati omaOs eﬁtanetﬁdghastslpem&wpaﬂ@nceexarrpl e, the nanostructured
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soda-1i ne r05| Icate glass ass, 1singlass
(Muscovy- gﬁra%sc)f MnO, aknosiruriues, exordstpeowess, m@uess%@hmﬁéoﬂrﬁl%eérﬁﬂﬁﬁ?f

a metal  oxb 8RR PR YA £8h8 0 71 (ifholld ARSIANRLY GfAIRLAhS dli

made of diffE orenentioned naterial’s, to nane only a
few In on@vmﬁmdntrmndm(a}meaﬂlaﬁb@tabmﬂéf&d material is made of a

carbon mat gl » ﬁ%? s—"g s BE PR gﬁrvbaﬁ‘ikécérﬂ&dﬁ&%mb%ma{ﬁ‘av@%oz

Ilmtedto car ck and grap I n one
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nanot ubes %M’l 184l Qo%ﬂlo'[ ﬂﬁrangﬁgﬂ?@%%fﬁm%@ déﬁlﬂFtﬁre 5 Ghe ASgnification is

si ngl e- wal car bon nanotu are use 0047] The

nanost r uct diffedntyedakertisaleftamezeniff os, scalethar Bght freas 20mmhe present
invention is porous. The pores of the nanostnictured material are

ei ther macropores or nesopores. According to | UPAC definition,
nacropores are CONPENSIEHDIRMCRINTHANOE THE BRESENFINNEAIIGN > 50 nm

to about \ghlthla)e t%gtse%gé)c% J@?@ﬁ? %erﬁ{oﬂ St tp%%%ﬁo&%ﬁfpn&drﬁﬁé ﬂrst

about 50 truc ure the nanostructured nmateri al
and nanost rayeztmlmds chapmea arm@qp@mtsf samestoxced haimrbolbic ceaerisl avdtaesscends

and nanosi uct s can.be ch r G i
can be at P&EYsY ‘StbS‘ﬂfF DI W‘%E&F él"%odr?égsgmn% c?ﬁrrﬁogﬁﬁé%gﬁfagce gr egﬂﬁnﬁ
t he nanost fitst Iaye:em areftueiiek akpects tiehoresentli@ention 1S toan 3BOredeXogripadoxs]
Nanost ruct ur ed ri.al and nano tr tur

di mensi onsmFa ?}b??&p@fes PANGET® 17 on8 oer%gjéll? mn%@egﬁcﬁse%hg%m%ie&d
di mension gfd & a&sﬁgamﬁtﬂmcﬁmemﬁdl‘mrﬂmphﬂb reatelial;he o angstlayes tcomgrijed of a
| ess than 100 nm In another ¢ di nme a_nanostruct ur.e er

and the naRYsHy Bﬁoa?%chﬁﬁ‘i %atﬁlaﬁg‘ﬁéﬁf% nﬂ%‘?/ 61°E°£F|’§/’“P%‘%Ha‘it"ﬁe& g]r %1 @i"fB%
nm (wher e 1QiBRGEEds@TEedbdnil folitslAffEeeni cromet er) . Nanost r uct ured

mat eri al s and nanostructures can he ¢l S&Ifleg nto the,f (g \Nb gla or
di mensi onal00¢ipedn e fastosmkofdinash ap "%E%) the Aef E%%é“r poraprised of 3. Fisk lay
(al so cal | ggnABPRALhLEERD)of 2 RBoshrsR R RRradtured Bydrophabiomadktial; aad o vecond




10 5 Am Doubl e-wall or multi-wall nanotubes consist of numerous
cylinders tightly stuck into another. [0051] In one enbodi nent the
nanot ubes are nmade of carbon and can be used as single-wall carbon
nanot ubes (SWCNT), doubl e-wall carbon nanotubes (DWCNT) or nulti-wall
carbon nanotubes (IVIWCNT). Single-wall carbon nanotubes can be
descri bed as a graphite plane (so calleg graphene) sheet rolled into
a hollow cylindrical shape so that the structure is one-di nensi onal
wi th axi al ; J; 1 LDt ' : '
cal 1'ed cbi 3 Pomtes 3l g R borkies Rk Sl Ghufs bl Rrdrgf
mesopor ousom &rdEsi lapruthe thebgpdrop hidostuataedhydadphilivdnatenad sep Srbeiscomprise

nanostruct ured. hydr ' ri,al l.s. U . f100 ar
"hydr ophobf%ﬁg?%flgdpgﬂ%ﬁﬁ%egné@acﬁ ta(f;B aéﬂ(ﬁ:%rn%;igsﬁc 1 rﬁg%er ut(}f% S{r :ﬁlé\nh?gﬁ ??lrglsls
little affhanostyuctwedo blyduoplsili veaieri] suel bemdatethe purdice af the mesoporous

nonwet t abl e. %Eu;:?gﬁ%%ﬁ%@go%gﬁg%m%taf uctures or conpounds are

char act er i 28§° rrsrng polar groups which are exposed to the
out si de pojaad2ienvinroaeend embodimest, fwlvérdchs et wkeafrodesemiprias! whresinglObayer
t he other hand, the ter m%% y

rophilic" refers i.n_general , .
compound. of REEE PETT AT TRREP e Teopprs farimo gt rufoptodidnaterial and
parti cul ar a Wrickbpesiuer narostrwturdl dydmphitiol anteginlpuths. nfSsgrivrduy dnapkinidhoed
structures, o oynds ar har acter i by conpri si,n ol r
o o o et R e G B S r B e oSl AP ey By
[ 0054] Thumixedlaithge nrsoposOP QiMESichRaDS drapbilisrrderiah be e dbuddsto the surface
hydr ophi | i

c..or hydrophobi c de ds on.the palarity of the groups
exposed tooqﬁ%%%?gﬁog%n@ﬂwgﬁ%&%&%W@te“ 50por ous nanost ruct ur ed
rralt eri ?I og\yg;;qhotﬁﬁa thiel eiabddierpo b elebyodiepamaisesonr thresistsuof acengle layer
nmol ecul es i ch, the mesaporous nanostructure teria esents.
10055] A rESBEBFBLS TRRISRIELOT f di . Do e T B oBPER AR pprovs
does not cedipsthtrdiyatatal admprisasine@llivaaiostoctyred whiclyaelpsadid ifs bwface, i.c.
char act er | DAoL BEPHEAH BRRED bTT AHey Ra Ve ot BEaA St e ot
an oxi dat i podsrdeadraedhanobtn@turédigyterdl.e ‘unoxi di zed. The use of an
"unoxi di zed" nanqQstructured terial means.that,t anost.ruct
mator il r0Hlor et R 65 e SRy B0 b BarRear e S
d Se_st not c?nsampﬁﬁlﬁmnp@g@megws&%mm fpmns?ﬁmg arvcesatsl Hemo ﬂ{:miead fo? addnqgmal
at its surface. .Su idative tre nts are kn i,n_the ar
can i ncl udlé‘f‘g%mﬁﬁrc%rﬁ%][ 2 l‘Ithﬁf’l' f’ré’dusfcg uggﬁge% ﬁ’ﬁi ‘gl g\é\%e?fi ?‘r@lﬁapen\?\nstlﬁ(ezﬂe one
strong aci fluSifatedéh Bhte 151sabt mesdadef | ux i n H2804/ HNO3 or 10/ 1n04 or
H2SO4 to n onl.y.a few or subjecting.the_nanost.ructur rial
Fo an of eclPithermih 6 Phaft afrons formsishit £ rnne i adha T by
cont ai ni NgpeFbRait éSmakedlh iffroesd (HEsH). hatbovecdschode/donposition splestaptially
acrylic acll‘egt)iceot%evslizréyéndp%gir tl {)P ?\R‘l?ré devices, such as metal-air batteries, fuel cells or

supercapacitors. This is very atiractive for portable device applications. For example the

weight of a battery can be reduced by at least 50% or more by switching to these elecirode
compositions, hence the actual device size would become smaller with better portability.
These electrode compositions can also make present day non-flexible metal-air batteries in to
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 1o herein.
For example, the nanostriictured material can be made of a carbon material, a ceramic, glass,

such as sodalime glass, borosilicate glass, acrylic glass, isinglass (Muscovy-glass),



[ 0057] In one exanple, the term "unoxidized" refers to a
nanostructured materi al which has not been subjected to an oxidative
treat nent and/ or has not been functionalized. "Functionalizing" neans
that a nanostructured material is treated to introduce functi onal
groups at the surface of the nanostructured material. For exanple,
the oxidation with an acid introduces -COOH groups at the surface of
the nanostructured material. A functionalization by silanization

woul d 1 LT SGHES.R LLARRGOLONRR, fbh biiGiadith AGR1PEXUO ARIRLIEUE i of

mat eri al . Conpounds’ used for silanisationh can inclu or exanp
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finctionali nostruct fien. 5Lt L& QSSTO
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nanostruct‘ﬂ%r“@‘as?ﬁe{gg{% LT hus render it hydrophilic. A linker
i n;:l udes 4r{]ct IThealangstroetred mmlterﬁsamil mUdStDNWGSgISOQIM f‘@ myaem:gglaw is
ester, i 0 n am ne,Qr a carbox P,
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to porphyrlne ( cl mn rou
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aci d, but affgiee %?&qmﬁétﬂicg’ﬁ%ﬁ ?atg%‘?mﬁ m‘ﬂ@%ﬁ%}c@ %smaaabce Sﬂz{ag{eﬁ%de@ #large
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materi al . 0980k at Eheyrspotihss e by sieglfve % @@l“ﬁgﬁ W@h%ﬁ@%?%oﬁlﬂ@n"
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13 [0066] Noble netals include silver, palladium gold, platinum
iridium osmum rhodiumand ruthenium In one enbodi nent silver,

pal | adium gold, platinum mxtures thereof or alloys thereof can be
used. Exanpl es of noble nmetal alloys include alloys of platinum and
iridium Pd-Pt, Pd-Rh, Pd-Pt-Rh, silver or gold together with
calcium to nanme only a few. Alloys of jnoble netals are used for
exanple to obtain erosion-resistant electrode materials. [0067] In

anot her enbodi i AR eRhaky19%dE § 1B stuck int
i ncl ude, Bgo Ilg’g‘%g?%%?@y?%?ﬂ %lbg%%%gd({%&% Nb 205, va k2o, o
Li Co02,  Lisme@: Li Mh203, Li 2|Vb04 Li 2Ti 03, Mh02. Ag- Mh02, Al 203,

Mobs, Ti O Zn02 -
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Pt d I
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In one e odl nent the a | enenis i.n

limted tTREHISE GhHPCMRAHR ﬂf%ﬁhﬂla&feﬂ bwa? PnS‘PﬁP"lf“n%H P%%é”h e JH’%“
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and is in gnbgoﬂ@@lgrmtaeﬁomamgmt I n enbodi nrents in which the

nanost r uct ur es, s_nanoparticl es .
nanost ni ct{iP¥’ h?z‘ fhpra %%P%??%lnm?%g%ﬁegg “of I\H Hy&@?%@?ug&&bﬁm
is equal ofe &ﬂh@wa@pdmntjabﬁms ghﬁﬁélﬁ@ﬁseﬂb@ﬂie oﬁtsﬁeramnommamt@ditﬂleétﬁesppmus

or is between about tQ a 072 d
herein t hd%an%mﬁ‘ﬁ'%‘mﬁfﬁ’égnoéﬁﬂ ﬁé’%oﬁ b%jg’ é nds T er ﬂﬁg&oir%%@'h%
porous nan@ﬁ&ﬁﬂl@&ﬁﬂ%@@)ﬁﬂéh&[&ﬁhﬂﬁbﬂmﬁeﬁﬂ@mms met aI I | Cc nanostructures
bound to its_ 14 surface (i. ated .n C I

form mor e [@PP3lci eﬁﬂf“e%ql’&??é 8%7’8%’&?&@#%?@“%?%%&?@ %geﬁoggdh& Bprse
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0.5 mu to out 20 nm 73] Si nce, t he of .a .nano
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if they have not been subjected to an oxidative treatment, i.e. they are unoxidized. The use of

=4

an “unoxidized” nanostructured material means fhat the nanostructured material has not been
subjected to an oxidative freatment and thus does not comprise any polar groups or
substantially no polar groups at its surface. Such oxidative treatments are known in the art
and can include, but are not limited to a refluxing freatment with a strong acid or oxidant,
such as reflux in H,SO4/HNO; or KMnOy or H2S04 to name only a few, or subjecting the
nanostructured material to an electrochemical treatment, or reacting it with double bond-



t he above size refers for nanoparticles to the maxi mal di nension of
the nanoparticle in any direction. In other enbodinents, the size of
t he nanoparticl es, nanofl akes, or warn:lowers (irrespective of

whet her they are bound to the nanostructured material or mixed with
it) is between about 0.5 to 20 nm or about 0.5 to 15 nm or about
0.5 to 12, or about 0.5 to Stint, or ahgut 5 nmto about 12 nm or
about 5 to about 15 nm In case of using nanow res or other elongated
Nanost r uCt iy esqin %Hﬁwsaés Réh & sfpaaéa%twcsm; 4l LQE N a'cl%rh@laéa%or vinyl
bet ween about 0. 20 nm or about 0.5 XS nm or about 0.5 to
12, or abopirodidsne o 5 nn1 or about 5 nn1to about 12 nmor about 5 to
about 15 Yo7l O% 8he B DMt hliidRE"Afkrd R hird@thohdLnflodh Sfhich

al |l ows man ring nanostruct ures ave a very narrow size

di stri but ilms. nothesn subjeded te mboeiifative  treptyenh andot ihaﬁ:mir beepj fuactionalized.
di stributi EI%HP S f
bet ween ab!gﬂlfl&% to aé%%#g ﬁan’? a;né out ﬂg@&ﬁ% %?%%Z%\gﬁsﬁopﬂ%t ﬁlpé&n&
si ze di st rgrbugtmabﬂwfsmfaqtt@ﬁ(ﬂwammsnhésremtcnal Forzaxamplepibe weidaioalydtit ansicid
nra to < 1, @&9}? dqgﬁjﬁ

for nanostlrgiﬁ ul?s:s ﬁ’ml%s % 'ﬁ’;e S %8{3 ale&lg?\l%bouct&gd fHafeflal éﬁ%ﬂéﬂzg{bn
about 1 rhm$11aﬁzahoa>qmqhi e;trodumsilmmrgrn@s@p&lemdh@ aﬂthemmomwre(dfmatem

i s estimat 0 3 I ; .
nanostruct(gr O%J“gsu%%&%’ S‘ﬁ%ﬂh%gar‘% %‘s% kavemﬁﬁgéﬁg\??ﬁ g&glfioxﬁcs)]tlanes and
bl ocki ng tihecgorsdsuesf t he nanostruct uted material and thus do not
decrease t@&sxj“r%%%%w%éﬁf‘ Q¥ os&%St Eﬁé& a%srr%tglaé rﬂnot[uﬁb N Ynowires,
surface arda can 1T HETEase T e conduct v &coratea

nanost r uc twadedofiredriemi ade. noﬁnﬁﬂ%]mtl OPSﬂIEﬁUODﬁmSﬁIGI]B]J:yEdeﬂI arg thusehydrophobic.
nanost r uctur.es Q namno [

B e e S T R e
surface ofprishmmempoﬂumdmmtsstruct ured hydrophilic material 1ike

for thep nang terlal nQSt F UC .
B e s
Fi gure | Dsurf[ac&omt}:h Tﬂn@rngmmm mtctbtar I-mketsomht aret bemnd uerf dioe saffacehef the

nanostr UCt il egm% rn}la il[ﬂ hed t%ﬂ{“ {Qnéé}l 11 yygpq%ﬂﬁ% ermic;'axxz%auc?eg (?Li#]xgctional group

nanost r uctGr o erial via a er s a no
connect i ngutthes shydiaybgoip, taherame rsister) atthiok dn paire i alcarhixyh gtonp. It is also

nanost f uCt ot bl ISE, LAGHHGRSRel YAGELANAcoREQNBBH S 881 Brampicsof

hydr oxyl group rene,” an ester, ) e or
car boxyl g;umaﬂne hiﬂtera @nahsiodqabeisarb Inet fun#ied 1o porphyese Ghclaiifig gn'mntgroups) or

Lot he somPhivRne ERERTERANTS 19 0H Be R ToHDES: el BHLARAOPH M6 ©°

l'i nkers cdn040jcl Brdexne dml:ﬁdmeet, ﬂmfcaibmlayltgggptcm ocoplpyis¢die a(hmh@rlmuﬁhd‘mg bui:
&) CcO

e e T e S S e e T L

oo ooy t?b?dﬁpﬁm?agﬁ.mmm%?s T e o eeol?

Lot nroi ¢ gt Bt Helndt. s yaRiSt drtulEn s iR LR 1Bl R i SR uRfibd

benzoi c aqihdstheacﬁd(amplfmzcmd udes 4-ami nobenzoi c acid. Furthernore,
er..dnclu

a hydroxyl can be conprised.,in a l but n
e Ao pRGE Petiler e Cpriptr e bR Fep SlyeHod el e
connect | t he aﬁﬁﬂﬁhﬁideblfstxﬁ&te%aﬂ such e a%bklbﬁzaﬁﬁmﬁibetdﬂl%(;m laa:iﬁest d’aﬂibkﬂrgdl;]p at its
mat eri al can, enhance the devi ce_eper il.e reducing the

i nternal rBERE dhePasieomatenalnped, for, \ﬂgﬁy BY‘%@PSD?gé mgetTSred meshEr 219 By
of the catigtidphific dAndRtathiredi thatBddl t @A RSthe Hame C ediffkRhie Fo @xMIgER one
reduction reaction_and inproving the device perfornmance, [ 0078]

Furt her i rfpredimeahibe stpripbussh fo droa’h%ba%%aﬂpﬁéwﬁamwwéﬁwgnw@on
evenly di sfapbasts 8gnift thk RS fRGE 1R thé ROIBRARS LR ed RlaBikRls SR




16 [0081] The nanostructured material descri bed above can be forned
into a menbrane by filtering the material over a filtration nenbrane
which results in a thin sheet or nenbrane which can be peeled of a
formthe electrode material or can formpart of an el ectrode
material. [0082] The electrode materials referred to herein which are
ei ther made of a mesoporous nanostruct & ed hydrophobic nateri al
arranged on a | ayer of a nesoporous nanostructured hydrophilic

mat eri al , @motmbasd whjkle hisayteen oridized indathos ximyr e lioker xompsOpD e @arboxyl group

t tured. hy bi terial, t d
nydr ophi |1 N & s feegy "6 altieg raotoigar. B PO pRPhLnaRNERe] elaffen
mat eri al Cayipdidhoige TEl,akhdtoben ahiis thetgropiic hassichotuoed haterddl Cipigecatan

be used as el ectro terial for. t air electrode of..a netal air
battery orP®48%™ ‘Fse%‘?‘&bg%ei o, ofidized; E‘rr}ﬂeﬂ%sr oy %ﬁ&% FORETHE & carBoxst group
super capaciComH af iBQo3ddet al -air batteries are characterized by a high
energy density, flat discharge volta nd, |.qn e]f Life. In
motalai r DaHer fowe fomonsioaich H5h8 scd Tutronie Sed R ente Baentpo
an i nlerhauﬁitira]zhﬁlﬁalﬁlgeltﬁ%&t ﬁlga@dﬁadiﬁof WW Rtefialp mng&- hobld i(ijietbff‘tﬁtagﬂﬁﬂi@,
as well as the handling and storage reaction products defernnes
capacity |§ofle as‘r‘ﬁ@ﬁﬁéd%?léte‘&‘istﬁxﬁ‘,gPIPg%ré’rW?i?l“%ﬁ % shavgdp r%laq8|1§ 22
mechani cali¢y; rechargeable netal -air batteries. Wile the mechanically
rechargeabl e battery is much |ike a primary battery, the electrically

rechar geadP863ly pdd o Styther, emibofignegh %hicpiaiyeh rotrar! &3 Sddsdoine teo megoRPEES

evol uti on.LyHeaRve @Sndfrudit@inafkibl, T8¢ 2GR Sndtdial baesithbibe Sf8lyNated with
limted to zinc-air batterjes, lithiumair batterjes an

d
al uni ni umytB§ Fesereions hdzorhylisogngstrpstys material @ripmyn Pivscplpizage onfhe stalyt

batteri es haEfRlchy bobiAd US BrcdResBpR6is IR PRTEE RaifstrEdirBO BAREAU FThe catalyst
material. This_carhbon ele citn)r&%de can be replaced by an el ectrode

material dREEHAL FER HFeTEIEA. AR ¢ RAPSICTERSe XU e TRTCPATIAES Jjanafiqwers,
battery Usiah@vieer @bncilakes SHBChE ARpIBLELYBbphillcaf86sh@etuied ntk@irRl & dab be
illustrated |4r; Fj gure 1B, 1gragﬁi51D' [OOB%mI n . Figyre LB the cathode
i s conpri SoEnbio the HEOBYETUIErRANS SEogEth ﬁfﬁ’aﬁlé‘g o€ D3RgptEofuses, sich
arranged QB nandpaiieles, Hans¥loRRED BRIVHSs HaRQSHAIdE tRaf ¥ QptNidal Eixture of
material 4. |n F%relcme cat hode is comprised g ath,E.’J f

mesopor ouSHRLHES HWW%@P%WWWt@%?ﬁ@ COREISE bREESPS %ﬁ Q% Wt

Nanost r uc tiyaBelt NYAHOR b BebwdBhta85ita).5 St% 1 oo etblof tdhaytihathef@ctines

conprised_of a porous nanostructured teri,al conprising netallic
nanostr uctbGFeéls‘mS]?J‘Uﬁﬁls‘f’%‘g]Ftto t@ﬂﬁ“é&'@m%’@%ﬁlﬁ’rhe el ectrode materials

referred tjoodagr e Enstiied) itthSOeAIDIUSRE (B cARAIR%E da@shal MBS Birindbark Bf the porous

nanostructured material wherein the catalyst material in that embodiment is in form of

metallic nanostructures which are bound to the porous nanostructured material to form a
single electrode material layer as illustrated for example in Figure 1D in which the single
electrode layer 10 forms part of a metal-air battery. Examples of such metallic nanostructures
includé, but are not limited to noble metal nanoparticles, such as silver nanoparticles, or
MnO; nanostructures, such as MnQ, nanowires, MnO, nanoflakes, or MnQ, nanoflowers.

[0065] The catalyst material can be a metallic catalyst material. Any metal that can be
used as catalyst material for an electrode can also be used herein. In one embodiment the
metal includes, but is not limited to a noble metal, a metal oxide, a metal alloy, an

intermetallic, or mixtures of the aforementioned metals,



a fuel cell. Atel cell is an electrochem cal device that converts
the chem cal energy of a tel (hydrogen, natural gas, nethanol,
gasoline, etc.) and an oxidant (air or oxygen) into 17 electricity.
A fuel cell conprises a positively charged anode and a negatively
charged cat hode. The fuel cell also conprises an ion-conducting
material. In other words, fuel cell congtruction generally consists
of a fuel electrode (anode) and an oxi dant el ectrode (cathode)

separ at ed [Bbfse’jm ' Qfe%aﬂy%haasmﬁ %mxﬂm Sgéﬁf'pﬁﬁnﬁ{‘ @ BmC GRS HG] F1B@um
menbrane (e. g a ion(r nbr ane) passes  Over

one
el ectrode mdd’uﬁyldwugéhoml @ﬂquﬁéﬁ‘nétsﬂ‘éqf, P@é ﬁPlﬁgPIétPI@é‘b i, thepgefetr
and heat . ;ﬁlggslg&larebf] n%nﬁeeusg gﬂﬁl‘nplek Br 46¥1€ Er@kai al'ld]{s é?nc’ld&%'allﬁfé of ﬁa’rﬁﬁzﬁi &1

conduct i ng s I's surround y t wo ayers

di f f usi on idditma Pd-S4cRI-Bh, Pe&‘e&lh silygeer zpclfi@g%thstr vgiiynslcipmp fto Barae @!&@ﬁ fhd
oxygen the @H‘Qﬁr%% a;ﬁleth[ ufe%edti’ef .?&ﬂlgmﬁg%}a@ﬂ%%m Q&z&iﬁ?elgétfodeﬁia%als

| ayer up t e ca nor na e meta cat al yst )
reaction |[age. ]ihmoﬂeasnbndﬁmntm*@l okifiésiean brusedrk watel @edq%eméﬁiaé?nw

f hyd
P the § od: BEERPERTLE O R, RiG AR, KRS Eftol 280 %‘%2%??%%"
and t he otmﬂlogﬂvm%eAngQAleAMQ%eTﬂmﬂ@g, Zrifh, $nkhcFd:0n Ni6) SaaflsCo0,
hydr ogen i ”ﬁ;ﬁgﬁﬁ d%gatérrﬁé’m% é?ﬂﬁ?ﬁﬁeo?”ﬁx@%&afl oild%r babitle? sOMRiHbtric or

product i ort’*? ion o ode passes through
t he PEM V\/rﬂoh%toﬁ&mﬁ)nﬁmduy(e@muﬂn@, Wlfasqyﬂ Hénéii éétnﬁéhs is thr ough an

outer circ dr qgen i ons. t.oge her t s_.of
outer el ec[ﬁb%ge ci P @ﬁ&s fife 815?9 g° £ ged f Oggé‘rh?%r ar9 thef
por ous catélmi@tsr@mtea ﬁmwmup a'flelemﬁtebftgmpllt); b 121 d%n 141azsd 16 of the

e or oo egof siten TUERE PO e e SR EEorlick (b 1 ana
exchange rmim{aaﬁ;q:ehuﬁb sgedoh ZO(F}EWB@ VCE-DGnﬂbI—b&@te KiGaal, Véahteirs, SEF@jtion).
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[ 0088] Fo r(cm)g anﬁquAg) aud)gcﬂd eaodicupri indledeaoddZok calnfium| (Cdpkd mantulye

arranged dWE Hapd Pod RaE) R AIR A A6 O SARRR ol aiPhSh

mat eri al , @l}eg@u@ 14 bﬁhﬂesaﬁmncqa}s sitiaon0 6, lga‘lnanladl (ﬁ};a)jrhamm)laud lend (B and
conprises a netallic¢ catal nob

whi ch ar e &Pth mﬂ?‘%éa’%etl@ ﬁ‘gﬁlﬁ@;tﬁ?e Blﬁﬂs DN E%mer ed{)eﬁ&(ijl Sﬁl)] ic
mat eri al goosme mgumemboditht,smfancpmomadmd eiwnpmnelu@ng;ahmwr lvitesy od
hydrophilic materi al ree nt e anode of the fuel
cell is cd ﬁg%%a%&SW%%%%%mus nanost ruct ur ed
hydr ophobi [@orat er_u'g aiotrmr ¥atodiath, the m&tbpmdcau satalzinosttenad thor thel electrode is an
hydrophi lic mater.ial,. wherei.n, t he _nmesgpor nan

hydr ophi | i 78t tepagtalie-dyo i ??ﬁ???q,s“é?a‘“’fﬁ?{’%ﬁ‘? ?‘t’lg’ %:“r%{afg‘”r?sw ich are
met al nanasduhd Gb WaEs otheh ivizhmataltic ehokbie in mmmadzcmomhtrm hetmeﬁapmpbu@f such

nanost ruct ur ed dr.o t ri,al or axe bound to the surface of
t he mesopo‘F1 gﬁ QPM%NH% §‘uhydr ophilic material. In a further

enbodi mentpgotie fruelsize@dflthd ﬁan@ﬁm@fut@edndfe 1aaddlynghteotled pgra oiethad pescrbel
nanostructured material conprisin nanostryctures, such as

nobl e met ArereiaAwbER g gagom E?(.I)nfﬁ’g ‘&"ﬁ"?‘ftéi?e @Fh gﬁ@aﬁ%simcmes’ bulfPas
nanost r uct yechHAdsGrd Alxed Ivnthmd mEREEBus Adnesteaiva dgdrophitidwatetial] the elzé of
can be conprised of a |ayer of a nesopor.ous naﬁgstrﬁctu cL ¢ 40 .
hydr ophobi e RercsifcsresE cab T 40 PayAEfs R EEn 1aaY about 40 nm, or 38

nanost ructyie &n%gﬁg%{da@cm@gﬁ al or a single Iayer of a mesoporous
nanost ruct ur ed hydr ophobi ¢ mat eri al

m xed with a nesopaqr.o
nanost r uct & hytweptamonsivatadthersimthat FRESPIINY BRRVBTICRERD b ygeaphiligppateriel
woul d in this 6ASE BRkCRIR] LRfra Whfoh! Rlnphibe mERE Mafdstrustteh Hd8nd to its




[ 0090] One enbodi ment described herein refers to a supercapacitor
conprising an electrode material as described herein. The el ectrode
materi al can be used for one el ectrode or both el ectrodes of the
supercapacitor. In one, enbodi ment silver decorated carbon nanot ubes
are used as electrode naterial and i n anot her enbodi nent M02
decor at ed carbon nanot ubes are used Mh?ﬁEln t he MhO2nanostructure can
be made of Mi02 nanof | akes, M02 nanof ['owers, or Mh02 nano-w res.

[ 0091] The sep rs f t he ctr

coat ed ont%‘féces{}ﬁpgq"f’m#atr@?l?s Ct{’Teﬁ Bbatt%‘@ﬁ g%?‘ gﬁtgsfl? %le?& e gha%ror
a paper - |'ﬁ%@ts%féi@cﬁ%ﬁ@ﬁﬁteﬁ@lsﬁﬂﬂmmbﬁﬁﬂkmmmmedcms mrbemteamdmutosmn
material in metal-air batteries or fuel cells. The paper-like free
st andi ng frEEdRBe a bucky paper or a sprayed or printed active
material ool | Spidelie EABIRIIE gafpRGbe & Bt abugdregslar.c. padiotyl siiEival,
or a free standing film of a nanastructur ed yaterial et{;OOQZL%%qe%ngl
enbodi nent the deryesiregpiErs ogpangparines o thromay ‘é“rf‘a‘if R (oL:fis o) Y
conpri se a;RekoHTEA btheP bRYSdimests,(8e Kk oﬁ@ﬁﬁfah ticles, nanoflakes, or nanoflowers
poly(1, 1- d|f| uor o- 1 2- et hanedlyl) (PVDP) . [u?o BL age NeW . o i
el ect rode @reaspectisg of whethergihey @Fé’@?ﬂdotﬂégeﬁﬁ“to frd & piFed with, 1 is

| ayer of a’éetdv@eﬂ%%oﬁ% Pi20%, W bibuf0.b5 i ckR@Se: ata&uttmes AEeoradbontt0. 510 o,
to about 30 pm I[n one embodi nent the thicknes | ayer of, the

el ect rode ¢rabaSum xoebe A2 orm 8F abigiiahie abeiftl S gy W%a’? "ﬁ%rﬁé’&o“g{ef GEOHFe

as the onegh] éé&haﬁ&s&gctbx@s Ehe%ﬁﬁmaﬁnﬁ@ﬁhdﬁ%@nﬁdﬁéw&km WetwdeR Lhae 0.5
about 20 pin about 60 pm_ [0094] In another_ aspect, the p

i nvention tp@ﬂems Olf@b%'iltﬁétqﬁdé 15t Orehaut Be i f Ry 2hppt lsetEtSrIB’Hé’r(?{') sﬂ“gf Ky

arranging é%'bu%ﬁ%?bﬂb@ﬂtfﬁtoab&ﬁtlshﬁyer conprised of a mesoporous
nanostruct ure rophobic material on a second |a erfaﬁ n¥r|se1gf
Py B

mesopor ous[Oﬁ%ﬁ]oséﬂﬁhﬁt@P@d iWedr BEhed | dosqalbedr j prein | ey

the present, | nventdQmifiehfess oty deiB 108 @ismBAl TRk, g efbodiment, the
el ectrode conprising nm Xxing a nMesoporous nanostructured @/ ﬁlphobl C

mat eri al  awdosrusEo pige cliribiaB Y GeROiERr ey SPED AT IPAROPARS
subsequent| y. 18T, 1?% 32 Q@u@?ﬁ@h%% SRUE: 5A%E The hé]ao&}dctdre fzd 4EtiB&ion for
aspect, the pres Invention refers to a nethod of manufacturing a
por ous nangsbEfidksseditiat @rd of benhéenhiboanpr § ses tonst AR bincisrdngst Suwn.uFies

nanost r et HRBEIRECR R AP PLOC POt GRS OGtf SPRGT SeoRap a2 nm to <5

Nanost r UCt b 8 RBEUNSRA. K2 RRHEEN Alveuspensidawhh atsbne off & s isrestimeted th
material wth the solutign conpri Slqﬂgrthe nmetal li c.nanostr

precur sor RSl plemoRh P IV RIRPH SialEr RPSHOREesy SRS TRY Je1e8' fave the

Precursor Idasthds R BlobiBhf Beliofes @F mbm&ndaama%@mteum&danustmmosdmfm
of the nanostructured naterial at a teng%e{lat ugﬁeg u#e ual or l.ess
at b §

80C. [ 0095fhe| surfgeenaiea) of e MeaeTHRERGH o8 n§res &P?n’%%“s%e 4

formed i nt ggyds B%ea&&%éwaﬁodwctﬂmhﬁ&ﬁwnom ln the art
including, but not limted to filtering, castin in coatin

rol | - cast i 997515 priaseadpiaaHaply Miries thermanesteiures Wi ¢ Bfoﬁﬁﬁ?"%kwgmd

di fferent ﬁﬂ;ﬁ aﬁ:?t ehigr g ams [dsdibierth MehdOfhet MiBosHABREE ftlGhe Elthoe of the
material t ter nmenbrane. |In one enbodi ment, the I%Iy rs.c

be formed mmpm@ngnoatﬁwﬁsad Bydremdieqnastriab ke 165 Hhropores napostiy
other afteg e&ﬂ?&& D%Mcaﬁ&&a&&eﬁa B8 £ RS SBES E?&%Qﬂﬁeﬁﬁanh Flgure
ot her in a“continuous nanner sprayl ng or filtering or by use of a
pl asma net hidd. For exarrpl e, u5| ng a plasma nethod, the first |ayer
can be dep Mo2fne Qlf20VRE tﬁé/ naﬁfﬁ&ﬁ@mé@&@mﬂamme
of the nexﬁﬁhéa]yer |rec a%éns gﬁgﬁf{lorste a;}er For exa? , the flrst
| ayer can benstaflgdousd medpm‘dﬂblnmobmwred)maﬁydr%ﬁlmkeé Hykesr 13 3 MOlGBYle
Nanost ruct ur ed mat h Bf’eia A Tink
materi al s ?@nﬁ €a osﬁl n?fngl{lﬁb D%gln gﬁf%}ﬁﬂ‘%@é E\%grsr%%cﬁ%%s knO\;evqu
includes a finctional group such as a hydroxyl group, a pyrene, an ester, a thiol, an amine or




to electric arc discharge nethods, |aser vaporization nethods,

chem cal vapor deposition nethods or hydrothermal synthesis. [0097]
To obtain a nanostructured hydrophilic material by introducing a
polar group, i.e. a linker, at the surface of the nanostructured
material, the pristine and thus hydrophobi ¢ nanostructued material is
subj ected to an oxidative treatnment, orssintering at tenperatures
<500C, or refluxing in inorganic polar solvents, or plasma treatnent,

such as Ng, ap, 5ur0% 1P LRS FBssil CBbI B tures! F dERinG BikeRy$08: BRmentifiRd
nanostructure ertal 1s Subjected to a treatnent using I[rgéil at | on

wi th ganmesrewmese wad tetibbrassmenesie Hesivhge of the RMOFEFESG PRgRR! ’@H“Pies
Nanost ruCt gtk TehFhis 3hn bl Bk LD SRR pEARARY Ghiladiag heline BRps) or

gamma-rays ¢can crea ee radicals at the surface of :
nanost r uctpetsethylvat slyech (PHH;alse knesaalpd nply(ethdens oxide) Goladigs sQH FHPEL

carboxyli qofthd 1ol bl &%@%Mﬁg{&hﬁ(ﬁm& fidath efmReuRte, e

surface of nanostructured nateria )098] The unsaturate )
car boxy! i aoatinitecctarforbde i, aemia ol gremomardidbylaneic avd.permaietdid; Aexapeis

thereof. To, avochp%{l} h;?%?_r{; 114 'aahé?%geng%%ﬁnp g%x RRIulECA SrfRferzbie

nanost r uctiiifed” cones reat, the unsaturated carboxylic
aci d f or rmizefl, Firtelnorkerhytokglauiwp cohpeirgesedigadinkerinduding, brant Hpited to

C- at ons. 099] .l n.one di . h &GStk S
an acryl i [CP%B?%;}“%?WSQF i@g%l?/%(g&t %@%gﬁhgﬁ%ﬁéggﬁcﬁﬁ IB?tlﬁé!ﬂélci dsbg_trhIB
deri vat i vesrfidear @efnanhircbiued mdrmialisadnhanct thddevibeenergyalendly Whilgiredigingo

acrylic acjd, nethacrylic, acid | | HhAGEY st
201 o ol prLe IFPER SABIYT Fob et g S eforiEi iy of pLRGHISSn
met hyl - ac rgdtileimisiteidscrantsomilaatadhedxyzat phlactphanrsdtion end fhprogeg die device
sorbic acid,,. al pha-chloro sorbic acid, angelic acid, cinnam c acid,
p-chloro dHR &-acid, itaconic acid, citraconic acid, mesaconic

aci d, gl ut[aoTs)i cFadlied impoysmentccaachal obtaimkeiic s the npnpsimiciugesadiP devery

tricarboxy,ethyl ene. 10 In th i i i t Y

e opor o iSRS Tie e oty BtsRe SR RS uch h Bl for fimplc in Figure
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mxing s belween égebgbggoéﬁct&&ea&%%{ 5 (2A0R! LHELUTSdnlve P RAORE da(a)

materi al ) " nesoporous nan ructured_hydr O&QI 17 c
materi al ) Theredtrauh ofdebdheit ihs srhostrctukee arotvahly Wistrifited 6t tig stmace of the

materials together. In a furthe i 1. X | in®1H

bet een agBaTEIgRRE Ry 1 preigigf iRl ik aESA Y Sy S8 L2 tleSutice
total wei giftthexfantetiibinred beatdrial is covget Wigh nanp GO0, Mispothestepbeadigfent at least
formng thg el ectrode gan further incl j.;ng the |layers or
single | a;%]rg’ofg(g é’rorrgg /éa%r @e{’geﬁogeﬁecgwggaﬁ%ﬁu%&n%séri al. In case the
el ectrode Wetgri & onebmbsdisettp (hydbphiliey slver fieporatedpeartion gfanetubgst frmiag @

battery, the cathade is fornmed of.an.elect . i fe
herein and®% dﬁ&%@%ﬁ ¢ %aneer 8%&?}' 8@9&%@@&% Lsgds{r%ﬁ al ?Ial??“th.%h
battery whidvbbimdalgieaitiesiahitcarfe) bs ait tlhcttodemaieseldod axypeipl-air battgry. Owing
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equal or | etber ewbgdigeds MnO; decorated carbon nanotubes are used, wherein the MnO;

nanostructures can be MnO; nanoflakes, MnO; nanoflowers, or MnO, pnanowires.




[ 00103] In one enbodi ment in which a noble nmetal nanostructure
precursor is used the tenperature for the chem cal reduction step is
bel ow 60C or bel ow 50C. I n anot her enbodi nent, the tenperature is
bet ween about 15C to about 30C or between about 15C to 25C or is
about 0C, 5C, 10C, 15C, 20C, 25C, 30C, 35C, 40C, 45C, 50C, 55C or

bel ow 60C. The reaction conditions for1ghe above nethod can be
adapted such as to form nanostructures with a maxi mal di mension or
size of ahpg;)40 THELALosRE:HREE mBerid c&gﬁﬁe@awetcmee@fmwm@ 2 entbrine by
about 20 nn1or any other size referred to herein, éwf%@Cne o tion
to adapt tiflteringherneeria one & ftonmerbigae which grsHit, Pl RO
the indi cafag §h768 phded OF aokeﬂs 81 QRIAE SiMdrAl b BarDforkhBariTef ah leiebirode
nanost ruct ure precuPsor in the suspension, i.e. in the mxture of
nanost r uctmateiil.nat eri al and metal | i ¢ nanostructure precursor. In

general , I{B@gbzgon%gé g%é&ddg @aa@énaﬂrr@ﬁﬁééarhe%{ ShicRh® &B8 BRie oF ali@offge

of betwee 1 Mto about I n one enbodi nent, the

concent r atrizosstmeingd hydropbtie material airﬂné‘@iu?% 8rlayer 08 i BISOPYOYSPAARIIP G e
of bet ween, Abgilic Gubiial!d % &b tayd: Mhad i 4 Grolifho 2R iLpSROMERALIGE
concentratFon-range o e precursor naterial can be in

t he range hyﬂrophahmmateati@uﬂ a 1eg@poravs panosibistredhydrophilic gpiegisl omp@ngle layer
chem cal (3%% %E['g eﬁ‘%ﬁ‘ce%\ﬁgg)n;%ﬁiﬁgve Shnoliraf Qo0 Rits surface

met hods. Ion can or exanpl e by adjusting
the pHin dainbesmdpenbptmﬂemmqmﬂl Br fhy aitriecradronfteruial girdatieony obps @eciadrin
the netal || r r Anot her net hod of chem cal
reducti on |@31%§Tﬁ€%t&&&8¥ﬁngs%%ﬁ%on in a reducing atnosphere, such
as heat i ngo083] an Mstél-birAsmeriesr ars PAdragtoxized émm@sh@n@'gxatde%sﬁyem? discheege
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conpri si ngan? g{e %Q)Q%JCH&% g{og&tﬁﬁ%ﬁ{n&% t it} BRI fiGiMary, reserve, and

nanost ructu ecur sor nanoparticle precursor)’ or
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be in a rategeibed hbeiwve‘mrﬂlamme gramplel Of a pietabaif batgery Psing pney of the plpeirpde

case o UShAgid kS USE QARORLAHEN M AREssuIag e prT 13 o] usted

ween a et ween about 4 to 9.
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23 chlorides; netal nitrates, such as noble netal nitrates, netallic
al koxi des, organonetal lic precursors, or netal acetates, to name only
a few Exanples of noble netal nanostructure precursor and netal

oxi de nanostructure precursor include, but are not limted to AgNG3,

[ Ag(NI -13) 2]+ (aq), AuCl3, |l AuCl4. 3H20, H2Pt Cl6. 6H20, H2PdC16. 6H20,
M(NG3) 2, or Klvln04. For exanple, pregursor for Ti Q2 nanostructures
can be netallic al koxi des or organonetallic precursors. Exanples of

titani um al koxi de an ipclude, but are nagt |inmted tj j

met hoxi de,S19CHiCHH; tﬁmﬁ’@{] ﬁ%ﬁ&@flp’ﬁef AP o e%;gil(l é% al%&l)? aﬂneg%{nqemharged

pr opoxi de @mddd, ithe Fadl e Wlsexbrlprise) 8 ickBdonduriige meteakl, It bidemwbias, fueltded

of nmetal nanostructure_precursqr . to ngnqgstructured nmateri,al [\
the range C@ﬁs%‘é‘{*%e@ﬁeré%‘gﬁqns’ét.sﬁgaP}?P%}B%U’ge if?‘%geé F‘mge ?/\erlaear?g %118%&3? Q&a?l‘ég%
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e ea
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., €..0., wat.er.
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car boxyl qbiuip Dhor WIE the dBbns JEh A0 BREIE BRAG IR Ble olhdRA4vhich Hals diffased
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Nh02 .
nanost r acttmosgiiecapraissetheintrasty tq Fateh G YT FIEE e JpF Kgactiqmyeag be

linker conpkisbd 8o tRALRERLY e HEQYHr 160 0fls3rodss @Y innilllyyes of fuel cells,
nmentioned, to nmanufactire a nenbrane nade of the dﬁgor%egel cell (SOFC)
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nanost r uct e ed. et AmaN RfeNBahMicaRdl 3l @UORCYSpibepltioudd fuel cell
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decor at ed ®4F63 oy ditcomedanpdfush sl OME)be peel ed of the filter

menbr ane 0§§ge_e%@m, NESH ABEaiRfRe: B )ndAE oflh RRCEdllYcati S dorisd of a layer
el ectrode mateérial. It 1S also possible to mx

. . 24 the, decqrated
nanoSt Tt LNfemAsepRiohs RS e HB-RBRRE FEFEEl RPEK SR IV Q& HSRRIPY
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i nvention rsto e‘use o el ectrode as described herejn or a
el ect rode ofthefampoossinaesiorctiveiydmphilivmatrsal rawfepepbalanaiig grde

manuf act ur e f F 8 b RALIROY MhosBubtBled G§tiopRIbia
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[00117] O her enbodinents are within the follow ng clains and non-
limting exanples. In addition, where features or aspects of the
invention are described in ternms of IVlarlcush groups, those skilled
inthe art will recognize that the invention is al so thereby
described in ternms of any individual nenber or subgroup of nenbers of
t he Markush group. 25 EXPERI MENTAL SE€H1 ON [00118] 1. Air electrode
(AB) fabrication for nmetal-air battery [00119] Conventional AE

(Figure | A, @éﬁc%aﬁ&?{ edla %@Idéﬁ%oﬁﬁ%néﬂ{@fﬁél%lﬁm%mgﬁéeﬂ V4 gidgle aerybm'f a

and pol uvi ene uoride (PVDF) binder onto either side of

Ni ckel rres;bur«wr :@anstruAm@f meteyiel) copiaieies weriallie aaRTRRIED Fue 28 Rabla netg)
act as a hﬁ’aﬁ% rthé ﬂxﬁ&’é’bﬁ € Bolofs hﬁﬁstﬁﬁﬁﬁﬁha@ﬁ'ﬁ e ke the
the AE Type gU e gure 1C) el ectrodes were prepared
for the assotié yofdhetfh@ @ﬁtmd@ @TmmlSPﬂepﬁla— ayer %fa@tr@qsworqqﬁenana%?@eﬂ
for the a s f e S =RWAY

A Type 2) REPES ol ol o PR RSN o R Ry hogh
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dei oni zed wat er

or.a N G ENR this
( P/ COOH SVW?? r\)?\%r%mps cé%edlﬁ'dﬁ%%) %{alt&i%il mﬁ)ér rrenborfg%eiﬁl(V\hat man, 20
ma pore si@@andzommsélaaymtéyﬁcméﬁeml SWONF chialytignauhsiogkest he pores and

t f
notvor k- APPEH o roRiboRiE: St () Bhen, Tl Sofho e RO e
filter as @vfceeeﬂhaj@ﬂy\@vbﬂaibia ¢hiatge strfragetrind ldeb gy ofipabilifeso AVheagas |ayregdar
Blme ce Sd O}Na(ES ﬂ%citrgxe g%:}s}ézs co guctlgg tfeHs' a%!i f&g s%ﬁh?at&l %t §uggrgapa&oﬁ'%s§és into

odes were punc I'e set
) . [ 0012@}ters tecBiologpby usied dpedsisdmisbdes p@@mql]:cmtml Electprheniont @Gactﬂﬁ@
source of c..and either || [ C. d }%}lﬂuﬂl
PVDF bi nde %a@mﬂsé’ e (01 tﬁ;ﬁgﬁ do nozt cu e Qﬂer oﬂlcrer cu g%“"g% )e&%eg g y
run) and sélaﬂbéﬂstvuctdae Mdﬁnﬂpmegh@pwoﬁ\mragﬂgﬁh@hétﬁmoﬁﬂ@ W"Elﬁé

T Bl et e L Bl ala &Eeﬁ% gm%&@accﬂe%%ﬂ REPIAR S WSIIHRIES:

by pIaC|ng uclt cy n co
el ect r ol yt BCsinge pf@emagcmlemqmtm ’cq aecdhd@bd'baﬁm SpchapEE capbe eqpprosgd of

hombgencouteoli et gr MRS Lot FErd Y RREh g7 skl £ fn

El ect r ochesiptayt boT!esquemgs @ﬂ@a@@guemlelmmimm eithetiliguidar gidsiatses of the

assenbl ed @b@g 8l She &eu%fe%ii (r%fersatocgn&E%Bzg:a&%r&?{Pn%alm

i nA usi ng r CO ol ogi c nce and
USA, Mbdel el&ﬁBéé material dseiemed wemﬁmmmgﬂmwa@aalmb@u@é oo elgstsode

electrical ¢ a AE r t
el ectrical® Cﬁ%%ag?‘ig%%s E\%?eyf)é’ C%E%%%I{'J?g %) an@%&? S%%r géé?ﬁ%éﬁwgarz%on
made di r echdnytubes dréresed us Kigctmep evatesinloand dn afpghez embodimend ¢nQatdepagated cslon

mentioned Laskpifice B MR REfmBY hlhoffuckiieod th nite ghasb] RASTARE e

nanoflowers, or MuO; nanowires.
[0091] The separate layers forming the elecirode can be arranged or coated onto a support

material (in other words a substrate), such as a paper-like free standing film before being used
as electrode material in metal-air batteries or fuel cells. The paper-like free standing filin can
be a bucky paper or a sprayed or printed active material on a flexible conducting substrate,
such as Al coated PET; or a free standing film of a nanostructured material.

[0092] In one embodiment; due to their structure, the electrode layers do not comprise a

polymeric binder or do not comprise poly(1,1-difluoro-1,2-ethanediyl) (PVDF).



26 in this study. The open-circuit voltage (OCV) of freshly assenbl ed
cells were in the range 1.4 to 1.5 V. [00124] 4. Effect of AE
architectures [00125] The effectiveness of CNTs in different AE
architecture was conpared with the baseline oerfonmaance of activated
carbon bl ack m xed with polyvinylidene fluoride (P VDF) binder on a
Ni mesh AE. The discharge profile of a én-ai r battery constructed
with the AEs made up of P- SWCNT, COO—I—é using air electrode

01 L e o TS o

shown in F o car
air battery pepsosihng: ofith }Eifsesvasfcbeidch abEutt Ypem to Fheyti3e 148) aprs

type 2 (Figure,1C) architectur sh d .bet t. et

terms of c II’Gd%"B‘I"‘:{t &fe esaiog@ﬁ%eéé’?}ﬁ%n%?&#ﬁés l&%{r %@Z‘ﬁ%ﬁ{h 0 g%rs \qliéIa :
was 2.5x t pewRakfeasdeanereads thdienecimnetd iroRighred & dxorhatd athickhers efibetween
el ectrode. Anpbngst the ajr el ectrodes nade of SWCNT, AB Type 2

(Fi gure 1CPoost 2O oEtoér%B:g'ed of a single bucky paper consisting of
pristine SebH (RSWEMSr sapett, G beSACMYestichirbiefseid 4 methbd sf nmamifhcturing an
performance, w_th di scharge vol tagde of,. 0.8V a‘nd cell .lLi fef of 280.05 lps
as conpar edlqtiyde FPBBRsing afangng of epogging, 4, firss Teyer [OFETIRE) % f JREPRYR
i, BB i e sk hamin o, rhimger
about 0. as conpared to th ne e of P- : . s .y
bo ot L 1§ bUMSARTSMHGRERicGHE PR Tt RHG ARE Beore PR BEtan el
el ectr Odesmtamo@lo%qﬁdn%uﬁ;ﬁngwa dleetiolle cMBpIEipombysl @phesapabiny tanogthichire

characteristics of these S AE type 1 (Figure 13). architecture
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nor e hydr ophphiiGed: RS a Q0 UarHFHIENE sefdedl P kel Yetetuh aed onehdhiodgr of stickel on
el ectrode cannot take place for the oxygen reducéi on attﬁ| y.st %%)
to take pl eash offier efieri theiswannipeiute (98 thei la¥erasTg ATEIRRG 9D SRRl P T ASPBREOTS
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[00130] In an AE type 2 el ectrode configuration the anount of

COOH SWCNT and PSWCNT were varied to evaluate its effect on the

devi ce performance. Figure 4 shows the gal vanostatic di scharge curves
of varying anount of COOH SWCNT (| abel ed as P3) and PSWCNT (| abel ed
as P2) in the AE type 2-electrode configuration. It is seen that a

m xture of 50:50 % COOH SWCNT and P- SWENT gave a hi gher voltage

pl at eau as conpared to other 28 conposition. The discharge voltage
and di schar A ! AkBodsy i afettRds, aReniehiovdpesl dégvsition
Fgure. 5. 4 BaguE o e BB B A R P ae o! 1 age
for 50 w %heBRadderhySiONImgRyebests. 5a) after which increasing the anount

of COOH S in.t .'41554; t@g&u ' Godfe 12 @fowbiley
due to f|¥@§%\g g?&%ﬁ.g]ae eét&?‘{) yt g@?ﬁh?%#%gﬁgi@iﬁ_eﬁectro e t%?:ﬂie) ye,a
decr easi N@nkdre atlitfef ssfacm ob theosapgeimetares: maigridy g yristing @vd dhuspiay el

reduction reaction, The dis 1 gasmsut] 0l atl tehpetBuiet %0
COOH SWCNPAgTaRfiRd P&?%%%&@%%ﬂs%‘?&%e St oo tié;%t level s
of f af t er <t3piosC, oo Finsingiminorgauc geler ehsiings blasmtaratptt s akiosh:

of COOH S does npt. af f ect .di schar Thiiss i
the devic@ alsglarjéa?é‘ﬂeé‘g o ﬁ‘ 3 gxfﬁ‘gﬂ%t"ig%%oﬁéhy ?%%ﬁ?cﬁzé%ﬁwmﬁ%%ﬁhm :
p][ ogo% ﬁsd@émﬁﬁﬁt déihd Fttsi@aﬁoanzﬁﬂpgm.ag@stdmé sibsequent [contactisg nof ﬂhﬁ.&a@%
of bo i.scharge v and. time | . i
ot udy. T hatraa SO oY TG T B FIIeRERRORRly A ok bl o
iAs a good cfegafslrmirﬁdi@ns dtheawnrfAdE otfmeagﬁos@am;d oaierial WoagRhdily reqots th@}‘
nanoparticl e decorat.i on - '
t was it 0 Pt £k el o fifed b Bl 0l it o

It was se@@S I SCUSse e previous sections
that the sidmhestubifddetiodl. Type 2 el ectrode architecture exhibited

the best perfor ce. In a . further step tal addedail 0adidg
SWCNT by A aﬁﬁ% "Pﬁaé“r%ﬁaﬁb-o aﬁ\ﬁ&?lﬁgo/(?élwﬁt ﬁﬁsheta par?’j@cl eg, :
such as SideNefiveanhpess Tl esoii AtheCNEe odistnaei beiwesn Zbss nap@artichs agd nthy
Figure 6 shows the gal vanostatic disc v §1: B8 £4siRd fhe link
batteries nﬁﬁﬁﬁ“ﬂ%ﬁeﬂg‘aﬁﬁ%ﬁﬁﬁﬁg?o %rﬁa?stl tggé&g?lgaggsd ﬁmgx’@“’tae%ée St ectr ode
conf i gur atmhdleculd domipSises @quul bilads thanel 2di-siotar ge vol t ages of Ag- SWCNTs

are much hi r (about 1.Q.- 1. t.h t : Oacfp-

0.8 V). [d@‘%j] pioad| ]"Sax“he&%t%"‘;%‘éa%%%gl %@ygﬁha%m%ﬁ@t he
oXygen reqduElites [Heaos SExatPRR) oftaeridic| agils . or Tdeavasivys éiereod aibéahy eam be used
process occyrring at the. I s conpl ex I I t Sathhdii igtgd’
step of h%%‘h”erbg& iaﬁen?qﬁﬁ@?eﬁ—%ﬁcqqgcr ﬁ%‘%’?lg%h%% %'{1‘% ‘f’e%%tgﬁt Iﬁgthérldg%%ti on
ki netics athclfit aeidyalplesdhdoromndie. acilh elphatyenoractiylie ecidiipta methy}-acedie reid
by catal ytic. disproportionation.to.02 d 3 . i @i
Y ker o dratemia e Ao ars S oS Wy bR AP IEER S RIS Rid
hydr oper oxdygami®nsid, Adticks fmmbmivated,ydceni¢ Picid, Agfraspniodcifle pesagogic acid,

o0 1 SO el S e RS U8y e

[00100] In the embodiment in which the mesoporous nanostructured hydrophobic material

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



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 cocatalyst (Ag-CNT). It appears that the 6- 8 run silver
particle size.give a slightly higher discharge voltage as conpared to
the other sizes. Electrocatalytic activity of silver particles
depends crucially on its size on a phygical dispersion of silver on
carbon catal yst. The oxygen reduction Teaction (ORR) that occurred on
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C-000- Ag+ + O+ Nat-* C-COONa+ + AgOH [00142] Consequently, fewer
nucl eation 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 |arge colloidal netal
clusters. [00143] Figure 7 shows the TEM i nrages of Ag nanoparticles
decorated SV\CI\FI'S wth three particle sizes: 12 - 15 rim 6 - 8 rim
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range of between about 4 to 8 or between about 4.3 to < 7.3. In another example in which a
gold nanostructure precursor is used, the pH is adjusted to be in a range of between about 3 to
10, or 3.5 to 10, or 4 to 10. In case of using a platinum nanostructure precursor the pH is
adjusted to be in a range of between about 4 to 10 or befween 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;, HCI, HCIO4, H,SO4 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 fhe nanostructure material with the
nanostructure precursor also influences the size of the nanostructures formed. Iin 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 material. In one embodiment, the concentration of the nanostracture precursor
is between about 3 mM to about 150 mM, or at least 3 mM, or between about 3 mM fo 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 namrow size range
as already outlined further above,

[00109] WNanostructure precursor materials for the above materials are known in the ast.

Different examples of precursor materials include metal chlorides, such as noble metal
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chlorides; metal nitrates, such as noble metal nitrates, metallic alkoxide;s, organometallic
preoursors, 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 AgNO;,
[AgNH:),]" (aq), AuCls, HAuCl¢3H,0, HLPiCle6H,0, HoPdCls.6H,0, Mn(NOs), or
KMnO4. For example, precursor for TiO, nanostruchwes can be metallic alkoxides or
organometallic precursors. Examples of titanium alkoxides can include, but are not limited to
titanium mmethoxide, titanium ethoxide, titanium isopropoxide, fitanium propoxide and
titanium butoxide,

[00110} In general, the molar ratic 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 fo about
0.55. In one embodiment, the molar ratio of a nobel metal nanostuchure & 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 MnO, 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 nanostructares 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, AgNOs; is used as noble metal nanopatticle precursor which is chemically reduced using
HNO; thus forming Ag which binds to the nanostructured material via the carboxyl group of
the linker. In another embodiment KMnQ, is use as metal oxide nanostructure precursor
which is reduced to MnQ» 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 namnostructured material can be
washed and afterwards be sieved through a filtration membrane. Afterwards, the membrane
formed of the decorated nanostruciured material can be peeled of the filter membrane as free-

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



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

| srael, product |line MA, BASF, Germany, product |ine ELAT). The
conductivities of the SWCNT sanpl es ha; been nmeasured in a 4-point
probe configuration while the values of the comercially available
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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




33 [00149] The open circuit voltages were around 1.2 V which is in
good agreenent with values of commercially avail abl e devi ces
confirmng that neither SWNT nor the Ag particles lead to different
battery chem stry. After connecting the device to a 1 kg |oad, the
vol t age dropped according to the conductivities listed in Table 2.
The different operating tinmes were dugso different amounts of Zn

mat eri al used. [00150] Anpbng the Ag-decorated SWNT ODEs, the snall est

particle size seens to be fa r 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 1
. (Figure 1B) electrode was constructed by placing the COOH-SWCNT bucky paper in contact
with the electrolyte and placing on top of it P-CNT bucky paper. AE type 2 (Figure 1C)
elecirode 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 &
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 o AR
was made at the Ni-metal screen, Whilst, electrical contacts on AE type 1 (Figure 1B) and 2
(Figore 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 stady. The open-circuit voltage (OCV) of freshly assembled cells were in the range 1.4
to1.5V.

[00124] 4. Effect of AE architectures

[00125] The effectiveness of CNTs in different AE architecture was compated 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 AR type 1 (Figure 1B) and type 2
(Figure 1C) architectures showed better 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 (F-
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). AR Type 2 (Figme 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 attributed to the
differential wetting nature of these two SWCNT electrodes by electrolyte due to the varying
Thydrophobic/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 SWCNTs based
AE can be attributed 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 SWCNTs as the AE

[00127] The discharge profile of conventional AE based only on carbon and by using ounly
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) elecirode made of 100% COCH-CNT (0.76 V) was higher then the
100% P-CNT. This is because the 100% COOH-CNT is made up of hydrophilic CNTs which
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CNT. Hence effective weiting of the electrode cannot take place for the oxygen reduction
catalyst (ORR) to take place which is seen in the discharge curve. During the ORR two
concurrent process takes place and needs to be balanced for optimum performance of the AE
(i) Oxygen diffusion takes place within the carbon nanostructures and (if) oxygen reduction
takes place on the carbon (with/without catalyst) and jon transfer takes place in the solution
and equivalent amount of electrons flow through the external circuit as current. When a
relatively hydrophobic surface like 100% P-CNT is provided then there is no obstruction to
the oxygen diffusion from the air on to the el ectrode 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. I is seen from our results that one of the
factors that controls the discharge time of the AE seems to be the oxygen flow or diffusion of
oxygen within the electrode. Unobstructed oxygen flow prolongs the lifetime of the device
(but at 2 much lower discharge voltage), but flooding of the electrolyte on to the electrode
surface increages the voltage but decreases the discharge time due to the unavailability of
oxygen diffusion sites on the COOH-CNT electrode.

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

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

[00130] In an AE type 2 electrode configuration the amount of COOH-SWCNT aund P~
SWCNT were vaded to evaluate its effect on the device performance. Figure 4 shows the
palvanostatic 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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[00158] The BET surface neasurenent of M02 nanoflowers, M02

nanow res and Mh02 powder are summarized in the follow ng Table 3.
The following Table 3 summari zes the results obtained fromthese
measurenents. Table 3:.BET surface area (inz/g) of MO02 -
nanostructures and Mh02 powder NMh02 nanofl ower |VInO2nanow res Mh02
powder BET surface area(nR/g) 106 ' 13 91 [00159] 9.5 NIn&
decorated single wall nanotubes (SWCNT)
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[00135] Complete reduction of oxygen to hydroxyl radicals results in an increase in the
discharpe voltage and has been achisved 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. Blectrocatalytic activity of silver particles depends crucially on its size on a
physical dispersion of silver on carbon catalyst. The oxygen reduction reaction (CRR) 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 layer of a decorated nanostructure material as elecirode
material (Figure 1D)

[00137] Single-walled CNT functionalized with carboxylic groups (P3-SWCNTs, Carbon
Solution Tne.) were dispersed in deionized water (0.5mg/ml) with the aid of ulirasonic
treatment (120 KW). The SWCNT suspension was mixed with an AgNOs (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 SWCNTs were separated by centrifugation (15,000 rpm, 10 min)
and excess sodium pifrate removed by multiple washings with deionized water. A stock
suspension of the final product was prepared by redispersion in dejonized 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 vacoum.
This way, the Ag-decorated SWCNTs form an entangled network onto the filter. After
rinsing with defonized 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
transmission electron microscopy (TEM, JEOL 2100F), x-ray diffraction (XRD, Shimadzu
diffractometer operating at 4 KW and using CuKo radiation) and 4 probe resistivity
measurement. For device testing, Zn powder was mixed with polyvinylidene fluoride binder
(PVDF, 80:20), heated to 85 °C for 4 hours and finally pressed into films with thickness
around 35 pm. Zn anode and SWNT air elecirode were separated by a polypropylene (PP,
Celgard 2400, US) film wetted thoroughly with 6 M KOH. Discharge was measured using a

constant resistance of 1 k2.
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water. 0.05 - 0.2 g of SWCNT was dispersed in the solution under
stirring and heating at 50 - 80 C. The pH was controlled from1l - 7
using 0.01 MHCL or 0.01 - 0.05 M 11ING3 (depending on the 36 pH the
Mh02 particle size/dispersity varies). The resulting suspension after
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[00143] Figure 7 shows the TEM images of Ag nanoparticles decorated SWCNTs with
three particle sizes: 12 - 15 mm, 6 - 8 nm and 3 - 5 nm. In all samples, the Ag particles

decorate the SWCNT's uniformly. Neither Ag particle agglomerates nor uncovered parts were
observed among the material investigated, Also, the size of the Ag nanoparticles has been
confrolled sauccessfully by means of pH adjustment and reaction time during synthesis, as
confirmed by the rather narrow size distribution (see also Table 1). Since the same amount of
SWCNTs and the same concentration of the Ag precursor have been used for all samples it is
reasonable to assume that the same amount of Ag has been decorated onto the SWCNTs.
Accordingly, the smaller particle size leads to more individual particles (compare Figures 7a
and 7h).
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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] [nm]
- - 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 nicke] mesh (Electric Fuel limited,
Israel, product line E4A; BASF, Germany, product line ELAT). The conductivities of the
SWONT 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 §/cm) has been found for the smallest Ag
pariicle size (3 - 5 nm) which can be explained by a maximum number of additional current
paths within the SWCNT network.

[00145] The electrochemical behavior of SWCNTs films decorated with Ag nanoparticles
has been investigated using potentiodynamic polarization. One side of the SWCNT films was
exposed to the air so that all films were measured in 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 (zbout 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
s :

[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 “Rop’) has been observed indicating
oxygen reduction (O; + 2H;0 + 4e -> 40H). For all Ag decorated SWCNT films, one
oxidation and two reduction peaks can be observed in addition. The oxidation peak appearing
at around 0.25 V (labeled with ‘O,”) can be atiributed to the oxidation of Ag to AgO (2Ag
42 OH- © AgO + H0 + 2¢). The first reduction peak at around 0.28 V (labeled with
‘Rag’) indicates the reduction of AgO to Ag, while the second one corresponds fo 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 fimctional 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/reduciion 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 elecirodes in a home build Zo-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 characteristios are
presented in Figore 12.
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[00149] The open circuit voltages were around 1.2 V which is in good agreement with
values of commercially available devices confirming that neither SWNT nor the Ag particles
lead to different battery chemistry. After connecting the device to a 1 kQ load, the voltage
dropped according to the conductivities listed in Table 2. The different operating times were
due tfo different arﬁounts 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 bstter 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 = Pt/ and E=I-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 inchuding 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 pmm. The best performance has been achieved for GDEs based on
SWNTs decorated with the smallest Ag nanoparticles investigated, Both specific capacity and
energy density bave 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 cumrent demsity. 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/om] (mAl/g) (Whikg)
bare SWCNT 1025 270 125
12-15 nm Ag-CNT 1840 170 85
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6-8 nm Ag-CNT 3020 340 180
3-5 nm Ag-CNT 3090 515 300
commercial devices ~2 . 200-600 250-400

[00151] Gas diffusion electrodes (GDEs) based on SWOCNT networks lead to a significant
weight reduction when compered with regular GDEs. In addition, utilizing SWCNTs
decorated with Ag nanoparticles leads to a significant improvement in terms of capacity and
energy density in 2 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, (HAnCL.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 dejonized 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 coflected by filtration and washed repeatedly with deionized water to remove
chloride.

[00154] 9.2 Platinum decorated single walled carbon nanotubes. The solution of
H,PtCls.6H,0 (3.0-6.3 mM, Aldrich, 5 mM in this example) in deionized water was adjusted
to the desirable pH (4-9). SWCNTs suspension (0.08 g in 15 mL of deionized water) was
dispersed in the Pt precursor solution (molar ratio of Pt precursor to SWCNTs should be 0.1
to 0.55) followed by the addition of methanol (Merck) as a reductant. The suspension was
aged at 75°C for 40 min and washed several times with deionized water,

[00155] 9.3 Synthesis of MnO, nanoflakes

[00156] Solution A containing 0.2 g of manganese nitrate Mn(NO3), dissolved in 10 mL of
distilled water was added under vigorous stirring to Solution B containing 0.5g of KMnO4 n
10 TaL, of distilled water. The resultant solution was stirred for 2 h and then trapsferred in to 2
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pH to ensure that the quantity of hydrxyl ions is sufficient for the
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precipitate was dried at IOO“C in air and MnO2 nanoﬂowers/nanorods were ready for
collection after 1 hour. Figure 14 (right image) shows SEM images of commercially available
MnQ; powder with particle size of 2 to 3.5 gm.
[00158] The BET surface measurement of MnO, nanoflowers, MnO; nanowires and MnO;
powder are summarized in the following Table 3. The following Table 3 summarizes the

results obtained from these measureroents.

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

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

[00159] 9.5 MnO, decorated single wall nanotubes SWCNT)

[00160] Solution A containing 0.2 g - 0.5 g of manganese nitrate Mn(NQ;), or manganese
acetate dissolved in 10 mL — 20 mL of distilled water was added under vigorous stirring to
Solution B containing 0.5 g - 0.9 g of KMnO; in 10 mL — 20 mL of distilled water. 0.05 -
0.2 g of SWCNT was dispersed in the solution under stirring and heating at 50— 80 °C, The
pH was controlled from 1 ~ 7 using 0.01 M HCl or 0.01 - 0.05 M HNO; (depending on the



formation of cubic Ag at 20 = 38, 45, 64, 78, and 82. [00167] 11

El ectrode for supercapacitor Figure 21 shows cyclic vol tanmograns for
Si X supercapacitor devices with follow ng el ectrode materi al s:
reference device with CNT el ectrode (designated CNT in Figure 21),

m xture of nanostructures of Mi02 with CNT for five different weight
percentage (wt.% ranges: 6, 10, 30, 50 and 70, which are presented
in Figure 21(a) for M02 nanoftowers afd 21(b) for Mh02 nanow res.
M02 serves as catalyst material. Both Mi02 nandl owers and nanqQw res
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10 nm. The images provided in Figure 23 show the same structure but the magnification is
different.
[00162] 9.6 Synthesis of Ti0O» nanctubes
[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 into 2 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 comdition for decoration of nanostructured
material

[00165] The findings have shown that pH, reaction time and AgNO; concentration are the
main parameters controlling the dispersion and size of AgNP on SWCNT. After introduction
of SWCNTs to 0,15 M AgNO; solution, the pH decreases from 5.6 to 3.4 as shown in Table 4

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



Gal v

(\Wkg) CNT 119.5 57.7 3.1
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Table 4: Silver nanoparticle charactetistics as a function of pH and reaction time for metal

decorating single-walled carbon nanotube

Sample | AgNO; pHs® [pHsc® |pHn® |mm.  time faverage Ag
conc. (M) (rnin) crystal size’
' (nm)
AgCNT1 [ 015 5.6 3.4 43 120 15
AgCNT2 | 0.05 5.6 34 8.3 15 1
AgCNT3 | 0.10 5.6 3.4 6.3 15 3
AgCNT5 [ 0.15 56 34 8.3 60 4
AgCNT6 | 0.15 5.6 3.4 6.3 120 6
AgCNT7 {015 5.6 34 73 120 10

¢ pH of AgNO; solution. ® pH of AgNO; after added SWCNTs. © pH of suspension after
added NaOH. “Determined by TEM. mxn. 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 Ag’. 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 am (Figure 17a). As the pH increases
to 6.3, the Ag nanoparticles size dramatically decreases to 6 nm (Figure 17b) for the same
reaction fime. This phenomenon might be due to the reaction between excess hydroxyl ions
and the COO-Ag groups at higher pH, which promotes the reformation of carboxyl groups on
SWCNTs with concomitant release of Ag-OH. Consequently, the number of available
nucleation sites and the growth of Ag nanoparticles decrease. By the reducing of aging time
from 120 min to 15 min (at the same pH condition), the size of the Ag nanoparticles
decreases from 6 nm to 3 nm (Figure 17b and 17c). This indicates that longer reaction time
actually yielded larger Ag nanoparticles through the crystal growth and aggregation after
nucleation. The variation of AgNO, concentrations (0.05 - 0.15 M, pH 6, aging time 15 min}
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was studied o optimize the condition which the colloidal Ag cluster formation can be
prevented. At the excess Ag precursor than required for nucleation and growth (0.15 M), the
mixture of large colloidal Ag clusters (20 - 100 nm, Figure 18a) and Ag decorated on
SWCNTs (3 nm) were formed. The absence of Ag clusters with constant size of Ag on
SWCNTs as 0.15 M condition was obtained when reduced the AgNO; concentration to 0,10
M. The lower dispersion and smaller silver crystal size, 1 nm, on SWCNT surfaces (Figure
18b) were achieved at 0.05 M AgNO; solution. XRD pattern (Figure 19) confirms the
formation of cubic Ag® at 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 electrode (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. MnO serves as catalyst material. Both MnO, nanoflowers and
panowires with 6 wt.% reached the highest capacitance of ~ 198-209 F/g. Figure 21{c)
shows specific capacitance versus wt.% of MuO; nanoflowers and nanotubes mixed with
CNT, which indicates that 6wt.% is the optimized mass ratio of MoO; in CNT electrode for
obtaining highest specific capacitance.

[00168] Cyelic voltammograms for four supercapacitor devices with following electrode
materials: reference device with CNT electrode, 6 wt.% MnQ; 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 53
— 209 F/g as shown in Table 5.

Table 5. Specific capacitance, energy and power densities measured for CNT and MnOs-

CNT devices using both CV and GCD methods.

Capaciatance(F/, Energy Densi

Sample i (Ele) gy Denslty Power Density{ W/kg)
cv Galv (Wi/kg)

CNT 1195 377 31 483.2

CNT+ 6 wi.% MnO, Nanoflowers 208.9 183 50 767.6




675.3 CNT+ 6 wt.% Mh02 powder 148.3 612 3.6 651.0 40 Clains 1. An
el ectrode conprised of a single |ayer conprised of a porous
nanostructured nmaterial wherein the porous nanostructured materi al
conprises netallic nanostructures which are bound to the surface of
t he porous nanostructured material, and wherein the porous
nanostructured material further conprgges a linker bound on its
surface.

67523
651.0

CNT+ 6 wt.% MnQ, Nanowires 197.8 33.1 4.9
CNT+ 6 wt.% MnO, powder 148.3 61.2 3.6




2. The electrode according to claim1, 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. 3. The el ect8de according to claim 2,
wherei n the nanotubes are single-walled or double-walled or

mul ti-wall ed nanotubes. 4. The el ecCraggle according to any one of
clainms 1 to 3, wherein at |east one dinmension of the nanostructured
material is less than 100 run. 5. The el ectrode according to any one
of clajnms 1 B%kéto@@&ﬁﬁ%ﬁe&%? nanostructured material is made of a
mat eri al seﬁecte romthe group consisting of a carbon material, a
ceram c, glass, asimplalgyen compakedort deporaupabypymuctoted matbrial xthereds tiod

nanostructured naterials de of different of the aforenenti oned
Matorial's. BOTONEANGF I SE B1aksria) FORRESG G ARROSUEFS e hare BRLRb i

mat eri al i spgek@eiced of @R LRSI AMRsERASIeat ngerRl, aRd1 WAbRM G8E bpstous
carbon bl acks and graphene. 7. The el ectrode according to any one of

clains 1 tonshostwneured matdrizl furthiee comprisse hdiokerdound mm tth eurgaasup
consi sting of nolecules conprising a hydroxyl group, pyrenes, esters,
thiols, amnes, a carboxyl group and m xtures thereof 41 8. The

el ectrpde apgOE@imgct £cbiddgnol claiiel §ihBrdih eheCiinbsutured Pikideria$ is selected
conprised in a nolecule selected fromthe group consisting of formc

aci d, aceti&omcihy, grrvpiconsigtingciof, napgiubabi pangevives, pentiiakss.c narqpgrticles,
hexanoi ¢ acy %bﬂg%&lsoa}aagl%?l%cg a;?l&q&ﬁﬂﬂsc a@ﬁ;gﬁ%pb%gﬁo&en&o'tﬁe a&fog??len?i'oned

The el ectrode accordi n 0 any one of 0 6, whereln e
| i nker i s ansmoktetihred whitetalsciarphixses. phosphoric acid or sulfonic
acid. 10. The el ectrode according to any one of clains 1 to 9,

wherein the |ayer is arranged on a support material. 11. The

el ectrode apgotfi-pgad Ac 5 t?ilhg] r#)OcIai\M"ef, &l krtinChs URRORbedBEEEIndle-HRlIA or

paper-Tike free standin
double-walled or multi-walled nanotubes.

4. The electrode according to any one of claims 1 to 3, wherein at least one dimension of

the nanostructured material is less than 100 nm.

5. The electrode according to any one of claims 1 to 4, wherein the nanostructured
material is made of a material selected from the group consisting of a carbon material,
a ceramic, glass, a metal, a metal oxide, a polypyrrole and mixtures of nanostructured

materials made of different of the aforementioned materials.

6. The electrode according to claim 5, wherein the carbon material is selected from the

group consisting of activated carbon, carbon blacks and graphene.

7. The electrode according to any one of claims 1 to 6, wherein the linker is selected
from the group consisting of molecules comprising a hydroxyl group, pyrenes, esters,

thiols, amines, a carboxyl group and mixtures thereof.



12. The el ectrode according to claim 11, wherein the paper-like free
standing filmis a bucky paper or a thin filmof sprayed or printed
active material on a flexible conducting substrate, or a free
standing filmof a nanostructured material. 13. The el ectrode
according to claim1, wherein the netdl|lic nanostructures of the
porous nanostructured material are catalytic nanostructures. 14. The
el ectrpde athekelcrgdd acwtdhgtd laimhgrehdateih e ramot VI gouprie sompasodaiiea
of a substance selected fromthe group,cpnsisging of a nqgbl e netal, .
an al | oy, amolsstlensdacid frem tegow congiBed Brnicatrddst3cghc feidaPrapianie

and m Xt ures.: : 5. oA fle i |.ak 1ol
wher o n 1 i Hifftc add pehfifiolt £ IRAMAC A Rbaling BB Ridetfnd

nanot ubes, bamowiacels, nanof | akes, nanoparticl es, nanofl owers,
nanodi scs, nanofil ns and conbi nati ons of the aforenentioned
nanostructured materials in a mxture. 16. The el ectrode according to

claimd5, WL glehtrddeeRaRARRAGIING 0RE oRaMENa 1 34 BEWREEMEEB 1BRAUS aGndledile
about 40 nm 42 17. The electrode according to any one of clains 13

to 16, wherehichizempeiess miospitor® aciel alsolfonig@ci®h of t he surface of the
porous nanostructured material is covered with the nanostructures.
18. The el ectrode according to claim 17, wherein the nanostructures

are eveml y thegessRid adkortihg t6 Wi scofdlaiil€ tBO! AsreiAthe $dyiet Blawagsed on a
material. 19. The el ectrode according to claim 14, wherein the alloys

are al | oys swpertawméena. from group 10, 11, 12, 13, 14, 16 or nixtures
t hereof (1 UPAC nonencl ature). 20. The el ectrode according to claim
14, wherein the alloys are alloys of Au, or Pt, or Pd, or Cu, or In,
or 1 nSkl. or ThaiSectrale aS0&Aings to ralatinulrle svhieted gefsupporAgiabdrial Rl papbelike free
el ectrode according to claim14, wherein the netal oxide is selected
fromthe gr3tpiesiisting of Ag-M02, Al 203, MO03, Mi02, V205, TiO02,
Si 02, Zn02, Sn02, Fe203, Ni O Co304, CoO Nb205, We03, and m xtures
t her eof .

12.  The electrode according to claim 11, wherein the paper-like free standing film is a

bucky paper or a thin film of sprayed or printed active material on a flexible

conducting substrate, or a free standing film of a nanostructured material.

13.  The electrode according to claim 1, wherein the metallic nanostructures of the porous

nanostructured material are catalytic nanostructures.

14.  The electrode according to claim 13, 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.

15.  The electrode according to claim 13 or 14, 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.

16.  The electrode according to claim 15, wherein the nanoparticles have a size between

about 0.5 to about 40 nm.



22. The el ectrode according to claim 14, wherein the noble nmetal is
selected fromthe group consisting of silver, palladium gold,

pl ati num and m xtures thereof 23. The el ectrode according to any one
of clains 15 to 16, wherein the nanostructure is a nanoparticle and
wherein the maxi mal di nensi on of the4ﬂanoparticles i s between about 1
to 20 mm. 24. The el ectrode according to claim 23, wherein the
nanoparticle size di stribution for nanoparticles mﬁth a size of

bet ween_about n 0 s about 5 | wher ei particle
di stri bt | oﬁh? 61°C %‘?Zfo?f&P]E 1 Ksany; e %iaép?lﬁ bt toogq elél?&t?‘(‘?eﬂr?%?‘ét 23
nmis about ;3 4h AnG tﬂ@ﬂrﬁ%c@ ol ke g@eﬁsgﬁéﬂdsﬁh&uﬁﬂqﬁatgﬂlai% b%éd’@ntﬁciﬁﬁ

nanoparticles with a size o out nmto <5 tun 1s abou
nm 43 25. fdhesetduetes.ode accordlng to any one of the preceding
clainms, wherein the layer is between about 10 pmto about 30 pm
thick. 26. The el ectrode according to any one of the preceding

cl ai msg whetgs Blebd&id @M&Hn@%scm&t 17 WHRFdi® ﬁleanaﬂgitﬁﬂfﬁfréscar@ Iea@lﬁy di%{oersed
does not conprise poly(1,1-difluoro-1,2- ethanediyl) (PVDF).

metal -air baﬂh@myﬁme@ﬁﬂwgwngwamn@ﬁ@@ﬂmﬁbma@aébrd|ng to any one of
clainms 1 to 26. 28. The netal -air battery according to claim 27,
wherein the netal-air battery is a zinc-air battery, or a Iithiun}air

batteryy orTa URtibdeAcRbIdidadot @4ivh 14, wherein the alloys are alloys of elements from
group 10, 11, 12, 13, 14, 16 or mixtures thereof (IUPAC nomenclature).

20. The electrode according to claim 14, wherein the alloys are alloys of Au, or Pt, or Pd,

or Cu, or In, or InSe, or CuSe, or SnS, or mixtures thereof or Ag;Ni.

21.  The electrode according to claim 14, wherein the metal oxide is selected from the
group consisting of Ag-MnO,, Al;O3 MoO3, MnQO,, V,0s5, TiO,, 5107, Zn0O,, SnO;,
Fe; 03, Ni0Q, Co304, Co0, NbyOQs, W,03, and mixtures thereof.

22, The electrode according to claim 14, wherein the noble metal is selected from the

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

23. The electrode according to any one of claims 15 to 16, wherein the nanostructure 1s a
nanoparticle and wherein the maximal dimension of the nanoparticles is between

about 1 to 20 mn.

24. The electrode according to claim 23, 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 =5 nm to
<12 nm is about #3 nm and wherein the nanoparticle size distribution for

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



29. The netal -air battery according to claim27 or 28, wherein the

el ectrode is the cathode of the netal-air battery. 30. A fuel cel
conprising an el ectrode according to any one of clains 1 to 26. 31.
The fuel cell according to claim 30, wherein the fuel cell is a

pol yner exchange menbrane fuel cell CBENFC), or a solid oxide fuel
cell (SOFC), or an alkaline fuel cell (AFC), or a nolten-carbonate
fuel c2bl (WaFE)ectrode acqindiaphordny-awi of fheepreceling ClRARC)wheeinathe layer is

di rect - met hanol fuel | C),.32. The fuel cell according to
cl ai m 30 org@T?Q%H%P%ﬁﬁ“PhéE%gE%#}W@éhWE'the anode of the fuel cell
33. A supercapacitor conprising an el ectrode according to any one of

clainms 1 to 26. 44 34. A nethod of manufacturing an el ectrode of a
por ous2@mano$he aetimpdsdacratdeng &l anywbies ef thetihrecedmgotlaimsambetety thedpyst does

mat eri al conprises .netallic nangstructur,es bound to.its ,sur ,
Ther e o t herReERERrinD o LB R e & HER et reamiise RS ifpey-t 21
wth a squ&hg&&wanthpg a netallic nanostructure precursor to

obtain a suspension of the nanostructured material with the solution
conprising the netallic nanostructure precursor; chemcally reducing

h Il . I L DI j f
e ey A PEROT GV SEY e AL S5 l! Al &8
tenperature of equal or less than 80C. 35. Use of an el ectrode

according tgo any one of clainms 1 to 26 or an el ectrode manufactured .
accor d¢thg t 6h¢ Histahatrheteryraceprding ta £laig 2 7y WhesH e Matairdr Rptery 1s a zinc-air

metal -air ey Yor QitBubiiet bARYY, or aluminium-air battery.

29.  The metal-air battery according to claim 27 or 28, wherein the electrode is the cathode

of the metal-air battery.

30. A fuel cell comprising an electrode according to any one of claims 1 to 26.

31.  The fuel cell according to claim 30, wherein the fuel cell is a polymer exchange
membrane fuel cell (PEMFC), or a solid oxide fuel cell (SOFC), or an alkaline fuel
cell (AFC), or a molten-carbonate fuel cell (MCFC), or a phosphoric-acid fuel cell

(PAFC), or a direct-methanol fuel cell (DMFC).

32.  The fuel cell according to claim 30 or 31, wherein the electrode is the anode of the
fuel cell.

33. A supercapacitor comprising an electrode according to any one of claims 1 to 26.



34,

35.

44

A method of manufacturing an electrode of a porous nanostructured material, wherein
the porous nanostructured material comprises metallic nanostructures bound to its
surface, wherein the method comprises:

" mixing a porous nanostructured material with a solution comprising a metallic
nanostructure precursor to obtain a suspension of the nanostructured material
with the solution comprising the metallic nanostructure precursor;

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

temperature of equal or less than 80°C.

Use of an electrode according to any one of claims 1 to 26 or an electrode
manufactured according to the method of claim 34 for the manufacture of a metal-air

battery or a fuel cell.



