1 ELECTRODE MATERI ALS FOR METAL- Al R BATTERI ES, FUEL CELLS AND
SUPERCAPACI TORS CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] This
applicati | he benefit of priority of US provi
app|lcatlgﬂ02%§b%§7%95 085, filed Septenber 08, 2008, ?ﬁgﬂ%%ﬂ?gﬂ?g)of
it being hereby incorporated by refetence in its entirety for al

pur poses. FIELD OF THE | NVENTI ON [ 0002] The present invention refers
to the f1elcODE MAEENATS FORM!IIAIPMRIMT@ERIESW@EL CELLS AND

el ectrochem stry of netal-air batteries, fuel celI's and

el ect rocheni cal capacitors. SNEESCARSCEEORSE | NVENTI ON [ 0003] The

| nportance of energy harnessing and storage devices such as sol ar
cells and batteries in this era of high gasoline prices hardly needs
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di ffu§F’f§’FPn§PB’clfsr‘6‘é€e alfiUIRoseSet r ode, AE). AE possesses two di stinct
advant ages over the conventional nmet al - oxi de cathode in the primary

batteries: infinite charge capacity and | ow wei ght i ndependent of the
capacity. The anper e-hour H@[IdkOFyTEEWN@NﬂCHY air battery is
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of the other electrochenm cal energy storage systens. Anong netal -air
batteries, zinc-air batteries offers the highest specific energy

(Wil kg) and energy denBACKGROUND SERHE PEVERTI®ORCE, and | ow cost.
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electrol te in | 1. Durj . -~
2 the air- gas difdlision electroderlgr 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 Al/l) of the metal-air batteries are
significantly higher than that of the other electrochemical energy storage systems. Among
metal-air batteries, zinc-air batteries offers the highest specific energy (Wh/kg) and energy
density (Wh/L) steady performance, and low-cost. Zinc-air baiteries confain non-toxic
materials and can operate as long as 10 to 14 hours compared to 2 to 4 hours for most
rechargeable lithinm-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 idea] for portable applications.

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

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



2 cell operation (discharge) oxygen adsorbed fromsurrounding air is
reduced (OH) using an oxygen reduction catal yst (CRR) at the cathode
(referred i.t, el ectrode, AE) while zinc netal

oxi di zed (%E@IP%I’OVI ding a usable electric current f?e(il%bﬁdroglaoo o
external circuit connected between the anode and the cat hode. S| nce
Zn can be eI ectrodeposited from aqueous el ectrolytes to replenish the
anode, eri.es can be.s ndar wel. | ri .
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SUMVARY OF 111E I NVENTION [0010]In a first aspect, the present

I nvention refers to an electrode conprised of a first |layer which
conpri ses g@ﬁ/ggﬁgpus nanostruct ured hydr ophobi ¢ nat ergq.JﬁG &gﬂ B9
second IaQ@? I'Ch™conpri ses a mesopor ous nanostructuré érop%l}lc
material arranged on the first layer., In a further aspect, the
present invention refers to an el ectrode conprised of a single |ayer

whi ch IS s a re.of a.mesoporo ostructured h bIC
ot o' 400 S o bRt pRee SRR R (e b haeb A i’
si ngl e paay of a&ﬁf@fakﬁﬁdb@lﬁe@zﬂqﬁ@uﬁgmﬁgﬂﬁﬂp& WicRel m&hedckedh wihed @dt@as
t he porous nanost nct ured nat eri al conprises _netal lic nanostructures

whi ch &ptk the syrportcand carrentcoecdoroPne ﬁlée O e kel mssal sereenthen conpisty o7 |
0011 |

ot ai - YRRt Iyl (s Rak o RGP R PR bolts O HOLIOBE Tkl e

el ectr@dtéontésndm'hathlw@rei n. [0012] In another aspect, the present

arr angliishy warsbiefadbe RS PR R hILafRum B B ShPeRRel i
2010/ Oa%@i?eﬁaﬁiﬂﬁﬁaﬁgw 1060 B strfdcenesd, exebtited elb(ytﬁt:ﬂplh&ihaﬁlcﬁﬁ&hﬁfth@inab n

a second | ayer conprlsed of opor ous, nanostructured hydro h|||c
mat er i é’FOPeftl?éll?,]‘e fohthegs RrPPE'é“?SuE{E‘I éraf“a%%‘é’@f’regtaﬁémﬁl’%’él@ﬁf’atiﬂgf

ref ers s RmiRl HOskiRb JRRYiAGhMI LML ARriBd B fdapl Bellz0 ORfihe qugnﬁér@ dred
mesopor 6us nanostructured hydrophobic material and a mesopordus

nanost s@éies vadhe piecipratalytis owyeer rednetionn ¢ashar #rjombes wgh@nﬁlp@t:@%w
| ayer f

o) o rRPRS Sl a8 Adchantby B WARG:) B8 G sepdhtdf iR BESLRhaieHEE AN MY &)
mat er i ahtalymﬂmpmmnoﬂmlspmnpw&drthmmﬂudmwm thenslf but addo stgmificantly sucreased

metalli..c n ruc ures h ar bound t rf.ace of t 0
nanost Ptfc? % P ARt 8"%%%3?? é’@“&?@ h&“ 8“"6‘6%}3’5"11@ Sve
nanost I:gtmaieu,rtﬁél mmﬁrarelxﬁdde\m tl:he @nmhuﬁal et gAmhisingOCNT Methaitdeg and other
nanostr cture recursor to obtain a suspension of the nanostructured
mat er | AfCiFesAnt s P PRACHHSRSESHE he metal | i c nanostructure
precur $qjoo] | NTaud, deBeExisth RPadvERp FRIHP thafPiRMsififie ©IWRIUs6dhd Yasldefiednng
the metal 1c nandstncture precursor to all ow preci pltatlon of the
nanost elegiredecehigh oygieorag atileasesaste afitee mrablows referaitedbons eri al at a
tenperature of equal or less than 80C. [0015]In still a further
aspect, the present invention is directed to the use of an el ectrode
as descri bed herei n or arSIEVMQRBdE‘mlHWEHMGbe a net hod

descr! Bl 51 8 Hi8lachdlf, MBS GBl ulfRb A HelioRELARIRGe ot A°

cel |

&S

layer wlnch compnses 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 fo an electrode comprised of a
single layer which comprises a mixture of a mesoporous nanostructured hydrophobic material
and a mesoporous nanostructured hydrophilic material; or a single layer comprised . of a
porous nanostructured material wherein the porous nanostructured material comprises
metallic nanostructures which are bound to the surface of the porous nanostructured material.
[0011] In a further aspect the present invention is directed to a metal-air battery or a fel
cell or a supercapacitor comprising an electrode described herein.

[0012] In another aspect, the present invention refers to a method of manufacturing an

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



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

in conj un%bg 7%97 the non-limting exanples and the %q.%@@ﬂg bA%h

dr awi ngs, [0017]Fig. 1 illustrates different configurations
of netal - alr batterles In general, a metal- air battery known in the
art (Figure 1A), such as a zinc-air bdattery is made up of a

hydr ophobi ¢ | ayer (carbon) 3 that is in contact with, 41r and a

hydr opHianpsiruchfas hydrophehs mpaterial: op sa sqoendniayel SRSt fef BEIOBPIFS
1. The uld be inperneable to the aqueous

el ect rol{éylt g%?&ﬁé&t h%mﬁdc%%é%gr meable to air. The hydrophilic |ayer 4
consi st[ﬁOb’:ﬂ S|Inghlé/arfutth¢rmspecb>tbgmsmémemucmrre®aa t9 a/methoBef manpacturing

| ayers 3, nprises. of asut I h
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The hy dﬁé@fim’oumdnaytﬁrcn&e@ bydrbgitikic mﬁteﬁalpin';dsﬁoﬁﬂﬂngmsmgﬂﬁ dleatfode daybion and
sui tabl e cat a ys nobl e tal s r oxi de

perovsk[pmsfg)) TSPt ?P‘@EF@ ?Vﬁ%ﬁ? 8 FrhiPe? B’Fﬁ‘aaﬁgéiﬂ“%%ﬁwy

used i rhnr@éo%lod@bf a ?@fb{l@ haRStruct 6N nidferidl, MieRin Bk Poiol UaMdAKhEered nliterial
Figure 1B illustrates a netal -air batter)é descri bed herein using an

el ect rcmeapaseszl malhesew@@@pmﬁr ewhich | gret heunsl det thegsutface of the porous

oY ackodinpsrb B mAcHI TR UALE Dilbbr s REWEL  foRpE A wileril v

The narwstlotiat uomﬂnsmg@r ixeekallivh ingrostrgctare npre ¢ st ﬂonolnthm hyscimpmn iof the

| ayer can d wi.t.h al .C_nanost r tur

nanost rbepeltpars B2 stiics SRORTL G HepiChaeiuims opsopay
(decor ai Rehaastgshe trtlodedniprberdiahjcally redacifig ﬂiehﬂetalanhmbsﬁﬁdsthrerpeéoarsbed
to herein_and illustrated in Figure 1& the h roph|I|c el

mat eri 4P 3HAY Drefépitalian of FsgiarostvErrss s theirtacy off the pangsiryelyr n&ﬁ}rﬁgr@f;e%a

ot her tgmfj%ﬁé)&ee SainEh&s iayeoe®@. Al so in the enbodinent illustrated
in Figure 1C, the nanostructured material which is conprised in the

hydr opHPP1Q | dy etill edirthes aspoeb dhapresent ventipniie dhesiehiodhe nén esanglecimde
cat al yta{s égﬁ‘ﬂ%ﬁ &Il'“Hr &( gﬁg‘mgﬁ ﬁ t&rgdt &P Iﬂéachﬁe }wrmlnnfor the

nanostr uc erial ecor at e nanostr uct ured materia

anot hermanifitiireefis meel-eiribedery or h frebeell aracupércageirtett ed in Fi gure 1D,
the electrode material is nade of a nmetal nanostructure decorated
nanostructured nmaterial and forns a single |layer 10. The netal
nanostruct ure decor at BRIDPEMESCRIFTIONIOFIRE DRAWINGSpri se for
exanple a_ nangstruct ured rial, .such_as ca on na

rotal COBLAT T enen il Dot iagRons S ShRoA b a0 4 Db
nanol | akgs, cdfifiéraaaobdGuiion With MO 2o ARG Igéﬁaﬂplﬂiﬁjaédbrﬁpﬁl%ﬂ g
surface of this nanostructured material via a I|i [0018] Fig. 2

shows ghafwiagsdn which: di scharge curves of Zn-air ceI | s using a)

gggvg)nt[gg{ﬁype "( 8%‘?(&3%1@@8%%8%%@&?8&%% arr cat hodegﬁgngﬁ%}lnc

foil armdbatte[rjb(]dﬁ]vnF’mgtheSaﬁ HBigsregahy,anebt ast & czmh-@c fhattepy isumedss upfof a

Zn-air us n, bl.ack on entl E T

el ectr &H’ E‘B’E}EH%% %{W jri L5 59 mé’-’% agnaé1 Yé{ﬁ@gg\ﬂéﬂ? Xanrbon) that
cat hodgs iR 8ht<dt REH mebl&&e@ee 1 [’ﬂibﬂ%]drdi:lhgbm%ﬁh Gvshoghd beaiitthaéablb to the
di scharge curves of zinc air..cells with AE T@Vﬁ' 2. el ect

conf i glAGHEqUSElesttolyts, & Rt FhodADerRemgsabiso -1k hl(qielahﬂé%gw? d\fenpsts of
(P2) . [§fRdAnuftinte o Eyg%ﬁoi’éﬁu&mﬁaédtﬁ?étoBoﬁf fiv) 1a5%r§cd1a4 BmpAbdsasea aafatie

Di scharge tine"with Tespect to variation in weight percent of
COOH SwolyTngrFghder thati bindsathe loyrs enites eopduativednetal spsttengS faswally giafe afd

gal vandSe ket madiop R ety Gopl af p BPeigstdkore B iy SRR ORR ¢
-8 nMm dajalBt {noble metaln@t,cAg)li-oxides @inOglgmorvakitet))o The cod@%lectrode 2 can

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




[0023] Fig. 7 shows TEM i mages of Ag nanoparticles decorated SWNTs
with the particle size of (a) 12- 15 nm (b) 6 - 8 rimand (c) 3 - 5
rimas wel diffraction on sanple c. [0024] Fi

|IIustrate‘i§ a c)gn{)g—%ll son of SWCNT based gas diffusion g g{:S%rZ%O (i
(GDEs) with comrercially avail able s (Electric Fuel limted,

| srael, product line E4A; BASF, Gernmany, product |ine ELAT) in terms

of thicknes .ght an tivit [,0025 sh )
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air el agfeinde ﬂwaemda ap@payamplhm 9607 aideshyaEuTIsc 1y %ﬁiﬁhﬂe& or
particle sizes. 0026%‘ 10 il lustrates a _conparison of cyclic
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tinmes of 't evi.C SNOWS

nanof | SRR e THEG WL %aé%} OBo §ele; By Sndteprnche wEbedissahd
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Fig. 14 shows SE es of Mi02 nanof | owers I mage)
nanowi AT Q@ebﬂmaqed jaldiechanefirmciyeachs the| eaf cnanaaj@)cnmcanheaom;d a

t hod I 0
15" ehoud T2 RYRFRRE BBl hnydeisR 1F BB Tabdbediid obdBRORrka Wil M anbinll,
her ei n embpddigsatirefaredde hore mndnllwmatedrmﬁgurm b]apqhalelebmbcmnatsndesmdé)eﬁ
her ei n 0 6 sho oosed
nec h:anl srﬁétgﬂf Sano?h &Fﬁedéﬁoerﬁ%g (%sﬁ'ugqnil 5’?3 W%?aﬁ“l‘g?%f YSEE%OW
% \r/\gm aietaﬂiV\ﬁMBsmmkﬁ( Hcoidheal rmggégwctléﬁu Q?atsmdé VEein _f'li_:)éﬁ/lfpﬁxda deer f & a

s surfaces at hi sho | rages o

(sil vepm&&%lﬂ f&‘ieédmé%l“rago‘*ﬁah %{Qbfalég)i i ﬁ@ %WZ‘B%IIP):P@%%%\W%)
about &ﬁsﬂxb%&rkb):a@i@léb‘tl\dﬂw hdRofRELs (K03 nbndNowle03AR0Y narddhifONe bbbl

effect of a varying nmeta recursor concentration (in this case
AgNCB) tQ%‘etSWéa‘@quﬂwm’d’é ehmatstiak Hea iaksst ruct ured material . (a)

Aver agiurd e 2 gl tyEe sUatEy bl iakoocth S0 T OhyAlfng.”
showi ndy) Aﬁél‘ypei gFigine 18) (asked BIQRQHi wnky piperi GNTE) ABWype2 (Figure IC) (P-
2010/ O%z%ﬁ(ai(l% %%)0&8 /al(%%gfﬁclnges and Zinc foil anode.

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

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

constructed using Zinc foil and air electrode of AE Type 2 configuration.

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



7 [0036] Fig. 20 discloses the general principal of the nmethod of
manuf acturi ng a porous nanostructured material wherein the porous
nanostruc ial conprises catalytic nanostruct
its surfaégﬁ%%gﬂgégam in Figure 20, a nanostructured ngigéFQ@H@g?gg
vertical bar) conprising |inkers whi are bound on its surface is
m xed with a solution conprising nanostructhre precursor(s). In a
step of _chem cal Ly redycing the ecursor, material ~.at _tenperatures <
80 C t R9Zanoste Jcbove IEM _ga%ap be aergpprtigtes despratrd S SN Fawith Bre periicte
nanost LyehrS5492 ;:rqs S, ) 628 b RAd (g 3105 £NGs el lﬁ_@f(-ira)E ﬁl@@z}?&i&fir?ﬂ 52 t]%e ¢

g W ,

shows cyclic”voltammogranms for pristine CNI, mxture o

10, 30][00d] an¥iz@ Heswatss aweamagirmmef BWENThased gosf difneips elerirefies (GPEs))
nanow : 1 u o C
capaci i BERERHY BoSUBES GO bk udint, JSubhbfne fua CREUAE
CNT, wdenhariy)dicdattdmetBIaAT)ah s ofithécknedswéightt=94d ebndvefiitobt ai ned

hi ghes citic capacitance.., [0038] Fi.g. 22 shows cyclic
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[0031] Fig. 15 shows a TEM image of TiO; nanotubes obtained by a method described

herein and used for decoration with metal nanoparticles as described herein. Scale bar 100

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

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

[0034] Fig. 18 shows the effect of a varying metal precursor concentration (in this case
AgNOs) to the silver decoration of the nanostructured material. (a) Large colloidal silver
clusters formation at 0.15 M (Ag-CNT6) and (b) Average size 1 nm at 0.05 M (AgCNT2).
[0035] Fig. 19 is a XRD plot showing the metallic silver reflections of AgCNT®6.



| ayer conprised or consisting of a nesoporous nanostructured
hydrophilic material arranged on the first |ayer, the naesoporous

nanostr uc%gaﬂ&%ﬂg.pphi lic material can further conpri srRabso)bdsto
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t t mat er.i al | - e e
Qgrn ggnrlﬁgﬁfz‘&]&% gomﬁrglfeg e%n%% flSus qm&ﬂ%?ﬁ]?éﬁ”hﬁﬁ&ﬁﬁ]ﬁ@hateﬁ’éﬁ%?&%@d Qh th

| t are not linmted to activated carbon,
car bon flshiveraila agiethéreaspect, the quesestxiangition refees tvamp slectradgroothprisedeed al

is made .of Ti 02, such as Ti Q2 nanagt ubes while in _another. e I .
car bon fgeiay B‘é‘ghm]g GRIAPES & F‘H’éﬁl&e-%W%gap?f%%aﬁo%&%{@@?@%ﬁm%ﬁ%
used. [QQ44 h&h@rawﬁﬁfowwwdlym?ﬁmihaha@m; pRROSHgle diyer esmpsisd ofa

the present invention is porous. The pores of the nangstructured .
mat er i aporewse naRasHBPMTEH cBIsHRk Jvhsreidhe ROFRIS. nﬂ&%@\"iﬂ‘lﬁg matefiglpggmmprises

definitj - gﬁ’&%bgﬁ’ﬁi ﬂ']ggcre.ed pores with a size of between

about >ﬁ1§t8}11ﬁu’£§§%sﬁ§ out prr%%\?ﬁ’i e nmesopores have a size of between

about 2[0641]t o Iabthat iSO embvdifiest i whivk ther eaeiroderis crompaisechef a first layer
comprised or consisting of a mesoporous nanostructured hydrophobic matetial; and a second




[ 0049] The nanostructine of the nanostructured material and
nanostructures can include, but is not limted to a nanotube, a
nanof t ower, 901%5’BW re (also called nanofiber), a nanOf[JC?‘}S%ﬁ()O@IOOOSIQ
nanopart i (?Te nanodi sc, a nanofilrn and conbi nati ons

af orenent i oned nanostructures (e.g. m xture of nanot ubes and
nanowi res). [0050] The nanotubes can” be single-walled (SWNT) or

doubl e-wal | ed or. multi-wall nanotubes (I si ng| e- vval
nanot ut}éyeéé’ﬁmﬁ(@%r ?%ﬁsw o agPPORYFPPLBIN08 ‘W%W é}’ﬂa almﬂge
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nanotubmaomnmmﬁwdrﬂphdw’Mmand can be used as single-wall carbon

nanot u S || . carbon,nanot upe DWCNT mul ti ~wal |
car bonb[ﬁé?é;t \lﬁ%@ CRA° &%\?F}eb \Q%I%I B W%Hh %FL"SH (i f%?ﬂ’%sé’é ‘gf;?'l Sﬂkgﬁe layer
descri h@ehpiSesfordbadits ba AE-ARR of aGn&apdress HhofhrArdd Blledihobielrhéial ahd
a hollow cylindrical shape so that the structure i s one-di nensi onal

with axd aresopayess r panogiertyigd o Bydpehilie x matstial, ngen BEPPAPUE oRANGFIHEUTEH

call ed t xhog
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nanost rmoixed vt the dresprivobismanestmriuead ivdraphiltt mptedd 3y arhleound tenthe surface
hydrop bIC 3 und or structure which has

little & esfoyg{ogg Og?’&g%?&@dtréﬁn@%% {éggl water, i.e. it is

nonwet t[atusg Such tlh;&ilemphdlh'lent siny H](Bttrﬂdesouwnprmesrmmmdsstarcé' a single layer

characterized by not conpri.,sin ol ar qgr.oups ich.are ex osed to the
ouL S| deOPBISECHY | BRRERR Of; 20 Bomwus CRanpSEisred, maSrigly, "AETa, BF, DS
the ot hﬁhoéiﬁaﬂuedtxﬁ@teﬁﬁroemphy&rn@é@ﬂhb h&osfr@cft@ié§wh{bh9@dﬂ@j’uﬁli té s urface, i.e.
corrpound or structure which interacts with polar solvents, in

part i cuhaporgis panpsiregtured mafgriahis derrat alse palled slepprpted ngepéhvﬁw# Spterial er
struct o?éus%%c&%@ﬁ%gﬁu&ﬁx‘édﬁﬁﬁ%ﬁe“ zed by conprising polar groups

whi ch are exposed to t outside environment, i.e. a polar solvent.

[ 0054] [08dd, Wapstechuedmsispals cusbheasds fabuicatad intithederst phstahlemembranes
hydr op I )

exposed st iR AL RIS GoHARER i RodiE pRRREL Hendl me RO iRong
mat er i dindets {like@VIDF) aotidy dré @sqioinathetayt fbe pecid slecirodehatsrialf dike the one
nol ecul s _which_t he 0 nanostructured material presents.
[0055] * u?’?’é’?&dﬁﬁﬁ% ﬁ o‘gg ?f‘tt‘ﬁ‘i!rr ed material is hydrophobic when it

does ngbo rmrwm fieYabeve alectk@RSdondobEishs fR dxamdle mraoﬂmlair Hattery, cell
surf ace. 056] droglhobl c nanostructured materials can

char actRs mcass Baks Y RPRrEh bn P ox)- fThe HB?/V%%?F@C’HBPWBE@FP% siRstangigly o
an oxi gaadc\éemk ral B weidht §F fhey d@ﬁ@es“ g Qb 288 a1-ak Bat3Rs,OfuePRells or

"unoxi nanostructured nmateri al rreans hat the nanost ructured
mat er i spéreapanidurs.hBlEs is ﬁrbljye@ttre@u@ofoamoxiahl@l ai@m@ appl@@tlmnﬁoaﬁuamm ghe
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at its &t Ive treatments are art an
can i ncﬂonﬂaesmbmﬁ; hane thetactuahidévick tiae avoubd beoonregsmalbammnbettm tportability.

strong acid or aoxidant,. .such reflux in H2SO or .
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[0046] In general, the nanostructured material used in the embodiments referred to herein

can be manufactured of any material which can be used in the applications referred to herein.
For example, the nanostructured material can be made of a carbon material, a ceramic, glass,

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



11 contai ning nol ecul es, such as an unsaturated carboxylic acid (e.g.
acrylic acid) or vinyl pyrrolidone. [0057] In one exanple, the term
“unoxi di Zggy ,§:§hSisy t 0 @ nanostructured material whi ch QgaxdIfonfBEN
subj ected to an oxidative treatnment and/or has not been
functionalized. "Functionalizing" negns that a nanostructured
material is treated to introduce functional groups at the surface of

t he nanostructured Jmteri . For exanpl e, e i dat,ion with a Ci
b Y S et e sy R R
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mat eri & such as nanot uBes or nanow res, made of carbon are .
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Untreated, J.e..not. oxidi zed or.fungtional] , n t
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[ 0059] dafotabest(BREENT weeusdhi | i ¢ nanostructured materials conprise

pol ar 3rou s at their surface. Such pol ar groups c.ar]tpbe | i nker s .whi.ch
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aci d, agfhécCarasvllichRae Bk @niesst abingt, 50htY/ @ Maione ambddineentha soiftceacsatf the
hexanoi ¢ aci d, cycl oal kane carboxylic gﬁl q?ﬁaor benzoic acid. One
exanpl €appgg matgial AL¥OHE Hil% oue%Pr 3R M ffer nore, a hydroxyl group

can be (664830 | $¢RobtRychiréd ﬂl%%ﬁiali Dl HadbGictbd Hef9to b initdr-ROwiT dahesfheki C
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acid or fonic acid. [0061] For exanple, in one enbodi nent the
hydr oplh¢ ingnoraetes tanget I eee mabediment, a4 least one digensiin, 8h fceBipgstructured

mat eri al c o ; ¢ ¥
o G apated S 3% GebaR3AD. [AR'HREI00MH T E5RE ETbARRARY halliElred
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ot or 1 o0 e 511 PR W ISP BB ey RieplrP AR AR ARl oo
car bon franatisee mivie felldviag BRtekions] tyseed for the hydrophilic
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e hy p

mat eri al can rophobi ¢ Ti O2 nanot ubes whil e the_hydrophilic

nanost rTxe dineasivaal 2D} maeflikess nannflowiersnadnodiserand ganefilnisave been,

oxi di z d thus carr j [ C Poah GRldeat
PR %) (OapOitut bk B len SRRPAI kR AR e oan e,

and hydsuepisi ddt Climae sd raundnotubd, wakaoilawer, &l omowiie fset called aargfiberhna

of any catalyst materjal, such. as nobl.e netal catalyst i N

as el ec‘ﬁ“@ﬁ@éﬁ&t‘@wlﬁ‘;ﬂmﬁ%ra RAPQMHSPee? P@}Oﬁzmr?élfiaﬁomg’ a%B%FT ?tZFh)? az%r%s ,i%t\;\?o% la(lﬁfn
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nesopor p!.l'kﬁh\‘?T rgq%trl g i f 81048 bRt with
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can be several micrometer long, i.e. at least 1 pm or at least 2 pm or between about 1 pm and




[ 0065] The catalyst material can be a netallic catalyst material. Any
nmetal that can be used as catalyst material for an el ectrode can al so

be used h%@b(ﬂﬁm%ﬂspne enbodi nent the netal includes, %‘r;s'c%oo@faﬁmw
limted to a noble nmetal, a netal oxide, a netal aIIo

internetallic, or mxtures of the afprenenti oned rretal s V\D
2010/ 027337PCT/ SG2009/ 000319 13 [ 006 Nobl e metal s include silver,

pal | adium gold, platinum iridium osmu r hodi um.and r.yt heni

e arbh AambIe Rl &F e AROPIbSg OB TATPIFARS TSt EnOr B BgPoor
al | oys th‘ﬁr eof can be used. Exanpl es of noble netal alloys include
al | oys o platlnumandlrldlum Pd-Pt, Pd-Rh, Pd-Pt-Rh, silver or
gol d t papsther Imbieheraladdiment the nanotubes orel made dfcaarbon) dndyean be useshisesingle-

t al d f
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ﬁgtz 8|5 eﬁbgﬁg n&ﬁd}iﬁzdgqh%dgozmntgls -t cakhoi %%gtubes emnit;, dédétﬁl&_;li} a«zoéaphlte
| X |
N Voo BlanaCosliongiaghensy et 1l n Bollowaiindned Bare sa st Tk S0
Nb205, }{\?ﬁf?aehn[s@oﬁh%%?aﬁmy&h{ g?‘rsaﬂdhﬁr ﬁ\afral khi tl@t@dﬁélﬁwcﬁiﬂ)rﬁﬁﬁo@%alled

ei ther stoichionetric or non-sfoichionetric (e.g n,Omy, 0<x<1,;
O<y<1; clifaiB®; 1.<1n5). [0068] Catalytic alloys can include but are
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gold (Au); group 1];2' i ncl udes zi nc %Zn) cadm um andm[;?1 ULy ced
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| ndi umg{ k) o1A88e & édv&mﬁ@at) i . G sbiiveht) GhoHIRSw B, DANhé Glher Sikd, @

(Si), germani um fin (Sh) and lead (Pb): and group 16 includes

oxygen t@m) “hyslmpﬂlllrc” (t&ffers imegeneraliin ¢ SPPOUnd) or RIIGHRTY "Fblfh AWErapS I VHH PRt

(Po).

ol udrRgeth, i DaBfer SRR by Bt pplke e o EoAITRG s or
| nSe, Guﬁpomﬂd aﬁﬂfl&ﬂarac[tﬁ&iﬂ)]oylcnmpnmng@nlae oY evich, are lespased &0 thesasidss
catal ytic, materi.al (g 2 FI ectrode is an internetallic. An

i nt er mEPEFoRentd-e5a B 7t on which consists only of netal atons
whi ch gpgs4pountiud, Qvlﬁﬁﬁha ﬁiebkﬁfordﬂs&aﬂiﬂs&&bﬂlteﬂnhnmtﬁlsl htydrophilic or hydrophoblc
non- st0| chionetric ratiags. npl es géoa%ach |41terrretal |, i ﬁﬁ_ﬁl ncl ud

Ag- Ni cs‘rep‘?igs AB thq pdarity of e %fi’%@ cEPOse G e HipEReTt é“?SQB‘Eﬁ"Pi/

controll.e dnﬁ‘élﬁﬂgl Besf B’Ehgxe SRR @k pokitly idepdnds ol &the 3EAR! Bblecules
range. nents I n which the nanoshuctures, such as

nanopamm&@snms@pmusemnwﬁmhmtqdénﬂf@%ﬁm@%- nanost ruct ured
hydr ophihig ol erL Al o en i SRl HASHAADASIEHEIS S  cBEA: Bnprise

bel ow ween a ou nmto nm or 1Is between
about &nym‘aﬂeﬂb@]uiosﬂaﬂ)mgr@@iﬁiltdmfms denonst r at ed herein that a
Mesopor.Qus _nan ured h dro lic . mate [

nanost tHgYalr ea“? 1ﬁl‘“’W‘ﬁ @HB?’J‘F%% et é? ?hagacﬁe ?ﬁ%@%}l gdrophobic,

to itsirifiey %st%d@ %ZM}EE&&@ 08480 Z kR eatkdent, i.c. they are unoxidized. The use of
an “unoxidized” nanostructured material means that the nanostructured material has not been
subjected to an oxidative treatment and thus does not comprise any polar groups or
substantially no polar groups at its surface. Such oxidative treatments are known in the art
and can include, but are not limited to a refluxing treatment with a strong acid or oxidant,
such as reflux in HoSOL/HNO; or KMnO4 or HzS0, to name only a few, or subjecting the

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



surface (i.e. decorated nanostructured materials) formnore efficient
electrode nmaterials or parts of electrode materials if the maximal
size of t ctures is between about 0.5 urn to

[0073] Si ngyg ?(ﬂe %S%T'}énm on of a nanoparticle is not al MP?E%F%%%@%@@
i.e. perfectly spherical, the above gyze refers for nanoparticles to
t he maxi mal di nmension of the nanoparticle in any direction. In other
enbodi nen t he. si e of .t he nano artd cl nanaf } al ces

anof | GRBPing PRLEHES, Foh B feeher Febuke e | B8 heid) or vinyl
nanostrpyﬁbud@@ material or mxed with |t) is between about 0.5 to 20

nm or about 5 to 15 urn, or about 5 to 12, or about 0.5 tqQ 5
urn, orl98Hdut I‘!SOH‘F §Xarppls, 6 termy' “IFP?ilngd EF@'E}'F te; amgnosyeipredgngierial vihich

case Ofp US{AhLRBANAWER B aPldiffatife Qfeqe,} @%Q%M&t%%ﬁ ﬁﬂl&ﬁ)nahzed
maxi mal di mension 1h any direction is etween about 0.5 to 20

urn, or‘Fabdionaliring”t meas thaha r@nosétmgmedomsten@l ts2treatgd tobimtrodecesfunefiqnal
urn, u

Furt horSans 4 2 sbea oF (AERMostH oAt R lP Yor Sednfhid e Gridetiolied it
nanost r:ummﬁ—mmwgrhqmt dhevarface af ﬂle\uaﬁosmcmireﬂtmatmah Arfunchbnaizzamsn
one e nt t he .nanos e size ribution for .
st Ty aetionsiord Ja o St Erze A e svstacs o BB mepis e el
->- 12 Gd?nlﬁﬂﬁ&bt uséd fdrléﬂaﬂu&tﬁh(&ﬂﬁ incRudd Fat- exmﬁle%ﬁﬁ&sﬁléﬁb%tgl @dSiyéRanes and
di stributi'on for nanoparticles with a size of between about > 5 nmto

< 12 urMerPapiesHangs- .+ 3 run. The nanostructure size distribution for

nanost ry @58‘} re %o\aq.rﬁé}cﬁllyg hfa?laﬁ’lta ngﬁés%&ﬂreﬁ%ﬂénaﬁi @g&ht 2 nﬁﬁot’#ﬁé& d}'ﬁiﬁﬁ?@w&

1 urn. OI’ exa er nanopartl cle wt
est i mamesdlet &f cmtbm gte nfpmeEbyunot Ikidizddy ox ﬁaicuqmliZShahd @re thus hydrophobic.
nanostr. rti.cles ha

u C 0
bl ocki r%ﬁ{eﬁé ’porg& ng‘?%fﬁ a%%g?arh&g cf er| I%T ?ﬁﬂeﬂr ?e%ed to as
decr eaggistienapustiuetgedmeerigh. t he nanostructured rraterl al. A hi gh
surfac a gan increase the conduc ivity of. the decorated .
nanost MOl edf AEREA SO PpiPeAnPHEIEtEEH BRI FMRRSR PR EFrwps at their
nanost rsudhdél 6Such pdlat @%@Bswowwmnmdhugw b8tnd WA 8RN kliffee of the
material it is also possible to bind the nanostructures to the

sur f ac &apgstmparedenypas nd thusrreaderdt lwd&phﬁw ﬁobﬂier inclydgs afhngtiongligsoyny,

L0 P05 RPN LS e 960 & APOEFANE o v

Fi gur e pbdsible flpomditureh of mm Hulorueibe bf@mmiemonwdwommaxe@i Efiamh]és of
nanostr Hﬁzﬁblfé ﬁ%ke@%ﬁlr ln%iud@rﬁ.lt Cﬁnjté/d %O#J}glgﬁ{nlef(l' &ﬁﬂll g artufﬂg groups) or

nanostnlc ur e erral via sa no

connectpohgthiyhee glycﬁ!a(d?EGr;) flsbd k&omaxmy(atbylme dxmte)b (ancladmgu—OH drinaps).

nanostr i i udes a_functio ou
vl o PO oot one chiaenllte GEbeRI SPupifED e P o DRt fiding, b
2010/ 068Bhfted o3RRI ACAOAREE adi, Roiani auidl! bilarditPacid, pehtBooid S, MRR&R €

that mxtures of different |inkers of the aforenentioned %rou are
used t @ci ﬁEPl‘?Félﬁ?%tqa{P@MﬂF“e%m@%O’{ henzgigracid Ongr ewlwatﬁb@@% amjfobgnzoic

mat er | ﬁ@ﬁﬂl@[‘]{;

lim te? to porphyrine ‘?&aﬁ?mﬁﬁéﬁgﬁgi@%?@lﬁﬂ r yﬁggghteglf:oo
(PEG ghesphiziogsend assubiohic(asidny | ene oxi de)) (i ncl udi ng O—| gr oups) .
90771 oSS RERETE ok DSORGB A o

pr opi onfa (ﬁﬂjoﬂacebuﬁ makkial, 36ditas Peabanirdhee] drhldiem{e@marbaﬁylogmup at its
cycl oal kgne carboxylic ac ds or benZﬁy%Pg ;d One exa le inclu

4- ami nSBE#Foilhe Rast m@%ﬁ”@ &seh i the 1 SAsBUeiEs b@afe’a P’?d(saé]%f’

in a ' 'h%x%f)hlhﬂ%aﬁgétﬂﬁmrg&‘hm%fal lchflieetlet @ni2hes Bitekdt. A6 Qx&{plc@ Uinf @l C
acid. USi ng UU&]@ i nkers t-o connect the nanostructures to the 'surface

of theendn uadetiahusedrionthededrophtlin sanoshiectered impterighisrmyiptineershany

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




[ 0080] In one enbodi nent, silver decorated single walled carbon

nanot ubes are used. In other enbodi nents M02 decorated carbon

nanot ubes wherein the Mh02 nanostructures ca

NhCQnanofI %nﬂﬁﬁﬁa nanol | owers, or M02 nanowi res. ?%HF%%%??N¥H%
nanostruchired naterial described abgye can be forned into a nmenbrane
by filtering the material over a filtration nmenbrane which results in

a thin t
mat or | A iciEbeOEERA SRR e i B BEY Tior ubHdiy S ulbEf S0P
el ect r o8& akelts sirface. di enothdr ¢mbdidémeitthathydtophobéc vantdsenctmad enatdriah can

Mesoporoys ture hd. abi erial arra r of
T oo S S ARBRARE T e ol WHF B R o B RS Pt BR 4 e oy o o

made ofnaﬁomestmeh hﬁv@bm&ﬁ@dizmlmma@aw@tlmzceldcdmdls&@@lamofmt@u@l
and a rqus anostructured hydrophilic material, or a single

| ayer d 5 F83nost ruct ured nateri al conprising netallic

nanost r@@éz‘]” e§t RIS Rirkied ﬂ%it”tﬂéiﬁfe &ﬂﬂ/d?(ﬁnhklﬁi%%ﬁ%}@%@ﬂlfc%ﬁogﬁkﬁ?é@

for the aif electrode of a netal air battery or as’eléctrode in a

fuel ceanateripls eneswiglut waddition of alpﬁem’g%dmémattmal spefoaajabla metakgatalysts, is
b ' .
di scha G5 G9EREE hEfeREfbr Mol o SRRL A pARET LS dhouB il e 17 g

reacti €. anode and a| r electrode result in an i nexhausti bl e cat hode

reacta np r ca in the anode,. the handling
s pabasa ™o P s Rty bR Rt sl T O o
pri mar thy dfogmﬁemnos&aauﬁﬁtﬂaateﬁﬁctm eahlyyt raeriAReh aith&add si BEGHMQ@@J e
netal -air batteries, Wile the mechanl caI | y rechargeabl e batter

much | TkemgsopPionE Rydrppfilie panostryriurg medqria] togfory ar@é’ﬁﬁﬂd@éBF“eo% %@a’cﬁwds
a thirehdriab i BE bRt RS Bfkb RS IAr DR QGANSHRIcHEdCRateRXATRL 8sta9ft
netal air batteries include, but are not limted to zinc-air

bat t er inesterial jcani hemixed Ermtfern jof snanasiugtues, riughmaai Rangpartieles, e@noﬂ'{;\w&]
Li ke I n
el ectr o%ﬁu‘ﬂ% 09'}5?,?06}{ 2kl o@%ﬁgﬁ?ﬁhg hﬂﬁ:ﬁﬁlﬁﬁ& ﬁéuo@ on e{l &Y odgp%grpae be
r epl ac éduiltoahe mb&m@bromsl adydraplatic admodmad:mrbdbaﬂtelmalr ml fnnn Aﬁnaﬂohtns:twreﬁ, koh

exanple of a bat t er usi ng he el ectro terials

o orr SRR PR PRBCTRAVER PrpBPGuee Hel o Fubln PhmicH sasaf o,
Fi gur e caBlytib @amairiacies m@mﬁs@eﬁmafmaeﬁmmpwﬁp@se%mh bt Oreet. %

hydr ophob terial g arranged on a_| ayer a nesoporo

o b T Oy clh B brERHAREE 0 WH% hahops (e St A iy MR s

conpri Sﬁéid%htl?e ek brefeht &f thén AR SPRALYHarAAOSt ruct ured hydrophobic
material and a nesoporous nanostructured hydrophilic material 9. In

Fi gur e[9Q64] t hin &gt ﬁ@@lﬂwr empediprent dee eAtalzstpostena alpenfosns net of e porous
mat er | ﬁ%;ho%&ﬂn}%ﬁx'eﬁ'rﬂgeﬂﬁt Fhdrkia ﬁ&@%nﬂysv %dafér&% &%&derh&dnhﬁmswlh%ﬁn
e el ec rre

[ 0086] trode materrals ref to hérein can S0 be used
el ect r otbtalle narasgiictimes avhiichebredmiubd té\ thaipbrose hbnus&uaureélmaiemafbdh efoing al

gas,  neABr RS ol T B RS0 Rttt m ot 5 R o R

electrode layer 10 forms part of a metal-air battery, Examples of such metallic nanostructures

include, but are not limited to noble metal nanoparticles, such as silver nanoparticles, or
MnO; nanostructures, such as MnQ, nanowires, MnO, nanoflakes, or MnQO2 nanoflowers.

[0065] The catalyst material can be a metfallic 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, 2 metal oxide, a metal alloy, an

intermetallic, or mixtures of the aforementioned metals,



WO 2010/ 027337PCT/ SG2009/ 000319 17 electricity. A fuel cell conprises
a positively charged anode and a negatively charged cat hode. The fuel

cel | al sow@MLWsRsy @an ion-conducting naterial. In ot h%ET)ﬁ%&@ AErel

cell construction generally consists of a fuel electrode and
an oxi dant el ectrode (cathode) separgfed by an ion-conducting
material, such as an ion- conducting menbrane (e.g. a Naflon(r)

menbr ane) . .~ O asses.ever, one el.ectro en over h
ot her, Q_fgqlar ai(]%ﬁg rE‘F tals yeiyde sy ver méﬁufoﬁjggﬁmnfre O@ﬂ POV & ég&'uml
in genﬁﬁ@lmthélﬁulﬁ iﬂl@he %ﬁbbd@eﬁ)ﬂ shven savagius gam Pt intim| TR0 ehérBFEMr
IS surrounded %/ two | ayers, a di f fusi on an

9

areatlon I r, Unde
const antoystbeegf e be aved gBrAmes @bayilemetrd allgysringa Lng ?Hji;]
t he an%{?u@n eP‘fl?? BILAORY AWGEr ot oicpt ?%eﬁ@ﬁ@bﬂﬁﬁmﬁ RPEATR J)ﬁly 8 few.

nobl e cat al , the reactlon aye reason for the
di ffus m}mys of mobi mewlstah&aussé ﬁd@mmypbfto hbtdmﬁg@npmgagfew elestrede @ﬁtenaiﬁo

mai n e al i ons u I t
occurs Erh?ﬂ?@ée (ag'ﬁ?) ntrné%lé P)S cﬁlﬁhgﬁ%d i ei@ a e cglt%% th

tAt t hen@?ﬁ!ﬁiﬁed td"BtO‘zI?V%IDj, anOs,alsas; emay%;mzmg emcmo;gh :Lém, EiMniﬂsphﬁMmﬁh,se
ransport is crucial to energ rogen._iqQn.on its

wny & o L0 B AepeOe Ml Yok, THE: BBk 7oy S0h o oS G50y

for thepghe W{@gnﬁuﬂﬁrc& hhe Hﬂ@sﬁ:ﬁer%'ﬁ ghe Ghdthlxide dancbeleitheP SBithicgREic or

t oget her “Wi'th“t’he el ectrons of the outer electric circuit and the

oxy gen nodrswbchizseta (e g1 del«Ohy.drgil 0re<bdfo8s; Kahdde reacts to water.
e et los) o5 Lalh il SIS B EAE 8 SANRELH BAGKC AR/ (hfte of

system I'S process occurs
fuel C@ielnﬁentssswd&teasﬁ@ﬁltyérgfoupwmelgmtsmﬁtgrcamelﬁ ué) 1213, 14PENFL) of the

lid oxide fuel SOFEQ) . . al kal f
ot on et sHtteml GUPA ealfrm%%bgﬁi afﬁéﬂ%ﬁ%ﬂﬁ&%l‘?ft Sk 29 R ding o Flyskragd
or di r efd¥RE hRRekicidyebmemol WIRMECCH Gh{¥PB&] CEEGRX AWeirdein, mﬁbélﬂtlon)

enbodi nent t he anode of a fuel cell can be for n&d of a

nesopoiHoeEp h%mqqeﬁétcﬁﬁle@hh?an%%‘%@ &) #pck Rlptingm Gty £ﬁ‘§]’é’d ﬁle&dFSaﬁfg’Perof
e opor Gt YirdAART Lhd bl By WOPHD hEITAR! (78), callWL () AR moroury

mesopor o

cat al y¢Hg); mnaip b%1mhﬂdbssborem &B), eAlyrgslivoyfFhindiven @Pl prct thadlipay

}tMotP hfa?@ugg%gg?% C? e W%E%I{p g)él}{slg% @Xc)d #%ureﬁyﬁg%% {iTgPlgl’l al .

| n anotgh@ip m"ihddﬂemgrgeﬂ(@ satfoﬂcs),m‘elmhm (&@uelheium {Te) mtmﬂmrsmu ®d)- a
single | r of a ne or ostruc r

i xed WPG0Ta fgBpSTER 3t b g eRh PR HIEhS! ifked to
the NMeSPREMAKIMAARYAY, tpt:tm @ﬂ[ﬁyﬁlB@leSelaﬁdEﬁSQH al corrprl ses a
metallic catalyst, 'such ‘as nobl e netal nanos ucture vt\gu h are

6 t her [9TAd m@wqu@mbegwaa%mﬁ%a%aa%wamwﬂim § Serle s
or are ISSOR BAPP &I HEthLdtes wieh
2010/ 0#%%%@?%%6%#8%%%%99%% ﬁtf/‘sérophl Ierlig&ﬁrﬂast eri aéf I n z; ffjrt herauce

enbodi bentd t¢ leect wiler céd metallic bapds fedowstoichinngice ratingc Exenplss 96588k
nanost r.uct urﬁﬁ nat.er % gl ng netallic nanostructures, such as
ST

nobl e HREERERILE 31Pfle nd to the surface of the porous
nanost mog1igr ecrhmizerafaﬂle nhibsalittuma ses  bet ieadilyatdnordBedoby whaethodidessebed

can be corrprl sed o | ayer of a_nes rous.na uct ur
i op MGEHG S 18 apoR athesn i SR By ety i WHRDdhs Pipeticnres, such as
nanost rddﬁ&]&é?&q'esrh\iéifrﬁ’iﬁﬂ' Wit the M eB6cRbusifandsthicRi@ddhydeapilicahaterialpthe piae ofiS

nanostructured hydrophobic material mxed with a nesopo

nanost rthﬁ:nmoelwqm}rd? isphalios belawed mip or Theetwegnabgat Gf moHe agﬁ‘étl 40 or is
woul d 'b Ev%éh%b %tab%&m%%@e any catalytic material, such as

cat al yt| nano ures 9] El ect rochemi cal capaci tors (ECs)
of ten qabidd diswasdqmnsanai:heremsthataac mewiperous nemistradwied bydmphilic maggsial

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




[0092] In one enbodinent, due to their structure, the el ectrode

| ayers do not conprise a polyneric binder or do not conprise

poly(1, 1-qj -1, 2- et hanediyl) (PVDF). WO 2009/000319
Do10) 0o75 hptiPRenh. 2. O 0eTe S [0093] The new el ectrode Hacer als
can formel ectrodes with a thi cknesslj‘or each layer of at |east 10
gm or with a thickness of between about 10 gmto about 30 gm In one

enbodi nent the thickness of | ayer o he el ectr.ode i,s about .,20.gm
That . mosRee b romopyBreh relerialn tiar B0 HEosRe e RYS e T
Figure 5881 ARV nitdrfal G RRSRax@halRBleWF eHE rRostiucRResd s bétreaDabout 66 nm
p.m [0094] In another aspect, the present invention refers to a

met hod tofbavtA@hBct uri ng an el ectrode conpri sing arrangi ng or

deposi t; a fi : j R« cal,
nyar optigE2L” bt inq AYRhe 6P ORL Pl R 36RO BUbiaA IS LAY Yhes
nanost rthe shove dize yrelfersplior mpwopatitctes itathe haximal dimeneion € fecnanopaydclp i s@ht

i ti f t i h f turi . i si

Xt 1 S0 Jo BISE LTI PR, R Sy B oHRRRTR, Pl by SRR

MESOPONG}SpdRaROSE s sy Rl ba i h mmioStricaiued amerilibs ety ) i
ormng a single electrode layer, In_ sti ur ther . aspect, e

pr esentoefween APOW 9.3 tr 2} wmy ¢ @%H%Q'ﬁgdlim %é'g 9 ﬁ]% %aﬁ‘ali‘tc%ig 5 nm,

nanost ryich ik 8y iRl Mokl 2 W b6 RS 1B6E 138indITh khsetINGR] hatdwife r baknd
to its surface. This nethod conprises m xing a porous_ nanostructured

mat er i alonghtef nanastiieittesnithe oximalidimensionsingiy idgreetinnds alie bareep ket sdr
to obt 0 20 9o, $7BELL 0 t°]s {aﬁlle P&%ﬁ?é.@‘fﬁﬁﬂfﬁ%ﬂﬁéﬁs k@b M, R abdiR 5 nm to
sol uti CA“EORPrT STy the et a i T nanast rct ure precursor and

chem cabbyt 12athici abgut Hiew abetbl I s, nanostructure precursor to all ow

pr eci pi Lon_of . the nanpstru res at, the, surfage of;, the .
nanost r{h@mr e GUHBFEIOFSG BF ?%@%eﬁm‘?eél g]i’er%laua S0, ey, pRaagyne
[ 0095] dhfloEianered! whitkmasd b uety natbwiaizerdiatibution. Thys, fioone embobiencht thed

into a | ayered structure by nethods known in}Pthe art i.@cl udj ng, .butf
not | i rAcpesiruetyre pize HptHEULIn, §97j PAROSIEIITES: GHER iy, D4OgP3H &“sﬂ%, s1z& 0

P21 AR b o BbL ok . 8361 00ATIR o Bl A AHARbud RS o

are fo tering of the nanostnictu material through a
filter jaRehEane with 05ige offbericR aboutt hes lrmy e & d2nnrhds faboutet! 3 nm. The
separately and be arranged on each ot her or s_tacégjd on eﬁlch ot h%r

af ter tieedstruptrR dige dighibutien foranapespuelres ity p sizf od pelrrer 2BRRL Gt RO |
continyous. fRANe" M. S& it b IOithe 43EoP! nfh Rl AfHed to
met hod.” FOr exanpl e, usi ng pl'asma nethod, the first [ayer can be
deposi te@dsistnofaatsupar dilverbenisa Snfatibd nawestnipyures, sucn as epusriarticlas lfvetthe
next layer directly on t first.layer. Far. exanpl fir

an be Hriige o any HSBRBRL PSS o B Ra ot g HEp g abdhast
Nanost rijg tsyFrait FRhesfi BleS narpblichted Gadtbtlagehiph nafhostares can enkrease the
materi al s (e_.%.E car bon nanot ubes) c&n al so be fornmed by net hods known
in t he wnductiviy pfile dgeasated parostraqiyred gatepg).

2010/ 03375 PCHGRO0 00031900k Qufbibis At 1l RERB6: ARobRdAured

| aser Vvaporization nmethods, chem cal vapor deposition nmethods or

hydr ot Hedmphilsymetegel . is also possible to bind the nanostructures fo the surface of the

a

mesoporous nanostructured hydrophilic material like for the porous nanostructured material
(decorated nanostructured material) used for the single electrode layer as illustrated in Figure
1D.

[0076] The nanostructures bound to the surface of the nanostructured material are
chemically bound or fixed to the nanostructured material via a linker. A linker is a molecule
commecting the surface of the nanostructured material with the nanostructure. A linker

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



[ 0097] To obtain a nanostructured hydrophilic material by introducing
a polar group, i.e. a linker, at the surface of the nanostructured
mat eri al , &6’:9 19:{)5755‘} ne and thus hydrophobic nanostruct;l;E?gG%t)ﬁ§(}3?d
i s subjected ({o an oxidative treatnment, or sintering at ‘ténperatures
<500C, or refluxing in inorganic pollasr sol vents, or plasma treatnent,
such as N2 or 112 or 02 plasma treatnent. |n another enbodinent, the

nanostructured naterjial is subjected to t reat t using irradp.ation
Wi th gAreARROKyEONm & 18 G50 ARSEHE Al MIBEHES R GHOFPH b, AR 1 Hatsrigptigped
nanost %@‘@ WS AT §hd fhnorhBuRS tdHRS Sirtica be theGRfidhythicd mdtérihl. Hhenples

ganmma- can create free radicals at the surface of_the

nanost piistiabledinkers can iclushi i areagdilimited de perphyner(inciding aming SEugs) or

carboxylic id.to.f i j | tid AL n the
oo £ o PoFTRhe RyRRL(PEE Aun SR s BRI g I G R ORI

car box¥¢(j7q] acintbrieambodingont, tixs atrboxat goup aabloxgdninrisadind dnked mcluding bels

t hereof. To. avoid that, .the.di stance bet n . the nanopartic e
nanost ReEitedfo forms pofl A58l PRl PrOPRoy &4d uﬁ?@%ﬁ@a?%’?aﬁoéca‘! cgda}ﬁgyga%éﬁ c
aci d f gggl gﬁktah&né Y6 By 1{EDA REEUb1Eh ROHTB labile Hine Gatahplerintlads 4-hamobéhzoic
C-atons. ]0099] I'n one enbodi ment, the unsaturated carboxylic,.a |(g IS
an acr phidcPutiemase, adsidrom BiER ClhRg EPTSKGIRA ]é’g(eb?l"]élg’r“ﬁ %% nakliﬂage i
deri vatj . her.eqf. { n i nldsk hired teehet O
acryli %héés%ﬁgﬁ@%&%g‘rﬁ?‘nﬁg ag?f éﬁ ﬁlr%g?ﬁﬂllin?rgl%ﬁggoyl iC ﬂggciﬁ%ﬂ?’g%tldhacr lic
aci d, atuiive-of teoranestruptired mafiedal canpnéansyﬂw&ea@p;enﬁey density Wdlegeducing

met hyl -acrylic acid ot gni ¢, acj d). o VAN Cl ;

Sor by ¢ Tkl et R S eaPls &g B HRPRARLbnBRRE Lf tR et in
p- chl ohgtdlianiisuffefesA@indaccblie0 thieCoxyger redottioranadion &l dprondsa denileyice
acid, glutaconic acid, aconitic acid, maleic acid, fumaric acid, or
tri car BEEYIMAFK/| ene. [00100] In the embodi nent in which the

Mes 0pOf Q] NaPRSMd: UikdpibRehehy GaR RO bhiGine@ iR tab tBH thahbrerubmesspaOeienly
nanost ruct ured gﬁ/ﬂdro hilic material are m xed toget he£ the rati }g of

i xi ng distrithedss er ofiihe parosBRYISH atatbSICh 8 EUEHIR FERBHIA Gbi Bure
mat eri gh) 944 0 r | el ly0@Ridbhed also
mat or 1 A7) (g L b B B e ot T

mat er i aheans dgeetthe mandstrugtufeardohaet Emmoskipaesin clustees pd ARV imEigyre d8(a).

bet ween, abqut .30: 70 9% o, 70: % : .

t ot al \?@Fﬁ%?re’c}fl OB%FIHW?T%PSP? Qfesnapgég%rélt eers'arf’%v& ?’g'l‘?&?ﬁ%tegr:%ﬁg 3&5%@ Jriif

f or M Ngahdd@uethRa iniaeal caront eiibbdimeint) betwben abordge tgabbhes0% péthe srface
single layers referred to herein on_a support teri,al . 1n.

o oot r GBI (ST e Tl s R RGeS
her ei n 3%, BB4PH dr 501% Br 6B YPdre Bbverfibkiiiehsnostiltureat hode i s fonned of an
el ectrode nmaterial referred to herein and _.is arranged on the

el ect r 40979 | &yene embpdigmentt(aydraphilip)silver Jecprpied, cpbom napotuRes; firming a
cont acty, Wit R ' Is[eTa i i e SITs St
Tt has Tk e AR e B G O e s

f ol | owihiage baunidsAg mirteniesed its sutfive) astihdektiotle mﬁmh@a@ amaid-ait Yadey Owing
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mat er i ghydtbHobit) sl ubi@B oggpaw framngr @dnibe abtes @f rilkis gl mot bemetted by the

precursor to obtain a suspension of the_ nanastructured teria It
Phe soldlachaltte aghr ofeg hEHdnR BRIEOR HeHEmOe PN cre e ATy T a5 et
chem cahty (fie6URTRY sl WIBLIRAEL APRASIES HEdipRrsB RALHARL tiad wall abance
precipitation of tHe nanostructures at the surface of the

nanost nbeoxygenraductionirgdctign. a tenperature of equal or |ess than 80C
00103 on ' sl I

or ccur S80S i AP BRLTRka, HYAE G AR BB IR cofteHlaBhiRc o8 peed. fn

precur I’s uUse enpéra chem cal reduction step is
bel ow Gfieroembalinents KdnOL Ndexonitdide carbot auinotibes  ard axseds rpbergingrike [MnO;

nanostructures can be MnO, nanoflakes, MnO;z nanoflowers, or MnO, nanowires.




[ 00104] One option to adapt the reaction conditions such as to form
nanostructures with the indicated sizes is to adapt the concentration
of the rre%&#lﬁmmglpstructure precursor in the Su.SpenSiP%{sdzoﬁmodsgb
the m xture Of nanostructured material and netallic nanostructure
precursor. In general, the concentrag&on of precursor materials can
be in the range of between about 0.001 Mto about 1 M In one

enbodi nent,, t concentration t e .of . nobl e t recursaor rJ.al
s in COBY angBe SRIBERHREN AT SereeDeA AR e BBt T B § SRty
anot hegARO HieBakridl e @ FteRiohah by @ RaRh bsulth én wehial shestiof enembrane
precursor nmaterial can be _in the range of betv\eenefabout 0.001 l\/lto
about vhichvrar bopeglpd PR Eoseinihs sgleqtiofe dpaterinl 4 rFap dOHR Hagh @lgah plegigde
one of 2 .0l  owi ng methods. Chenical reduction can be achieved for
exanpl e by adj usting the pH in the suspension conprising the

nanost [0082)r e Therelectrodz mateals hefermsk taltierein mhirbore eihen madp 08 & maseporous

Anot h hod qf. chemi cal redyction 4 ' i on..i
o omtoiofd B EROEE mEEeH Hefhed Sn Mallidle el AN PEN
at rm/s phg8Lphilic ?ndt@im),ec?rai aimgleqaga@g‘;nmr ofda hﬂxiﬂrhehﬁﬁu sxlesm;ro;ousmanostmctured
2010/ 027337PCT/ SG2009/ 000319 22 in m r ing. t

Zoen Svdatim BeROR A AT OB e P b PR e
CaH2 ol Widons[HARdP R mtda ﬁﬁt@ﬁﬁrﬂaﬁ@h_sﬁ?tm&mc AhoRfrudties SUGHIeSitsOsirface

conprising the nanostructured mateéeri all and the nobl e netal

nanost icac beneedps elegireds materigl for b e dstrade elmmpial of brteryp prasAediose &
net al %%Q%Fﬂt%ﬂ%séléc%fiﬁnga %@ﬁ%ﬁéﬁ%-' s adapted to all ow chem cal

reduction o met a ructure precursor, such as a noble
met al N@08S3t r Mdtairair Batieriec areschrardsyerizadyblyi 1 highhenergyt densitys 2 Alab diselirgee

of between abqut 1.taq.10, or 1 0 4 10, .1 8] .
enbodi rYBﬁ?%e @ﬂion&_qhglgpf%ebgn Tnﬁtag'aF§ﬁt$%ie8ﬁ%%% \Elxt/g"é3 nag?i eo%}daafo‘%l%%{?%wgﬁlaml
to 10. shfexbX@ible@athbde RaGentoOAmpsiet@uacaativein thoamde,ras weliras ther lendiimpr
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about 4nd gtozagsrofgeichian prodysi§desprmineg capacsy 'EFHS‘FrPé? By Fe T 20

whi ch 3,80L8:tAEHI9 St YRS dhaS cAllye e BdabicSmbtaPalr bitheieR HVhile ¢ medhagichity
f'b 3 to 10, or 4eto 10. . In

be in a range o et ween about to 10,

3.5
case ofedsiatgblabytay isariridiecsu ey brerpribe deadrallyectsreeatle e SR
to be iy 2. GRACHA I P@%%goﬁg%;e% 2vdiftcd EQEIHEEE WERRa8 e Bhitdick SrcBude! N

case of Usihg a nmeta ructure precursor, such as a
manganéstane anolimitedto wire-ir Eedteries tithintheiratteries and alsminiumcibkatieriesa

range t n out.1.tqQ 7. Th b N j i

che?ﬁ c {]O%idn@ﬁfeolﬂgﬁugkg’@thagﬂﬁ’ B’S?Faggllr lr‘?é“‘%%? 218‘31&?]%84‘%3&589,8 ei%%ﬂ@%&%la%en

a(c:: ild ag{g;fh@ﬁ%:g%?(tﬂlmﬁes 'Iihlfmf:afd@l e]bcttodl&r@nnmt reb]lanédbjd aﬁmléd&ﬁﬂe sk ; jal
, 4 to pane only a fe n. gener any known,aci d.or

base cd&lfswibed degin d“‘“aﬁﬁ’ﬁ@?“vteh%‘aﬁﬂ{eo% 3 H’é"tag‘&g %%‘if.“y% @‘?ﬁ%{?]ﬁl"e'leheectmde

react i QRaibddiEreRirel A6 Bl i@Nubia¥E] RIFiki6 1BAIOSAd UDf ure material with
t he nanostructure precursor also inflTuences the size of the

nanost M0e&jr einfﬁgn@d.lﬂ they esiodp ishéom%ﬁdi oh % ilﬁﬁgopgmﬂﬁt’@@é‘_@ﬁm%ﬁﬁﬂ
> or 1%&1?1{08%%1@11%!&@ ) ?rrv\%%‘%&t 012 Qay L Fresdpdr A8 Hah S ARQ0h PR Bbhilic

the re Ime 1s be about “15 minutes to ab_out 60 m nut es.
[ 00108]maAedalr #hdéx FigatotCwihiecbathade infcbmprised phea siixirefoft famesoporous

nanostructures farned.is. the concentration of the nanost . :

D oour srosyoryms ToEERHoRG e o unrebanf herk SRR RYgFHE Snaterial
nanost rgiqh Wigte M8l @le ckhodels edRpedEdad Apitbus hit@situneed idaddriab compritig
nanostructure precursor is between about 3 mMMto about 150 mM or at

| east 3Inetpilic ganasuchses beund e its sur&ves o about 6.5 or 6.3 mM or between
about %g{is}\égt 0 ﬁg%%u&%n%ﬁaﬁ 16 Yo 1Rk BM 213016 WY RO HlcaisIe thAtach] in

herein ws manufacturing decorated nanostructured naterial wherein
t he narefaelaglit Arfiee] cHlbisrra clestrptienscal Hadee $it ¢onseristhe chemieal gnergy of a fuel

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




23 chlorides; netal nitrates, such as noble netal nitrates, netallic
al koxi des, organonetal lic precursors, or netal acetates, to name only
a few Ex obl e netal nanostructure precursor G?ﬁ)‘)

oxi de nanos ?@?zﬁoﬁss’eﬁprecursor i ncl ude, but are not ||mPt%2§ ﬂg"n&

[ Ag(NI 13) 21+ (aq), AuCl3, HAuCl4.31129, |12PtCl6.61120,

H2PdC16. 61- 120, M(NG3) 2, or Kwmh04. For exarrple precursor for Ti Q2

nanost nctures can be tallic al koxides .or qr orret al lic pr S.
Exanpl 5cwicity fafiel Wﬁe%mﬁgsacpé’ﬁﬁvﬁ eﬁb 5ra§d o amt i Vcﬁ'ggﬁa?ggd
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mat er i 4F% xed W or unox |zed nanost r uct ur ed
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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

i nventi On‘f‘?? %297‘3 _; bed in terns of Markush groups, ggglsggdob)mlﬁ,gld n

the art w recogni ze that the invention is also there escr
in terns of any individual nenber or,gsubgroup of nenbers of the
Mar kush group. WO 2010/ 027337PCT/S 09/ 000319 25 EXPERI MENTAL

SECTI ON [ 00118 t br.i f. t |
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a m xt upenof aa&shwﬁ&&ldnﬁ%lap eoﬁﬂqisupg) YAy Ina@lfs&ectdtefsl sihi abenélffwﬁam
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ol | ovena it eoBRBrERRS PEahY Birstdfied SRR el fixed vt 2
SWCNT %&b% sQinbfn e Rydrdphikteinaietizie Theattode of tha fosleell veoudd in this

P(pristine) SWCNT and CQOOH SWCNT. ( P/ COOH SWCNT) were filtered through
a fil t@nsemhwwe@vma%tﬁlaﬂcmz@nh'nwbraé‘?%f?%c nﬂzf’SWﬁthF%met er). The
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assenbl 0012 Anode esented the source n

ot al | 1 R i n JBar A LR FRRbE R ar el et bafln me
anode VEPe%trSdbt stiuBtuk® BléduotheticddicBsueRonk :bﬁ;raeﬂer@nﬁﬁrmgaeleeﬁomﬁmmduons

i npregnated PVA as the electrolyte and the Ar trode
type 1 thtogeiren g clepe ol C1REY SIS S RALTRES diouble Taver

Ak o)
top of %Qcﬁ#&g gémbl@m@ﬁ’t&kacﬁ Tsedﬁnaﬁ tHARer®s ESHchEE ¢ @IndsisedoOn

y paper (Fl gure 1C) el ectrode invol ved
a si nglekctmtlﬂ&baSpéw@rth@cﬂ@idef? gt Sare rhesis apd e Rl tetyiedSHIENT

o T o E 47 B O SRR 2 g e o

di schar 0@’urve ry was col lected at a
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Bi ol oqi rance d 3
f:onvent%il‘??ﬁﬁfr Jgageg%aseqeé%fﬁ%g&lgra% SI e(?F?? m%te aﬁé&% u[%é}? %é%ﬁle clectrade
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2010/ 0 / SC52009/ 000319

nanoflowers, or MnO, nanowires.

[0091] The separate layers forming the electrode 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 film 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 1.5V. [00124] 4. Effect of AE

archi tect W& S []B%;p] The effectiveness of CNTs in di ff &'&tzoda‘ﬁoos 9
architecture”was conpared with the baseline perforrrance 0 |va ed
carbon bl ack m xed with polyvinyli de;g fluoride (PVDF) binder on a N
mesh AE. The di scharge profrle of a n-air battery constructed with

the AEs nade up of P-S Si n

confi gdP@¥3lon EHWG@"?O‘EWgﬁ' 1 Sfﬁ} oaﬁ"i‘d’T &gt?a k"ﬁ%ﬁ#&e&tﬁ"hé‘%@f of
shown ih Igzlsglibep.rg oﬁ%vlﬁtom%ﬁﬂaﬁ QFGRIARA, ablohit 16 (GRS dbbaf 30 Nen.Zinn6ne
air battery consisting of SWCNTs made with AE type | (Fi gure 1B)  and

type 2 e@:aogunmt 11@)thwk@h35t(e°c€t daves of #m@acm@é@tleﬁb%ﬂ@ ar £ ttrraﬁe*é thatp
terms o T Lvech
s 2. SR sl AL OB Rled o THE TR éﬁ%@@tﬁ?ﬁﬁ“
el ectr%eutz@rmmgs:tbotth@ aginr el ectrodes nmade of SWCNT, AE Type 2

E)rF: gtjlre %Cz el ectrgde co%pﬁlsed of a si ngiﬁfegﬁuf }&E‘aﬁé‘j%b an'h% ?scﬁrﬁr[kgm{)f
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28 conposition. The discharge voltage and discharge tinmes fromthis
curve are extracted and plotted in Figure 5. [00131] There is a
slight in he di scharge voltage for 50 M@W
(Figure 5%&?@@8%7%“ ch increasing the anmount of COOH |n/0?oﬁle9

m xture reduces the discharge vol ta%% possi bly due to fl ooding of the
el ectrolyte in to the air el ectrode tThereby decreasing the diffusion

of oxygen that adversely ts t he oxygen r.educt.i eactl
G snsigdeaencs AeruRERe Bomogm 14T AP RO i PRl APy Bbosithe,
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[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
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by using a chemical reducing agent, such as sodium borohydride (NaBHy) or other metal
hydrides, such as CaH, or MgH,.

[00106] In one embodiment the pH of the suspension comprising the nanostructured
material and the noble metal nanostructure precursor (e.g. noble metal nanoparticle
precursor) or metal oxide nanostructure precursor is adapted to allow chemical reduction of
the metallic nanostructure precursor, such as a noble metal nanostructure e precursor by
adapting the pH to be in a range of between about 1 to 10, or 3 to 10, or 4 to 10. In another
embodiment, the pH can be in a range of between about 1 to 7.5 and 1 to 10, For example, in
case of using a silver nanostructure precursor material the pH is adjusted or adapted to be in a
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 between about 4 to 9. In case of using a
metal oxide nanostructure precursor, such as a manganese nanostructure precursor, the pH is
adjusted fo 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;, HCI1, 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 imcubation time of the nanostructure material with the
nanostructure precursor also influences the size of the nanostructures formed. In general the
reaction time is between about 5 or 10 or 15 minutes to about 120 minutes. In another
embodiment, the reaction time is between about 15 minutes to about 60 minutes.

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

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

Different examples of precursor materials include metal chlorides, such as noble metal
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2010/ 029347 pcBefinp boine grised with the nanostricture 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 nanostructures which form during chemical reduction bind to the linker during
precipitation as illustrated for example in Figure 16. In the embodiment illustrated in Figure
16, AgNO;3 is used as noble metal nanoparticle 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 MnO, nanostructure which also bind to the nanostructured material via a
linker comprising a carboxylic group.

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

standing membrane and may be directly used as electrode material. If is also possible to mix
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EXPERIMENTAL SECTION
[00118] 1. Air electrode (AE) fabrication for metal-air battery
[00119] Conventional AE (Figure 1A) were prepared by adhering a mixture of activated
carbon and poluvinyledene difluoride (PVDF) binder onto either side of a Nickel mesh
screen. A Teflon® piece was placed on top of the AE to act as a hydrophobic layer in addition
to the carbon. The layers of the AE Type 1 (Figure 1B) and 2 (Figure 1C) electrodes were
prepared for the assembly of the cathode of a metal-air baitery. The layers for the assembly
of the different kinds of electrodes (AE Type 1 and AE Type 2) were prepared by the
following, the COOH-SWCNT (Carbon Solutions Inc.) or Ag-decorated SWCNT suspension
(0.2 mg/ml in deionized water) or a mixture of P(pristine) SWCNT and COOH-SWCNT
(P/COOH-SWCNT) v.verc filtered through a filter membrane (Whatman, 20 nm pore size, 47
mm diameter). The SWCNT falls through the pores and was trapped on the surface of the
filter, forming an interconnected network. After drying, the SWCNT network can be peeled
off from the filter as a freestanding thin film of thickness of approximately 20 pm, and was
directly used as material for the electrode. Circular pieces of these air cathodes were punched
out using a die set (16 mm).
[00120] 2. Zinc-aix cell assembly
[00121] Anode represented the source of zinc and either metallic zinc or zinc powder
mixed with PVDF binder was used. The anode was cut in io circular pieces (13 mm) and
stacked with KOH impregnated PVA as the electrolyte and the Air Electrode (AE). AEtype 1
| (Figure 1B) electrode was constructed by placing the COOH-SWCNT bucky paper in contact
with the electrolyte and placing on top of it P-CNT bucky paper. AE type 2 (Figure 1C)
electrode involved a single bucky paper consisting of a homogeneous mixture of COOH-
SWCNT and P-SWCNT.
[00122] 3. Electrochemical Testing
[00123] Galvanostatic discharge curves of the assembled zinc-air battery was collected at a
constant current of 1 mA using a computer controlled Macpile (Biologic, France and EG&G,
USA, Model 263A). In the case of conventional carbon electrode the electrical contact to AE
was made at the Ni-metal screen. Whilst, electrical contacts on AE type 1 (Figure 1B) and 2
(Figure 1C) were made directly to the bucky paper and to the zinc anode. It is to be

mentioned that the CNT was used both as the active electrode material and a current collector
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in this study. The open-circuit voltage (OCV) of freshly assembled cells were in the range 1.4
to1.5V.

[00124] 4. Eifect of AE architectures

[00125] The effectiveness of CNTs in different AE architecture was compared with the
baseline performance of activated carbon black mixed with polyvinylidene fluoride (PVDF)
binder on a Ni mesh AE. The discharge profile of a Zn-air battery constructed with the AEs
made up of P-SWCNT, COOH-SWCNT using air electrode configuration AE Type 1 (Figure
1B) and AE Type 2 (Figure 1C) are shown in Figure 2. As compared to carbon, it is seen that
the zinc air battery consisting of SWCNTs made with AE type 1 (Figure 1B) and type 2
(Figure 1C) architectures showed 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 (P-
SWCNT) and COOH-SWCNT exhibited the best cell performance, with discharge voltage of
0.8 V and cell life of 20.5 h as compared to carbon (0.5 V, 8 h). AE Type 2 (Figure 1C)
electrode made of COOH-SWCNT (hydrophilic) showed a higher discharge voltage (about
0.75 V) as compared to the one made of P-CNT (0.6 V). This may be attributed to the
differential wetting nature of these two SWCNT electrodes by electrolyte due to the varying
hydrophobic/hydrophilic characteristics of these SWCNT. AE type 1 (Figure 1B) architecture
electrode with two bucky papers made of P-SWCNT and COOH-SWCNT showed a stable
voltage (0.7 V) and a discharge time of 19 h. The superior performance of SWCNTSs based
AFE can be attributed to the larger effective swrface 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 only
a single bucky paper of COOH- or P-CNT is shown in Figure 3. AE made up of SWCNTs
showed a better discharge plateau as compared to conventional carbon indicating that the AE
Type 2 (Figure 1C) electrodes are able to sustain the current drain. The discharge voltage of
AE Type 2 (Figure 1C) electrode made of 100% COOH-CNT (0.76 V) was higher than the
100% P-CNT. This is because the 100% COOH-CNT is made up of hydrophilic CNTs which
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surface increases the voltage but decreases the discharge time due to the unavailability of
oxygen diffusion sites on the COOH-CNT electrode.
[00128] Although the results on the pure SWNT compares well with those in the literature,

it needs to be mentioned that the discharge voltage is slightly lower in cur studies because of
the absence of (metallic) ORR catalyst. Also there was no other current collector used in our
devices. Electrocatalyst was avoided so as to exclusively evaluate the effect of only AE
architecture and CNT functionality on the device performance.

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

[00130] In an AE type 2 electrode configuration the amount of COOH-SWCNT and P-
SWCNT were varied to evaluate its effect on the device performance. Figure 4 shows the
galvanostatic discharge curves of varying amount of COOH-SWCNT (labeled as P3) and P-
SWCNT (labeled as P2) in the AE type 2-electrode configuration. It is seen that a mixture of
50:50 % COOH-SWCNT and P-SWCNT gave a higher voltage plateau as compared to other
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[00133] It was seen from the above results discussed in the previous sections that the
simple unified AE Type 2 electrode architecture exhibited the best performance. In a further
step a catalyst was added to the SWCNT by decorating the COOH-SWCNT (100%) with
metal particles, such as silver nanoparticles (Ag-CNT of various sizes, (3 — 15 nm}). Figure 6
shows the galvanostatic discharge curves of the Zu-air batteries made using Ag-SWCNT of
various sizes in AE type 2 electrode configuration. It is seen that the discharge voltages of
Ag-SWCNTs are much higher (about 1.0 - 1.1 V) than the pure COOH-SWCNT (0.75 - 0.8
V).
[00134] This is owing to the catalytic enhancement of the oxygen reduction process (ORR)
by silver. The oxygen reduction process occurring at the AE is complex and involves a rate-
limiting step of hydroperoxide ions (HO,) formation that affects the reaction kinetics and
battery performance. The intermediate HO;  then reacts by catalytic disproportionation to O
and OH . Carbonaceous materials like CNT and activated carbon are known to reduce the
oxygen to hydroperoxide ions. Additional catalysts (P, Ag or oxides) are required to
completely reduce the hydroperoxide ions in to OH radicals.
0 +Hy0 +2¢ — HO, +0H
HO, — %0+ 0H
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alutnina filter membranes, pore size 20 nm) using a simple filter flask and moderate vacuum.
This way, the Ag-decorated SWCNTs form an entangled metwork onto the filter. After
rinsing with deionized water and drying in air, the SWNTSs network film can be peeled oif
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 mcrement before and after
decoration. The Ag nanoparticles decorated SWNTs were characterized by means of
transmission electron microscopy (TEM, JEOL 2100F), x-ray diffraction (XRD, Shimadzu
diffractometer operating at 4 kW and using CuKo radiation) and 4 probe resistivity
measurement. For device testing, Zn powder was mixed with polyvinylidene fluoride binder
(PVDF, 80:20), heated to 85 °C for 4 hours and finally pressed into films with thickness
around 35 pm. Zn anode and SWNT air electrode were separated by a polypropylene (PP,
Celgard 2400, US) film wetted thoroughly with 6 M KOH. Discharge was measured using a

constant resistance of 1 k2.
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f00139] An important parameter for controlling the dispersion and size of the metal
nanocrystals on SWCNT is pH, or the amount of hydroxyl ions (OH'}. After the introduction
of SWCNTs to the 0.15 M AgNO; solution, the pH acidifies from 5.6 to 3.4 due to the
presence of carboxyl groups (-COOH) on the exterior of the nanotubes, that subsequently
interact with AgNO; to form ~COO'Ag" groups. For low but sufficient concentration of
hydroxyl ions for reduction (pH~4), a high nucleation at the carboxyl groups and rapid
growth of large silver crystals can be observed a‘ccording to the proposed reaction
C-COO'Ag" + OH +Na'> C-COOH + Ag® + ¥iNayOpq + %0, T
[00140] For higher concentration (pH about 6), the silver crystals highly dramatically
decrease in size due to reaction between excess hydroxyl ions and silver ioms in the
suspension favoring the formation of AgOH and preventing the growth of nucleated silver
metals.
Ag"+NOy +Na" + O -> AgOH + NaNO;
[00141} Larger and poorly dispersed crystals (10 nm) appear at higher pH (pH 7.3) due to
the reaction between excess hiydroxyl ions with both silver ions in the suspension and -COQ"
Ag" which promotes the concomitant release of AgOH
C-COO'Ag' + OH" + Na™> C-COO'Na' + AgOH
[00142] Consequently, fewer nucleation sites are available and the growth of silver
nanocrystals decreases. The key role of reactive surface carboxyl groups was substantiated by
the failure to decorate non-carboxyl-SWCNTs with silver, at pH 6.3 and the formation of
large colloidal metal clusters.
[00143] Figure 7 shows the TEM images of Ag nanoparticles decorated SWCNTs with
three particle sizes: 12 - 15 nm, 6 - 8 nom and 3 - 5 nm. In all samples, the Ag particles
decorate the SWCNTs uniformly. Neither Ag particle agglomerates nor uncovered parts were
observed among the material investigated. Also, the size of the Ag nanoparticles has been
controlled successfully by means of pH adjustment and reaction time during synthesis, as
confirmed by the rather narrow size distribution (see also Table 1). Since the same amount of
SWCNTs and the same concentration of the Ag precursor have been used for all sampies it is
reasonable to assume that the same amount of Ag has been decorated onto the SWCNTs.
Accordingly, the smaller particle size leads to more individual particles (compare Figures 7a
and 7b).
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Table 1: Experimental parameters for decoration of Ag nanoparticles of different sizes onto

SWCNTs
pH adjusted Reaction titne Average Ag crystal size
[1] [nmn]
- - not decorated
4.3 2 12-15
6.3 2 6-8
6.3 1 3-5

[00144] Weight, thickness and conductivities of the bare SWCNT networks and the Ag
nanoparticle decorated SWCNT networks have been compared to commercially available gas
diffusion electrode (GDE) based on pressed carbon on a nickel mesh (Electric Fuel limited,
Israel, product line E4A; BASF, Germany, product line ELAT). The conductivities of the
SWCNT samples have been measured in a 4-point probe configuration while the values of
the commercially available samples are taken from the manufactures specifications. The
results are compared in Figure 8. The advantage of GDEs based on SWCNT networks over
commercially available GDEs is obvious. Weight and thickness are reduced by more than one
order of magnitude which is of particular interest for portable devices where weight and
space are crucial factors. The conductivity, on the other hand increases by around three orders
of magnitude. Among the SWCNT film, the conductivity is significantly higher for Ag
decorated material. (bare SWCNT films: about 1000 S/cm, decorated SWCNT films: 2000 -
3000 S/cm). The highest conductivity (about 3000 S/cm) has been found for the smallest Ag
particle size (3 - 5 nm) which can be explained by a maximum number of additional current
paths within the SWCNT network.

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

constant (about 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 into
account, the current density increases with smaller Ag nanoparticles which can be explained
by a higher surface area. Compared to the not decorated SWCNT electrode, the current
density of the GDE containing the smallest Ag nanoparticles (3-5nm) increased by a factor of
5.

[00146] Cyclic voltammetry (CV) was employed to investigate the electrochemical
behavior of the SWCNT GDEs decorated with Ag nanoparticles of different sizes. For
comparison, an undecorated SWCNT GDE was tested as well as shown in Figure 10a. For all
samples, a reduction peak at around -0.3 V (labeled with ‘Rop”) has been observed indicating
oxygen reduction (Op + 2H,0 + 4¢” > 4O0H). 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 “0,,”) can be attributed to the oxidation of Ag to Ag:0O (ZAg
+ 2 OH- © AgO + HyO + 2¢). The first reduction peak at around 0.28 V (labeled with
‘Rag’) indicates the reduction of Ag,O to Ag, while the second one corresponds to the oxygen
reduction mentioned before. An additional peak for the bare SWNT sample can be observed
around -0.1V (labeled with ‘C’) and is due to oxygen containing functional groups.

[00147] In general, the total current density for all reduction processes increases when Ag
particle size decreases due to the higher surface area for smaller Ag particles. For all Ag
decorated SWNT films, reactions due to surface functional groups cannot be observed
indicating that Ag oxidation/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 significanily upon Ag decoration, and
further increased with Ag particle size decreasing. Hence, Ag promotes oxygen reduction
reaction under the experimental conditions applied.

[00148] For device testing, the SWCNT networks decorated with Ag nanoparticles have
been used as air electrodes in a home build Zn-air battery configuration. Note that neither a
binder nor a water repellent such as PTFE has been added. For all devices tested, the Zn
containing anodes have been prepared the same way. Hence, all changes in performance are
due to differences between the SWCNT based GDEs. The discharge characteristics are
presented in Figure 12.
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[00149] The open circuit voltages were around 1.2 V which is in good agreement with
values of commercially available devices confirming that neither SWNT nor the Ag particles
lead to different battery chemistry. After connecting the device to a 1 k2 Ioad, the voltage
dropped according to the conductivities listed in Table 2. The different operating times were
due to different amounts of Zn material used.

[00150] Among the Ag-decorated SWNT GDEs, the smallest particle size seems to be
favorable over the other particle sizes investigated. Not only the voltage drop is minimized
due to the highest conductivity among all samples, but also the discharge curve is among the
flattest ones when compared to the other samples. For a better comparison, the performance
of all devices has been sumnmarized in table 2 in terms of conductivity of the SWNT film,
specific capacity C and specific energy E using C = I*t/m and E=I-V-t/ms, respectively,
where 1 is the discharge current, t the discharge time, V the operating voltage, and m; is the
mass of the SWNT based GDE and m, the weight of the device including electrodes,
separator and electrolyte. Compared to GDE based bare SWNTs, it is obvious that both
specific capacity and energy are improving upon decoration with Ag nanoparticles with
diameters Jess than 8 nm. The best performance has been achieved for GDEs based on
SWNTs decorated with the smallest Ag nanoparticles investigated. Both specific capacity and
energy density have been doubled. The improved performance with smaller Ag particle size
can be explained by a larger number of Ag particles leading to more catalytically active sites
and subsequently to a higher current density. On the other hand, decoration with Ag
nanoparticles 12-15 nm in size decreases the device performance possibly due to a lower

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

Table 2: Characteristics of Zn-air cells utilizing GDEs based on SWNTs films decorated with
Ag nanoparticles of different sizes. For comparison, the typical performance range of
commercially available GDEs and devices has been listed, too.

Zn-air cells utilizing | GDE Conductivity | Specific Capacity | Energy Density

a GDE based on [S/cm] (mAN/g) (Wivkg)

bare SWCNT 1025 270 125

12-15 nm Ag-CNT 1840 170 85
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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 stimring for 30 min after which the gold loaded
catalysts were collected by filtration and washed repeatedly with deionized water to remove
chloride.

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

[00155] 9.3 Synthesis of MnO, nanoflakes

[00156] Solution A containing 0.2 g of manganese nitrate Mn(NOs), dissolved in 10 mL of
distilled water was added under vigorous stirring to Solution B containing 0.5g of KMnO4 in

10 mL of distilled water. The resultant solution was stirred for 2 h and then transferred in fo a



Figure 21 shows cyclic voltamograms for six supercapacitor devices
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image). Increasing the hydrothermal reaction time further to 18 hours, large amount of
individual nanowires are formed as shown in Figure 14 (central image). The diameter of
MnOz panowires is about 80 to about150 nm and the length is more than 1 micrometer. After
the dwell time at 140°C the autoclave was cooled to room temperature naturally. The formed
brownish black precipitate was filtered and washed with de-ionized (DI) water to remove any
unreacted starting material and the soluble byproducts produced during reaction. The
precipitate was dried at 100°C in air and 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 pm.
[00158] The BET surface measurement of MnO, nanoflowers, MnQO, nanowires and MnO,
powder are summarized in the following Table 3. The following Table 3 summarizes the

results obtained from these measurements.

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

MnO, nanoflower | MnO; nanowires MnO, powder
BET surface area(n’/g) 106 13 01

[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 KMnQj 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 HCI or 0.01 - 0.05 M HNO; (depending on the
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pH the MnO, particle size/dispersity varies). The resulting suspension after stirring for 1 -2
h is centrifuged, washed with distilled water and dried in an oven at 100 °C for 24 h.

[00161] In an alternative approach for the manufacture of MnO; decorated nanostructures,
10 mg of single walled carbon nanotubes were dissolved in 100 ml distilled water and were
mixed for about 30 minutes using sonification of the solution. Afterwards, samples of the
solution were then added to a solution of KMnQ, (40 mg of KMnO4 in 200 ml of Hz0). The
resulting mixture was stirred for 3 days at pH 8.5 at a temperature of about 70 °C. During the
reaction the purple color of the KMnO, solution disappeared as oxidation takes place. At the
end of the 3 day incubation the solution is filtered and washed to obtain MnO, decorated
SWCNT. Figure 23 shows TEM images of MnO, decorated SWCNT, wherein the MnO,
nanoparticles bound to the surface of the SWCNT have an average size of between about 1 to
10 nm. The images provided in Figure 23 show the same structure but the magnification is
different.

[00162] 9.6 Synthesis of TiO, nanotubes

[00163] Titania (TiO;) powder 0.5 - 1.0 g was added to a 15 M solution of sodium
hydroxide and stirred vigorously for 2 h. Then the contents were transferred in to a Teflon®
lined stainless steel autoclave which was placed in the oven for 4 - 5 days at 170 °C. The
resultant dispersion was washed several times with 0.1 mol/L HNOs; 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 nanopatrticles.

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

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

due to the presence of the acidic carboxyl groups on the nanotubes.
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Table 4: Silver nanoparticle characteristics as a function of pH and reaction time for metal

decorating single-walled carbon nanotube

Sample | AgNOs pHs® [pHsc® |pHn® |rxn.  time | average Ag
conc. (M) (min) crystal  size”
(nm)
AgCNT1 | 0.15 5.6 34 43 120 15
AgCNT2 | 0.05 5.6 34 6.3 15 1
AgCNT3 | 0.10 5.6 34 6.3 15 3
AgCNT5 | 015 5.6 34 6.3 60 4
AgCNT6 | 0.15 5.6 34 6.3 120 6
AsCNT7 | 0.15 5.6 34 73 120 10

“ pH of AgNO; solution. ° pH of AgNO; after added SWCNTs. ¢ pH of suspension afier

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

[00166] Subsequently, the absorption of AgNO; with these groups on the CNT forms
COO-Ag groups (Figure 16), The addition of NaOH solution is a critical step in confrolling
pH to ensure that the quantity of hydroxyl ions is sufficient for the progressively reduction of
Ag' to Ag®. Table 4 shows the silver nanoparticle size of three different samples as a function
of pH and reaction time. At pH 4.3 (after added NaOH), the Ag nanoparticle size decorated
on SWCNTs was the largest with the diameter about 15 nm (Figure 17a). As the pH increases
to 6.3, the Ag nanoparticles size dramatically decreases to 6 nm (Figure 17b) for the same
reaction time. This phenomenon might be due to the reaction between excess hydroxyl ions
and the COO-Ag groups at higher pH, which promotes the reformation of carboxyl gtoups 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 17¢). This indicates that longer reaction time
actually yielded larger Ag nanoparticles through the crystal growth and aggregation afier
nucleation. The variation of AgNO; concentrations (0.05 - 0.15 M, pH 6, aging time 15 min)
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nanOStI-":igvgrteuileghwg rcg'gltf'co%ﬁammograms for six supercapacitor devices with following
electrode materials: reference device with CNT electrode (designated CNT in Figure 21),
mixture of nanostructures of MnO, with CNT for five different weight percentage (wt.%)
ranges: 6, 10, 30, 50 and 70, which are presented in Figure 21(a) for MnO, nanoflowers and
21(b) for MnO2 nanowires. MnO, serves as catalyst material. Both MnO; nanoflowers and
nanowires with 6 wt.% reached the highest capacitance of ~ 198-209 F/g. Figure 21(c)
shows specific capacitance versus wt.% of MnO, nanoflowers and nanotubes mixed with
CNT, which indicates that 6wt.% is the optimized mass ratio of MnQ; in CNT electrode for
obtaining highest specific capacitance.
[00168] Cyclic voltammograms for four supercapacitor devices with following electrode
materials: reference device with CNT electrode, 6 wi.% MuO; nanostructure mixed with
CNT (MnO,-CNT) for three different morphologies: nanoflowers, nanowires and powder
(powder in the form of micron-sized parficles) are presented in Figure 22(a). The specific
capacitance of all the devices as determined using both cyclic voltammetry (CV; Figure
22(a)) and galvanostatic charge and discharge (GCD; Figure 22(b)) methods, ranged from 58
— 209 F/g as shown in Table 5.

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

CNT devices using both CV and GCD methods.

i ! Energy Densi
Sample Copaciatance(Flg) nergy Density Power Density( W/kg)
cv Galv (Wh'kg)
CNT 119.5 577 3.1 483.2

CNT+ 6 wt.% MnQ, Nanoflowers 208.9 783 50 767.6
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di fferent substances; wherein the nesoporous nanostructured

hydr ophi | i i further conprises a linker on its

referred Pﬁ)gﬁbgﬁéaéne of claims 4 to 7. 9. The electrgggkgg@ngﬁﬁb
to any one of clains 1 to 8, wherein the |ayers are arranged on a
support material. 10. The eIectrodeB%ccording to claim9, wherein the
support material is a paper-like free anding fil 11 The
el ect {050 6actomt: Ngoviescl 4i maB, Whd?di b t hetPaper|i ke 1988 stand| ng
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of a nanostructured material. 12. The el ectrode according to any one
of the preceding clains, wherein the nmesoporous nanostructured
hydrophilic material is m xed with nanostructures. 13. The el ectrode
according to claim 12, wherein the nanostructures of the nesoporous
nanostructured hydrophilic nmaterial are catal ytic nanostructures.




14. The el ectrode according to claim 13, wherein the nanostructures
are made of a substance selected fromthe group consisting of a noble

netal, an Wé%lo/@éwigaternet allic, a netal oxide or a p@gysséjdogybolog,lg

nmet al oxi de and mxtures thereof 15. The el ectrode according to claim
13 or 14, wherein the nanostructure i40 sel ected fromthe group

consi sting of nanotubes, nanow res, nanofl akes, nanoparti cl es,

nanof | owers, nanodi scs, nanofil ms afthiosnbi nati ons of the

af orenenti oned nanostructured materials in a mxture. 16. The

el ectrode according to claim15, wherein the nanoparticles have a

si ze bet weennaubddcompdseagut 40 nm WO
2010/ 027337PCT/ SG2009/ 000319 42 17. The el ectrode according to any

one of claifs 12atigstigyer whwpapsd efremesopostusnenogtasiusd hydsoprobspoaistisl;
nanost r uct ugn%d hydrophilic material are bound to the nesoporous
nanostructured hydrophilic material via a |inker, wherein the |inker

is a linker=as rek&bhetayedcodiipided odaendbpsibad Mmodtriicduréd hdropHifie material
el ectrode according to_any one of clains 12 to 17, wherein between
about 5 to &%@l&ed%t}!@’@ﬁt{aﬁ%ﬁsurface of the mesoporous nanostruct ured
hydrophilic material is covered with the nanostructures.

2. An electrode comprised of
. a single layer comprised of a mixture of a mesoporous nanostructured

hydrophobic material and a mesoporous nanostructured hydrophilic material.

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

dimension between about 2 to 50 nm.

4. The electrode according to any one of claims 1 to 3, wherein the nanostructured

hydrophilic material comprises a linker bound on its surface.

5. The electrode according to claim 4, 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.

6. The electrode according to claim 5, wherein the carboxyl group is comprised in a
molecule selected from the group consisting of formic acid, acetic acid, propionic
acid, butanoic acid, pentanoic acid, hexanoic acid, cycloalkane carboxylic acids, and

benzoic acids.

7. The electrode according to claim 4, wherein the linker is a molecule which comprises

phosphoric acid or sulfonic acid.

3. The electrode according to any one of claims 1 to 3, wherein the mesoporous

nanostructured hydrophilic material and the mesoporous nanostructured hydrophobic



19. The el ectrode according to claim 18, wherein the nanostructures
are evenly dispersed at the surface of the nesoporous nanostructured
hydr ophi | i h#22~20. The el ectrode according to chai

wherein thgvcg? g@gﬁg;&g al l oys of el e%nts from group 1]86%11“?131(#0?3{00%%9
14, 16 or m xtures thereof (1UPAC norenclature). 21. The el ectrode
according to claim 14, wherein the alloys are alloys of Au, or Pt, or
Pd, or Cu, omrtdmal aor nauSeof the €wS8e or ahiffG@ef2 substamces; urleseinhihe anésopprous

Ag2Ni . 22. The el ectrode, accordi .to.claim 14, wherein the.net

oxide i o seBReEhtrg AR A iR Jombtisg. RrbHer Atous Suitiess o
Mh02, V205, rcfeBed toSh Ry odd ddaimadd,7. Fe203, Ni O Co304, CoO, Nb205,
W203, and m xtures thereof. 23. The el ectrode according to claim 14,

wherein the noble netal is selected fromthe group consisting of

silver, pal Ladi ol d | af i num an l.xtures, thereof.. 24. The
ol ect b abhb el o Elo MR S o B3, WIRHGR e fifles i amanged
nanost r uct upgaisppariamenarti cl e and wherein the maxi mal di nension of

t he nanoparticles is between about Ito 20 run 25. The el ectrode
according to claim 24, wherein the nanoparticle size distribution for

10.  The electrode according to claim 9, wherein the support material is a paper-like free

standing film.

11.  The electrode according to claim 10, 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.

12.  The electrode according to any one of the preceding claims, wherein the mesoporous

nanostructured hydrophilic material is mixed with nanostructures.

13. The electrode according to claim 12, wherein the nanostructures of the mesoporous

nanostructured hydrophilic 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.



nanoparticles with a size of between about ._12 nmto 20 nmis about
5 run; wherein the particle size distribution for nanoparticles with

a size of W&tg%ﬁgof-}g‘gqt nmto WO 2010/ 027337PCT/ SG200960¢033hodH 063 o
t 3°nman i buti

nmis abou wherein the nanoparticle size distribution for
nanoparticles with a size of between out 2 nmto <5 nmis about 1
nm 26. The el ectrode according to any one of the preceding clains,
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conprising an el ectrode according to any one of clains 1 to 27. 29.
The net al - ar¢fensed todp yny eeeiglaigistiidoct ai m 28, wherein the metal -air
battery is a zinc-air battery, or a lithiumair battery, or
alumniumair battery. 30. The nmetal-air battery according to claim

28 or 29, wraeelatrbdeacbatihg adeny ond bclamih e 0F, Wwhecikeicaleanl dbout 5 to
battery. 31. A fueol cell caonprising an el ectrode according to any aone
of clains 12pqt3P %z thegarfaceafl the meseparansymangsinectoned ihydrophiligaatesiy is
the fuel ce I : ge nenbrane fuel cell (PEMFC), or a
solid oxi dek(%ég%i%le ?{e{@%ﬁ&ﬁg@an al kaline fuel cell (AFC), or a
nol t en- carbonate fuel cell (MCFC), or a phosphoric-acid fuel cell

PAFC di t - met hanol f | |1 DMEC). 33. The f | [ ]
eor e Bng elefiehag Repitngs wo,glem, FE web b R dano ey 6 crggdispersed

the fuel cebithe surface of the mesoporous nanostructured hydrophilic material.

20.  The electrode according to claim 14, wherein the alloys are alloys of elements from

group 10, 11, 12, 13, 14, 16 or mixtures thereof (IUPAC nomenclature).

21. 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.

22.  The electrode according to claim 14, wherein the metal oxide is selected from the
group consisting of Ag-MnO», Al,O3 MoOs;, MnO,, V205 TiO,, Si0,, ZnO;, SnO,,
Fex03, NiO, Co304, CoO, NbyOs, W,03, and mixtures thereof.

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

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

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

about 1 to 20 nm.

25.  The electrode according to claim 24, 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



34. A supercapacitor conprising an el ectrode according to any one of
clainms Ito 27. WO 2010/ 027337PCT/ S&009/ 000319 44 35. A net hod of

manuf act urwzﬁb/@ﬁ%grode conprising: arranging a fipé%/é(g%%gﬁoog319

conprised of  a nmesoporous nanostructured hydrophobic materl

second | ayer conprised of a nmesoporous nanostructured hydrophilic
material. 36. A nmethod of manufacturing an el ectrode conpri sing:

m Xi ng a nesoponmuss rehnois ttBuahurand lwhdredphtbbi canvpaeiciealsizandisaibution for
mesopor ous nanostructured hydrophilic material; and formng a single
el ectrode | Aj#partzies witea e ADREWEIbFPLHG IO dIPisIdOULE A MBI-n t he
nanostructured hydrophobic material and the nanostructured
hydrophilic naterial are m xed together in a ratio of between about
10 (napést r Tht wieetoly depdialitc anptoneict the pr&Adinp aask) whengiredach layer is
hydrophilic material) w.%to about 90:10 wt.% 38. The nethod
accordi ng t Beesn Abaytt 10\WabioA09ut HELMtRICKy ratio is about 30:70 wt. %
39. The nethod according to claim35 or 36, wherein the |ayers are
formed by filtering of the nanostructured material through a filter
menbr a@@é. 4UThe Eketrodzt dvodrdargioraty mge o thel mecudBig daim3pwhéramt the tayers do not

of "ol & m 95 CamB g hotvigre PlagBr Sb o cdt g poty D iBRerorh i)
(PVDF).

28. A metal-air battery comprising an electrode according to any one of claims 1 to 27,

29. The metal-air battery according to claim 28, wherein the metal-air battery is a zinc-air

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

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

of the metal-air battery.

31. A fuel cell comprising an electrode according to any one of claims 1 to 27.

32.  The fuel cell according to claim 31, wherein the fuel cell is a polymer exchange
membrane fuel cell (PEMEC), 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).

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

fuel cell.

34. A supercapacitor comprising an electrode according to any one of claims 1 to 27.



41. The nethod according to any one of clains 35 to 40, wherein the
nanostructured hydrophilic material is subjected to a treatnent

bef ore bei %ﬁ%'ﬁﬁﬁhe nmet hod according to claim35 @br[%z(y@%@'gpg

the treatnent I's an oxi dative treatnet?i or sintering at tenperatures
<500C, or refluxing in inorganic polarsolvents, such as HNG3 for 24
h; or plasma treatnent, such as N2 or H2 or 02 plasma treatnent. 42.
The nmeBbod dcmethdil ofmapuiacmiing 356 clestredetomuriseng: ayers are arranged on

each other by spraying or. filtering.or, hy use of a pla hqad. . MO
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the nmethod of any one of clains 35 to 42 for the nanufacture of a

metal -ai r batatesal or a fuel cell.

36. A method of manufacturing an electrode comprising:
= mixing a mesoporous nanostructured hydrophobic material and a mesoporous
nanostructured hydrophilic material; and

= forming a single electrode layer.

37. The method according to claim 36, wherein the nanostructured hydrophobic material
and the nanostructured hydrophilic material are mixed together in a ratio of between
about 10 (nanostructured hydrophobic material) : 90 (nanostructured hydrophilic
material) wt.% to about 90:10 wt.%.

38. The method according to claim 37, wherein the mixing ratio is about 30:70 wt.%.

39.  The method according to claim 35 or 36, wherein the layers are formed by filtering of

the nanostructured material through a filter membrane.

40. The method according to claim 35 or 36, further comprising arranging the
hydrophobic layer and/or hydrophilic layer of claim 35 and the single layer of claim

36 on a support material.

41. The method according to any one of claims 35 to 40, wherein the nanostructured
hydrophilic material is subjected to a treatment before being used in the method
according to claim 35 or 36; wherein the treatment is an oxidative treatment or
sintering at temperatures <500°C, or refluxing in inorganic polar solvents, such as

HNO; for 24 h; or plasma treatment, such as Nz or H» or O plasma freatment.

42. The method according to claim 35, wherein the layers are arranged on each other by

spraying or filtering or by use of a plasma method.
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43, Use of an electrode according to any one of claims 1 to 27 or an electrode
manufactured according to the method of any one of claims 35 to 42 for the

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



