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[0001] This application clainms the benefit of priority of US

provi si onal application No. 61/013,909, filed Decenber 14, 2007, the
contents of each being hereby incor por]at ed by reference inits
entirety for ANANGSTRYETURRBMACERTAE ILONDED WYTHNOBLETNETAERS ent
I nvention refers to a nethod of ﬁfﬁu” ng a nanostructured

mat eri al | oaded wi th nobl e netal ”} Sand a nanostruct ured
material | oaded with noble netal particles obtained by this nethod.
The present invention further refers to an electrode for a fuel cell
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[ 0003] Po eJtectrcl%xte menbr ane and direct nethanol fuel cells
(Proton & T‘fﬁﬁ{fél TEBTA IS AL GEPORE) |'s (PEMECS) & di rect - et hanol  f uel

cells (DVWFCs)) are a prom S|ng option for future ener gy needs
(Wnter, M, Brodd, R, 2004 Chem 104, pp.4245). They
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[ 0004] asic chem cal reactions involved in PEM-Cs and Di VEFCs
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I nt er mredbeises fashe®bhufadura of 9Mehedll Otlatryetmlthydhde Eﬁtteqat alyst are still
thwarting the commercial applications of DMWCs and PEMFCs. A poor
di spersion of Pt catal ysts on the support is partially blaned for the

| ow cat al yst acti vi ty I N FRAGCEROERD, OFITHENSVENTION, 2005, Mat er
Chem Phys., vol. p. 548). [0005] Carbon nanotubes

uni que el088%) i c%nlyraﬁdelswouﬁe greabricofsk firet metasol fuel Cel%mton exchange
membrane fuel cells (PEMFCs) & direct-methanol fuel cells (DMFCs)) are a promising

option for future energy needs (Winter, M., Brodd, R., 2004, J. Chem. Rev., vol.104, pp.4245).
They provide a clean and mobile power source with high efficiency and low pollutant
emissions (Service, R.F., 2002, Science, v0l.296, pp.1222).

[0004] The basic chemical reactions involved in PEMFCs and DMFCs include hydrogen
and methanol oxidation and oxygen reduction over precious metal catalysts, such as platinum,
palladium or a platinom-ruthenium alloy, that are usually dispersed over a catbon support
(Matsumoto, T\, Komatsu, T., et al., 2004, J. Chem. Commun., pp.840; Tu, H.C,, Wang, W.L.,
2006, . Phys. Chem. B, vol.110, pp.15988). The poisoning of platinum catalyst by adsorbed
CO intermediates as well as a low activity of the Pt catalyst are still thwarting the commercial
applications of DMFCs and PEMFCs. A poor dispersion of Pt catalysts on the support is
partially blamed for the low catalyst activity in DMFCs (Tang, H., Chen, J.H., 2005, Mater.
Chem. Phys., vol.92, pp.548).

[0005] Carbon nanotubes (CNTSs) with unique electrical and structural properties have

attracted great interest in applications such as superconductivity, hydrogen storage, field




attracted great interest in applications such as superconductivity,
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and heterogeneous catalysis (Ma, R Z., Liang, J., et al., 1999, J.
Power Sources, vol.84, pp.126; Dllon,, A.C., Jones, KM, et al.,
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[0008]  Therefore, a need exists to provide methods for the manufacture of functionalized

nanostructared materials which overcome at least some of the above mentioned problems.

SUMMARY OF THE INVENTION

[0009] In a first aspect, the present invention refers to a method of manufacturing a

nanostructured material loaded with noble metal particles, wherein the method includes:

«  reacling an unoxidized nanostructured material and a polyelectrolyte in a dispersion of
the untreated nanostructured material and the polyelectrolyte;
dispersing the reacted nanostructured material obtained in the previous step and a noble
metal precursor in a solution comprising a suitable reducing agent under conditions
allowing reducing and depositing of the noble metal precursor on the reacted
nanostructured material.

[0010] In another aspect, the present invention refers to a nanostructured material loaded

with noble metal particles. This nanostructured material includes




the untreated nanostructured material and the pol yel ectrol yte;

di sper si ng WepbBRsised nanostructured naterial obtai nedpifiséigsnoosrr
previous step and a noble netal precursor in a solution conprising a

sui tabl e reduci ng agent under conditigns allow ng reducing and
depositing of the noble netal precursor on the reacted nanostructured

mat eri al . [ Q010§ pdiyelevholybewhiah peotnd toie pimsentureduateiabn refers to a
nanostructured materi al | oaded éﬂth nobl e .net al articles. This
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a pol yel ect r,0l y§gerihinehatiilddidla tambREbEFBRSIVOMET t BXhuiiBL €ri al ;
nobl e metal particles which are bound to the polyel ectrol yte;
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nanostruccture mat eri a e of a carbon material covered with a
| ayer of{0@i2joblle arfetisr agreci thesgredentinvergion[refetsofplan cdectnode fasra fasipeatitor a

the pr esﬁé}}ﬂ_ﬂyﬁ}/ﬁg iat er}y rC%ltl‘I%Ir’iginé%. ga%o(satlruec%}rer:é) (Ijr?atgn%- of ﬂ];el:J %kesgrﬁl ihvéﬁ'ﬁoﬁl or a
nanostructured material obtained by a method of the present invention.
[0013] In still another aspect, the present invention refers to a method of manufacturing an
electrode comprising forming the nanostructured material obtained by a method of the present
invention or a nanostructured material of the present invention.
[0014] In another aspect the present invention refers to a use of a nanostructured material
obtained by a method of the present invention or a nanostructured material of the present

invention for the manufacture of an electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The invention will be better understood with reference to the detailed description
when considered in conjunction with the non-limiting examples and the accompanying
drawings, in which:.

[0016]  Fig. 1 illustrates the method of the present invention for the manufacture of a noble
metal loaded nanostructured material. In a first step an unoxidized nanostructured material,
such as a nanotube, is reacted with a polyelectrolyte. This polyelectrolyte is forming a layer
around . the nanostructured material providing primers (positively or negatively charged
polymer groups) for the subsequent homogeneous deposition of noble metal precursors.
During the reduction and deposition step nanoparticles form starting from the primers
provided by the polyelectrolyte layer around the nanostructured material. At the end of this
process a nanostructured material loaded with noble metal nanoparticles with an average size
between about 1-10 nm or 1 to 5 nm or 1 to 3 nm is provided as indicated in the last image of
Figure 1.

[0017] Fig. 2 illustrates the experimental procedure of a specific example referred to
herein showing the formation of noble metal nanosheath on MWCNTSs. The insert is the
chemical structure of PDDA (a), and it’s contaminate (b). Figure 2 illustrates that instead of

directly coating a polymer coated nanotube with noble metals, such as platinum (precursor
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mat eri al nanoparticles wth an average size
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surface as in the method of the present invention, no metal sheath forms at the surface of the
nanostructured material coated with a polyelectrolyte. This example illustrates the importance
of providing a nanostructured material loaded with nanoparticles first before trying to create a
contiguous metal layer, or sheath in case of CNTs, at the surface of the nanostructured
material. Without this intermediate step, the reaction, for example, of ascorbic acid and noble
metal precursor results in the fomnation of neanoclusters of very big size. The size of
nanoclusters is varying and generally lies between 10 nm to about 50 nm (indicated by the
black stars in Figure 2).
[0018] Fig. 3 shows TEM micrographs of (A) the Pt seeds deposited on PDDA-wrapped
MWCNTs; (B) Pt nanosheaths on MWCNTSs synthesized in the presence of Pt seeds; (C)
HRTEM image of Pt nanoparticles in the Pt nanosheaths on MWCNTs synthesized in the
presence of Pt seeds; and (D) Pt nanoclusters on MWCNTs synthesized in the absence of Pt
seeds. The ionic functionalization of MWCNTs by coating with PDDA yields a large number
of evenly distributed active sites (primers) on the MWCNT surfaces for anchoring anionic
metal complexes and particles to the positively charged polymeric chains that results in

homogeneously dispersed Pt crystallites (Figure 3a). The distribution of Pt seeds on PDDA-




H2Pt C16), or palladi um (precursor PdCl2) or gold (precursor HAuCl4)
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shows t hew kY dndPaRsm&o EGFEI@W@@!E&QJc@tBErE@}bndﬂJ SPArEiSe JalatosM OJH30H
(EDS) spectrum of Pt Ru- PDDA- MACNTSs nanopartlcles 0030] Fi g.

shows hisdesgressesne Btilpadinaati 04 maempet joaAvsRPERRre STap iléf rgsu PF%E&%W
on CNT. F!: oM 1 fYl i Pl QUL dOP 1296, ‘iﬁw St 8B ochig st 3Yth&iRd $h AR present

di stribu on IS Very narrow, an the avérage particle size
slightl _mwenmﬂmss nwich thighiee 6lectccroa’al‘53élccﬁctimy theadhetgof edmemérpict Bl $/ép
is very mal | or a Pt | oading of Pt-PDDA-MACNTs of 20 wt. %t he

aver age® 8‘??‘1#?113@ size is between about 1.25 nmto about 2.25 rim for
a | oadi p@p27Rt eFRY moshwtvs et Tmanm@@hpafmmmmwmmmmamﬂl

1.5 nan to about S5.rim. _and,for adi % t he
aver age %Wﬂth@tén%qlﬁ@nlbs}' Nﬁ% %k%‘FP OYS Iﬁ?ﬂtltﬁ 8935 0 fxl?%m?einlthljdfc'
EG-NH; is a sample of Pd nanoparticles supported on carbon black using NHs-mediated EG

reduction.




[0031] Fig. 16 illustrates how nuch the netal particle size obtained
by the presgnbtogBisapd can be reduced when using a mcr Oi!‘\@i’??(ﬁﬂﬁs%oioi‘ﬂ
t he

procedure. The m crowave heating procedure can accelerate

reaction rate, which thus leads to sn&ller particle size, for

exanpl e, as shown in Figure 16. The average size of Pt particles
shown i ogdsgur Figl613 sshatys Uthe 1ITBMNMicrbPABR offi gd-P]DDAshﬁMSNTEI\gﬂmepagESby

of Pt | oaded CNTs. coate thoeof the fol]o Iectro

pol y(di ampwamﬁswﬁdaﬁﬁﬁ i PO FRfe] (f%m)fedclﬁp Verflgﬁ. b’%ﬁ’ﬁhﬂ
17), polpﬁ(%xlgﬁpg§glafb@mltpm@m d) (PS5) (Pt-PS S-CNT in Figure 17),
poly(acrylic ‘acid) (PAA) (Pt-PAA-CNT in Figure 17) and

pol y( al 1[9028% n@hg‘d%élnﬂw '@ e ENIpimpagey prd pARESDRITdINg eppighirdispersive otestor
Fi gure ?? h tpﬁﬁ}:@q ent pol yel ectrol ytes do
not si g?@Pbia}% %ﬁect tﬁ% nor pho ogyM£1§/W conposite. [0033]
Fig. 18 [808D)s mﬂﬁrshmmﬂnlstogxfmm hthsEhtmgtth@Btmppaﬁclamim/distyibutiontdneCN’ﬁ"
| oaded 0 h dlffere p ele troly. referred to in
Foure 23omABRCHER" 14 mucrsep o hat e haETe bie o diRa Rl hifetafy e
featur lefaltgéugﬁeﬂabaﬁ@iagﬂﬁhﬂﬁld §ife @Dgﬂﬁ?{ 1laa@ﬁsis q?ftkalthesincrm af Rt nmﬁmgaltﬂley
controll ed reaction, the_activity of methanol oxi can
et 6<erREESByieD oo gRPILARS ot OIS D a A VERES S 2 s areate
current &Jaﬂﬁu&ﬁﬁeeﬁ, Hetdiet NBbute] 85 hinGo GBb@! Y34 Am@%dr &/ichd¥in® 'i‘atg)bf MYVGNES the
The resudlts show that all polyelectrolyte materials are suitable

However ,average paticle pReis bﬁwmbaimut 28 chviRoAbous 2. Spm s aidpler e leading l‘r@tch’if 60

hi gh t I d
e S P BRSPSl TR L ferent &
UV-vi s pesifr a Figd)l6oflusgrates hew ARich (lip)mdalAfastidlasiet oigaiatd nethe paShitanethert

50 shows Rt SHBE MPESCURYE BUPVSSEE BFTE: RECRNENTLY TRPRAR T Eine

and AO MWédTgre daflO6dledategthe Zbaction Wate,T Wiichnthge Jeadt tPtsiallan pafielet disd, dbsr
supported on (a) AO

NTs [ A0- MACNTS) . (b). 1- AP- MACNTS .
(PtRu/1 ezs\wnmem@gwn l%ﬁ@u{eé)(fiptafgu B%ﬁﬁagswgewsf%’b?%&ﬂeﬁ sHoryRom RS bR thept
of Pt Ru/jlg AR- MACNTs is shown in panel d. The PtRu |oading in
Pt R a/ MACNTs and Pt Ru/ C el ectrocatal ysts was 20 wt.%_ [0037 qu 22
shows TEMPA2agdie. dAcFhaws (TEMifEsh ohPLlasged R s copieRyifhemmeppirtes Eillsariig,

20 o o VEEskPvRRpRIAIBRA NSt AiippRlS (RbDhaod B s

Pt Ru/ 1- Apmmﬂstyrepmﬁa:}m fcid) (B58)JRbRES-RES imBigrel 1 2epblppetylie acid) (PAA)

10 AR L B OISR M B

nl t r ogerrigat U7ptRomOFigulyl HZE%MeélB)thamthe daye ndi&atenir pﬁlg@iec@m@tw do not

11254 + a.scan r /s and with the 40 wt. %
Pt Ru |oz§kﬁﬂh‘°g¢ai“ilwg%ctmeﬂ%8@i aﬁ’?’ a° “H2S 04 and (D)

nitr Oge 0SBl ur e d 8QhewiMnbdsaXents oF 1Hb e%c@daﬂrhlail aanﬁ@acrf théPElogdedTONTs
mv/ s. 04[0 F| 25 denonstrates the stabjli
Pt Ru/ 1- Ap&

fﬁ@erwp%yamtrqﬂvmr%wmnfs %rwffwé sk deefapdpig Srgept
0.5 M H\%ﬁﬁ}gﬂ?ﬂ% '\ﬂng@ turbB8f &@Eh%ﬁﬁvoakdaﬁs@enwﬁage@eﬁtgry&esis fan@Beie My
vs A A an

to 1.0 e scan rate was
conholled 1cact10n the activity of methanol ox1dat10n on Pt can be represented by the

magnitude of the anodic peak. The higher anodic current indicates a higher electro-catalytic
activity on Pt/MWOCNTs. The results show that all polyelectrolyte materials are suitable.
However, PAA- and PSS-functionalized MWCNT as Pt support show much higher current
density, compared with PDDA- and PAH-functionalized ones.

[0034] Fig. 19 shows UV-visible spectra (A) and differential UV-vis spectra (B) of (a) 1-
AP, (b) 1-AP-functionalized MWCNTS, and (c} pristine MWCNTSs.




DETAI LED DESCRI PTI ON OF THE PRESENT | NVENTI ON [0041] In a first
aspect the v esm6@ssisnvention refers to a nethod of rranuf,@ﬁg@{ﬂbg)@og-,
nanostructured naterial |oaded with netal particles, wherein the

met hod conprises: reacting an unoxidi,zed nanostructured material and
a polyelectrolyte in a dispersion of fhe untreated nanostr uct ured

mat er i aljogssg t Fgs R0/ syekeREna YiettoscohysRaTE oTPristies KEACNEE, 1-APMWCNTS,
nanostructured mat eri al obtained in the previous step and a noble
netal prE@MSMWENTS sol ution conprising a suitabl e reducing agent
under Cgaﬁsgl 0 %'sﬁdsxvsa”rmw MU PR AREhpHRRRS iy &ﬁ&e@fmt{ﬁ)%mW@NTs

net al ecufsor or sald netal oxide on the reacted nanostructured

nat er i aI(PtR[U(mQZ\]IWFH‘éTS}aa%s]tABW SrERBREAL AP-DOWCH shi 4l (b togrbon black
articl aip

G st 11 bOr R HE RERphled FRIDE APMBHERTEie 4B RS bAE HoThe PRy tonting,

a high deﬂlﬁMV@@NTﬁamtletRa/ﬁ aectipbaalysness 2&ret.Ur ed material. The high

Show dutPPint 3ie. a7 PRpts T TrRees it ARRCR LoD H SEEaL Lgrs hirgpatacies GFt-
2009/ 078!&)115/1%%1\13@2@&&/@@%1@ PIWOETS g d) UﬂielRRﬁildﬁﬂ:bgFWa’sMO woeh as

the el ectron conductivity and the themal stability. t a
o [ OOOBIT T s 28 SR BASERR IW AR DY CNTe et R AN Taans
t hat th@ oS rﬁi% Yh&eh ﬂ@gssfohﬁahz@a%yaﬁtvohasﬁogﬁms%@m &e@al?sﬁ's supported
oxi dative treatnment before reactlngé It with a polyelectrolyte

oxi dat i we t-emitopprene-MW¥Cdes AMW Nﬂ‘g, @m ﬁ@h@mﬂv&ﬁckthh the s?rf)r‘éih"é Bi®ud
or oxid

only a 13 Q%/‘\i/m ﬁigp%ﬁﬁmﬁﬁfé llﬁe&ulengg?s r d‘ct ar ed %é%aTS%gatggﬁq% HISOAPE.0

el ect r o0MiaTHAOH at & eednnmtet ofof0 mdds tdhgithtthevidd hwide Pke 1deding- mc{ﬁlb autmgnlg

anpl o st s W an DS Shnber oS0 oG A b ol ety f e

whi ch hage 8050 B8®§ subj ected to an oxidative treatnent and/ or has not
been functionalized before reacting the nanqQstructu erial wt

the pol Y840 r &igt &5 dﬁﬁ%ﬁ?@ﬁa@zgﬁﬁlh g’%ﬂﬁr@aﬂﬁgﬁ@{s#@t W«QM dnd
mat er i alpgyAlOMMEATLAD Wi DdUeEt51yaetH @5 M HISOHPS .0 CHEOR UTHeaolenghl

t he nanostructured naterial. For ekxanple, the oxidation with an acid
i nt r odusemn wasEEHogRest firan .2 fhk0 éfuvsrﬁa&’égei andribe ppan safe wigs 60 reds.
material. For exanple, a functionalization by silanization would

i ntroduce silane groups at the surface of the nanostructured

mat eri al . ConpouDEﬂ‘MkEB PBSCRIPEION QIF THECRRESENTUNVENTI@Nanpl e

am nosi | dox S|Inesan t i.lan .
oxi dat i \L@&ﬁea?‘?‘r@ rsgfiyﬁeﬁ a?fo%ﬁnr i eﬁf%ﬁ ér#gésefr%l glﬁneﬁ{é‘?‘?%?]%éﬁqfacmng .
i nt r odugesos@ruttafed endtitibpadal witleineal paraciés suhgmﬂiheamﬂoﬂ aarpeiges t he
structure of the nanostru&:tured mat eri al can glwto the | oss £
of the &l edesingan JBRKIHEZET BTy il G B REDRERERYI B A Ton o

materi al anﬂemakhmgn@&ﬁ&ﬁﬁedmrﬁm{@ﬂabpﬂ@éﬂaafdmece and stability of
the electrocatalytic activity of the nmetal particle | oaded

nanost r act Hsnersifg the regrtedumanpstraeined spaterieh aplaied & the pEpvieys) step and apbles
PEMFCs and rggfg]c%recl[rgtg"]iﬁ] a b0raM@S chaM é’ﬁ dofighib '}&ﬁﬂh% §ge‘hb%dér hﬁn&iﬁ@ns
of an unoxi nanostructured material does not on al | ows

avoid the fvdnnlaalimredﬁclsg md:éqmpatmglaﬁ&gagblgineta&erwaﬁglsmraauimetdopmde on
material b a ctu e{' er density binding of polyelectrolytes
on the surfate F 1%cﬁll red material. This again provides
nor e acf(o4e] bi Mte ﬂgmemtmded anteiiabcacsloritdi metal pdrticiet abtaipad by dliemethod is

precursors and depositjon.of netal particl he surf ce of, t.he
nanost r ﬁ@f’]&r gl? If?ﬁ'l?‘g‘? fi’é‘“%u‘?‘?f% Og&%pq;pﬁig}phgﬂgnﬁgﬁﬂﬁtﬁw @ndn.g}ogﬁs a
particl %ﬁgh%nhﬂeoﬁiﬁ(ﬁo%é@m%e hAR SRR fatdridl, GUe Mhalehty/Radind 6f Hdticles
exanpl e usef ul i nprove the catal ytic performance of such netal

particl en FWGS%%%Q mefstigldess nitshew épﬁwwwl pifects ensthedntaipsie propedip pf




[ 0047] The present invention uses nanostructured materi al s.
Nanost ruct Wehod)fegsi @l s can have any form and have usugddaao008/000477
di mensions typically ranging from1l to 100 run (where WO

2009/ 078815PCT/ SG2008/ 000477 10 10 angstrom = 1 tun =1/1000

m cronmeter). More specific, a nanostrtctured material has at |east
one di MpRSiQRstRRRE In@&sial, Q@éh dDfheWRctrbh Qndddtivilg aad alssthetgsl dtatiliytihe
fol |l ow ng di nensi onal types zero di nensional (OD) including
nanosphéﬁﬂ‘l@:aﬂl}’pi‘r‘v‘t’l cles (also called nartoparticles or

(nano) SE@ B e e &msuhaﬁ}ea%ﬁemﬁ MALOHES thy %Qﬁ%'trh&ﬁred
(al'so c nan I bers) and nano-tubes; di nensi onal (2D)

i ncl udi n'@tenahdm amesbeenaﬂMC@dsto nmrm:cdﬁb@g @Wﬁénb?fpllerrﬁeacqftﬁmg]mﬂ‘hé

nanostru [i i i

et udeboHEETo R Sh oRlaat{l G803 Sl ERARAE RN WHEHE LR or
nanot ubeﬁdm{t,amm ﬂaﬂlu@aﬂl H@S@.ﬁiHN@@I oﬂﬁhﬁfo‘;bmdﬂzsommxmdmly nfvgsibikesg
nanodi scs, nanofij | and .conbi pati gns. o %Eﬁafore ntl

nanost r feniresirunRiss PaFdality ag elfcyp @ma Fredment g rea %Wﬁg double bond-

nanost r yeiiheg nﬁé&ldsadu%hﬁ@ﬂnﬁ%yﬂ@f&ﬂb%ﬁ@ér?ﬁ@acﬂml ch rreans that the
di spersion i s uniformand no ag\?\7 egation occurs and al so (ilhat I
1

size di §104fbut Inoensj exappls; theatermavwnaxidipgd” Tpiers 1o 3 agnogiupred, mafraia Which
bel ow. -IE% e‘g%% E‘@cg ctédPid %‘8 é?aﬂ%%e%@ﬂén@%&&r H&%t%e%ﬂn%@ox&hzed before

mul ti - nanot A nanostructured material can be nade
of any nattng the namosfrocimeéxamri@ withithe pelpielsetrale ?Féléc‘»tmﬂlé?lil&’l meaps thad a

de of I
ot o 1 aner gy Oy e, B P sutidhes Spitbodt BUF gl B SRS of e

gl ass, ﬁé‘ﬂdﬁtrt&uxgﬂ agserial SHopgkansle, (thl smdm}mgm;.hsa)l acid| inmoduicesm COOH groups

oxynltrld a et such _as tjtani. a et a

e m e S0 L AP ORR R BT oy SramElto? THIcFr e E PR Y R ion
af or enel'ﬂfohmﬁéoéiéb §ﬂﬁi¥%§ups lapthe @@ff@é@mmieamnbmcﬁmmamﬁat Qo@gounds used
material is nmade of ar

on material, such a tiv arbont (iarbon
bl acks & sijamigmion ean inplyde yr erprap! ﬁ?@%ﬁ@wﬁﬁ@ﬁ %ﬁmf%%ssmé mercaptosilanes
pol yel e ytﬁnv& %cﬁféﬂpo LR sRRasd hihedridl RélniRE @ﬂﬂ'o'ﬁlu 1
Accor di ﬁé j) e IE%;}E% ge I ni t|fgﬁe a SpoI yel ectrol yte" ?s a Cesa arge

conpos edumbemidpf;mn land sigaifichntlyaimegesdhe siishun of &p HWFPQ?W%!H#&W@ This
oS o RS o 1SS of ARl RNy bBLARD b GnIHRRucEd Bldhal 402

e presen I'nventi on f'erm "poly ectro yte"
i ncl udesarpdiug cififebiohs evecklippdripaminon sind Biebilite roﬁth@o]eymfaﬁabfhw actviey of thp

a poneI r ol ESSI ne osi.tive charge,

pol ycat P‘/’tﬁ %%Elf C{fﬁgtf’galt‘ﬁ]%ﬁn ar g fg:rf:étxral&l ep%gl ?vcgns & Te
neut r al Pgmcgtmawp@gatl ve, the net charge of the pol yrrer IS
positive. The term "polyani on" refers to a_pol ctro on a| .
a net n&Y46] veltornadeend %ﬁhFé“VFWéISﬁB‘}tﬁ%‘ﬂs&r?féﬁHg ﬁ émﬁﬂ 219
that arg.&hadide f%ﬂé{vb & av6idathe Sortubh @ su%mfdnataﬂﬁ?@o&ﬂ memogdwmmt
charge on the mer is negative. For the nethod of the present

“nvent | owtasiab bk #eb oteldsot higher ensity binding off polyelesitoliemers gy surtace of the
as diff g‘%neo(r%er&&l%d ??‘%2. J{;ﬁgg np?%??lf gkl{ytgié&{cﬁe bzgﬂ?{%%lgeﬁtﬁ’gg%yaam%m C
WO 200948 @éxﬁ%’b&ﬁ%ﬁﬁrﬂ@@p&ﬁoﬁbf metal particles on the surface of the nanostructured

material. The adsorption and formation of more metal particles on the surface of the

n:j_

nanostructured material can be for example useful to improve the catalytic performance of
such metal particle loaded nanostructured material when used as catalysts, such as in fuel
cells and metal-hydride batteries.

[0047]  The present invention uses nanostructured materials. Nanostructured materials can

have any form and have usually dimensions typically ranging from 1 to 100 nm (where




pol yel ectrol ytes or m xtures of pol yanionic and pol ycationic

pol yel ectr ghyb@s iy d result in different coaling strugtpE€medbhole
nanostructured naterial. [0051] Alternatively, a polyelectrolyte can
be described in terms of the average charge per repeat unit in a

pol ymer chain. For exanple, a copolyrre(r’ conposed of 100 neutral and

300 posiflgi aeltvont Bat GRc=1/8008ahickdbhdtsr). rmrea@eémer AdendahaéeRd hatbial hak at
out of 4 uni'ts, on average ar e posrtrve char ge anot her

exanpl e least 9op ylimensigrabeing desy dloam &0R o, Thfmo:anelgmﬁarﬁeﬁ%d e tepe S Llomiing
300 pos e t

0.4 (plo ’%‘é’%é nra\P/r(i*?[{}39 %%lrs e %Sr#?dg cg e% g%g% posi tr &‘Fgﬂﬁﬁlgg Eelg(?tf?r?ed
| eavi ng nﬁﬁﬁpqnmﬂest mn/(elalyomﬂralreg)e@ner dimensivnal @GD) anctlmimg nafor&d)nanoivired (also

fepent -GN Rt 0l RIS sl BT APy BHE AR a IR G s

has an awwgsades gldanraeilmer repeat unrt bet ween O and -1. An exanpl e of
a positively-charged copol yner i PAC, (i

pol y( di a{pﬂ‘iﬁ\ﬁdr riRe ROSHIE RS ﬁrwaérrr P’T ﬁ%rlper %wrmheveaparlpﬂew
in whi chyfhe PO oS shRYS &aﬁé}%ﬁgﬁ’es? cubef NEhroRB e A Virks (@IE@ called

neutral so the average charge per repeat unit is less than 1. [005 2

The chamge@ﬁlms)a 1oPipds. e aneflakes msochﬁs;s,deram’@wsmanéctcp@brmb@m e
nmonomer nt?c{ne& h@}{ é%}ftug% {n@{eé% eg JM %@l}ler leE{ﬁcgs'eoﬁk?ro&HmﬁJred
precursor p or exanp yneri zi ng

di al | yl mmﬁylmmmmwkpmdnwhca pmsmst thaeltye chspegerh wa terforsoland|

vi nyl nmononer PDDA CO- PAC ol ynerization o 1 Xt ur
of "4 al ARBHERiSPHO O A Lt B S iRy non ety B Mk
mononer fMih&hbElGRHRITHE muﬁibad chai ridrem@mwzmeﬂ) or Reliylestalleénas wultbmialled
acid) is often made by the sulfonation of neutral polystyrene.

Pol y(st%a%?f:@@?ﬂ fonic acid) can al so be nmade by polynerizing the

negat i vebysgghargadnsiniéeRs Habianaheod BRGERI - anfNBa@RANIE Bne example, the
nodi fication of precursor polyners to produce charged pol yners may be

i nconpl @@@W@dmm yan kesmpde qfip ragierig) sthighdnepdasglant pepotdigHied o efaben
that is I r

r epeat unr ts f?@é}a‘-ﬁﬂys %Seﬁiegﬁdrmr 58%%1418%Sé3?’ %ﬁfgalr%é%%; taic?r}hfc £3h] Rfbass
pol y( st yiMawesytdlas), calmmnd}m htasmandfaverlaqel ctugh gas p@mme,peamet;hrqmdﬁ a
about -0Q. 53 s of

in C:Ju de Bgipy{érfﬁ% 8}1§f{11‘r% g r?’%ﬁ%é@ ta{eyl %}]agl?%f 9%1‘&? é@g%?o%n%rﬁltoﬁed
pol y( st yulesnared. o 0he exanipdy, ﬂﬁd%&‘i))strmiryd ﬁlatenal is made of carbon matenal such as
acryl am do- 2 t h I-I- ropane sulfonrc acid) (PA_MPS), sulfonated

pol y (effgyat Ilfﬁ‘e:? ‘:?%P’E@R? ®ul fonated |ignin,

pol y(et hydsnes tﬂhfa 9fus@nt afeillion B6vs W(BRJelRE 50NNk Ay heskifo mmecnamstﬁb)cmred

their salts, and cgpol yners thereof; polycarboxylates such a
pol y( acateral aer:cmdlreaomf)he BAGoAsfinitionna Cpayelectipdyte]) is aamiyeler roa%eed of

such as /
1, o U8 {HADIRE SR LML bt i

pol yel edenizibje goupso mpb@thr Incthe comtextentibe };rreemtmwmmng tluterm Spelsielegirolyte”

1-am nopy dgg é/q:l'¥rl onts, Er? i:&g}oaﬁoﬁy | ’fili Hbﬂln}&gijso{o ge;}ol)géf%

pol y(vr enz Al urm nenes
pol y(ac pyésessyxg hatl pdsmvetch;aige.ammthmpo}ylcmand@)m cqmdny(mtﬁtohmc ruyﬂtmxlw 2re

ool ol oEBrEF Poutves e SPHRAL £ BA-E Aot it CREhop e pobmer  Fevidve

pol y (N- mak harha *payslaRiohi' kfels Wk p6 Bkol tcbﬁfalmng a net negative charge. While the
pol y( N-al kyl vi nyI pyri di nes), opo yners thereof;_ and protonated

pol yani Rekyasigs waaeoraf@rwrﬂamryrraﬁmrﬁeqhyfdarsdrlrplaﬁ|rrréym(epﬁzhargerrautral or charge
pol yet hé*}ﬁﬂ@ %é‘ﬁ% (ch pp Eé%lmgp{stﬂé {vEXPASIthE $neBlod of the present mventlon
polyel ect

opposi t arge tes 1 Nnclude charged bi omacronol ecul es
whi ch apge hmﬂmf@blyyledudmemn‘ rigCEqu:rt kiride of pelysiedrlyies edndieruseddysgegidifferent

polyelectrolytes, such as different polycationic polyelectrolytes or different polyanionic




[ 0058] In one exanple, the negatively-charged polyelectrolyte is

sel ected f LMdbdesgfsoup consisting of pOly(styrenesu|f
(PSS), pO'Y(Z acry ami do- 2- met hyl - 1- propane sul f oni c aC|d§Sé%m§&m‘”

sul fonated |ignin, poly(ethylenesulfonic acid),
poly(nethacryloxyethylsulfonic WO 2009/ 078815PCT/ SG008/ 000477 13

?C| d), ?b! LEenrhiRe &%M&L@Eﬁ@ﬂ' %&ﬁaﬂﬁﬁud<ﬁfd%lﬁ5)cat1@ﬁ3 p@@bl‘éét&ﬂf’tﬁ wouldGkstit in

n-anot her exanpl e positivel y-charged polyel ectrolyte is
sel ect edlffer@ﬁmdﬁéggﬁ%ﬁ%@h@?ﬂf}oﬁﬁu%‘ﬁf%maﬁjﬁ aI | yl di et hyl anmoni um

chl or i degysf ¥ RERTHech B8 BN ALY Retod Lhrarge per

| onenes, f&(acry trimethyl amoniumchlorid
pol y( netdpamnmitan)a(@lmdﬂl@nyfqm%pmmq B mﬁ)ﬂhelamwm moothut}@l) and 300

| y( N et d
0o (1 B BA BV i O en e (1 S
( FtAH|) t@ﬁg&% ahagai()ggs laauamp bmmrﬂd‘.]a pollyyet emrt] :ha&; yge rienitdly des negatitvelys
no imte (0] |
Dol y( st i and S98 Bosiyel) capEsey oyes] SOBOT RIGLRYT P st Rk AST 44108,
pol y(al hxgam19%magé@amsoaahga)zoo %%'ﬁlvél? )ehargﬂﬁhﬁnsf 1@@%@ @@o ngiﬁtlvely charged

illustrated in | owi ng: ECH2 ----
units out of a total of 500 units). Thus a pos1t1vely—charged polyelectroly’ce has an average

charge per repeat unit between ¢ and 1 and a negatively-charged polyelectrolyte has an
average charge per repeat unit between 0 and —1. An example of a positively-charged
copolymer is PDDA-co-PAC (i.e, poly(diallyldimethylammonium chloride) and
polyacrylamide copolymer) in which the PDDA units have a charge of 1 and the PAC units
are neutral so the average charge per repeat unit is less than 1.

[0052] The charges on a polyelectrolyte may be derived directly from the monomer units
or they may be introduced by chemical reactions on a precursor polymer, For example, PDDA
is made by polymerizing diallyldimethylammonium chloride, a positively charged water
soluble vinyl monomer. PDDA-co-PAC is made by the polymerization of a mixture of
diallyldimethylammonjum chloride and acrylamide (a neutral monomer which remains
neutral in the polymer). Poly(styrenesulfonic acid) is often made by the sulfonation of neutral
polystyrene. Poly(styrenesulfonic acid) can also be made by polymerizing the negatively
charged styrene sulfonate monomer. The chemical modification of precursor polymers to
produce charged polymers may be incomplete and typically result in an average charge per
repeat unit that is less than 1. For example, if only about 80% of the styrene repeat units of
polystyrene are sulfonated, the resulting poly(styrenesulfonic acid) has an average charge per
repeat unit of about -0.8.

[0053] ©Examples of a negatively-charged polyelectrolyte include polyelectrolytes
comprising a sulfonate group (SO;7), such as poly(styrenesulfonic acid) (PSS), poly(2-
acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS), sulfonated poly (ether ether ketone)
(SPEEK), sulfonated lignin, poly(ethylenesulfonic acid), poly(methacryloxyethylsulfonic
acid), their salts, and copolymers thereof; polycarboxylates such as poly(acrylic acid) (PAA)

and poly(methacrylic acid); and sulfates such as carrageenin.
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[0054] Examples of a positively-charged polyelectrolyte include polyelectrolytes
comptising a quatemary ammonium group, such as Il-aminopyrene (1-AP),
poly(diallyldimethylammonium chloride) (PDDA), poly(vinylbenzyltrimethylammonium)
(PVBTA), ionenes, poly(acryloxyethyltrimethyl ammonium chloride), poly(methacryloxy(2-
hydroxy)propyltrimethyl ammonium chloride), and copolymers theteof, polyelectrolytes
comprising a pyridinjum group such as poly(N-methylvinylpyridinium) (PMVP), other
poly(N-alkylvinylpyridines), and copolymers thereof, and protonated polyamines such as
poly(allylaminehydrochloride) (PAH) and polyethyleneimine (PEI).
[0055] Further examples of oppositely-charged polyelectrolytes include charged
biomacromolecules which are naturally occurring polyelectrolytes or their charged
derivatives. A positively-charged biomacromolecule comprises a protonated sub-unit (e.g.,
protonated amines). Some negatively charged biomacromolecules comprise a deprotonated
sub-unit (e.g., deprotonated carboxylates). Examples of biomacromolecules which may be
charged for use in accordance with the present invention include proteins, polypeptides,
enzymes, DNA, RNA, heparin, alginic acid, chondroitin sulfate, chitosan, chitosan sulfate,
cellulose sulfate, polysaccharides, dextran sulfate and carboxymethylcellulose.
[0056] The molecular weight of synthetic polyelectrolyte molecules compared to natural
occuring polyelectrolytes is typically about 1,000 to about 5,000,000 grams/mole, preferably
about 10,000 to about 1,000,000 grams/mole. The molecular weight of naturally occurring
polyelectrolyte molecules (i.e., biomolecules), however, can reach as high as 10,000,000
grams/mole. The polyelectrolyte typically comprises about 0.01% to about 40% by weight of
a polyelectrolyte solution, and preferably about 0.1% to about 10% by weight.
[0057] Many of the foregoing polymers/polyelectrolytes, such as PDDA, exhibit some
degree of branching. Branching may occur at random or at regular locations along the
backbone of the polymer. Branching may also occur from a central point and in such a case
the polymer is referred to as a “star” polymer, if generally linear strands of polymer emanate
from the central point. If, however, branching continues to propagate away from the central
point, the polymer is referred to as a “dendritic” polymer. Branched polyelectrolytes,
including star polymers, comb polymers, graft polymers, and dendritic polymers, are also
suitable for purposes of this invention.
[0058] In one example, the negatively-charged polyelectrolyte is selected from the group
consisting of poly(styrenesulfonic acid) (PSS), poly(Z-acrylamido-2-methyl-1-propane
sulfonic acid), sulfonated lignin, poly(ethylenesulfonic acid), poly(methacryloxyethylsulfonic
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acid), sulfonated poly(ether ether ketone), and poly(acrylic acid) (PAA). In another example,
the positively-charged polyelectrolyte is selected from the group consisting of
poly(diallyldimethylammonium chloride) (PDDA), poly(vinylbenzyltrimethylammonivm
chloride), ionenes, poly(acryloxyethyltrimethyl ammonium chloride), poly(methacryloxy(2-
hydroxy)propyltrimethyl ammonium chloride), poly(N-methylvinylpyridinium), other poly
(N-alkylvinyl pyridiniums), a poly(N-aryl vinyl pyridinium}) and
poly(allylaminehydrochloride) (PAH).

[0059] In another example, the polyelectrolyte includes, but is not limited to
poly(diallyldimethylammoniwm chloride (PDDA) (a), poly(styrenesulfonic acid) (PSS) (b),
poly(acrylic acid) (PAA) (d) or poly(allylaminehydrochloride) (PAH) (¢). Their formulas are
illustrated in the following:

I :l c:* z’-"j

CH “*‘CH ¥
SO;;N%
{ay PDDA (b} PSS
‘ " :
- E i
HG c—on
G
(e ; (-"CH CH, m)
|~ CH,CH B .
(¢} PAH () PAA

[0060] Reacting the navostructured material with a polyelectrolyte as described above
introduces functional groups (primers) in high density and homogenously distributed. The
functional group introduced is either positively or negatively charged. The structure of the
functional group depends on the polyelectrolyte used. For example, the functional group
provided by a nanostructured material after reaction with PDDA is an amumonium group
(NH4"). The positive charge of the ammonium group interacts with the negative charge of the
metal precursor. The functional group introduced when using PSS is a sulfite group (SOs™).
The fimetional group introduced when using PAH is an ammonium group (NH;") and when
using PAA it is a carboxylate group (-COO’). In case a polyelectrolyte providing negatively
charged functional groups, such as PAA or PSS is used, the deposition of metal nanoparticles
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support HBt al M?%@scn ecti]aetsthe interaction between a nanostructured material, such as a

carbon nanotube and a polyelectrolyte, such as PDDA, is due to a 77 interaction and serves

to coat or wrap the nanostructured material with a polyelectrolyte. Thus, on one side the
polyelectrolyte is bound to the CNT via a 7~ interaction (the binding is noncovalent) while
on the other site the polyelectrolyte provides charged groups (primers) for the binding of
noble metal precursors or metal oxides (see Figure 1, second image in the flow chart).

[0062] The reaction between the polyelectrolyte and the nanostructured material can take
place in an aqueous solution. In general, the choice of the media in which the reaction
between the polyelectrolyte and the nanostructured material takes place depends on the
polyelectrolyte used. Since polyelectrolytes are known in the art the skilled artisan can easily
determine a suitable media. The nanostructured material can be dispersed in the aqueous
solution before the addition of the polyelectrolyte or after the addition of a polyelectrolyte. In
general, dispersing can be carried out by techniques known in the art, such as mixing or
ultrasonication. Dispersing can be carried out between about 1 to 30 min, or 1 to 20 min or 1
to 10 min.

[0063] To influence the configuration of the polyelectrolyte which is to be bound to the
nanostructured material, it is further possible to add an inorganic salt to the solution or
dispersion of the nanostructured material and the polyelectrolyte. Influencing the
configuration means to influence the density with which the polyelectrolyte is bound to the
nanostructured material. For example, when reacting PDDA with a carbon nanotube, the
addition of salt can allow the PDDA chain to adopt a random configuration, thus leading to a
high coverage of PDDA chains on the carbon nanofube. An inorganic salt is usually
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sol uti oﬁol nérS]e1 ore bﬁ %h? %ﬁu&%%ep{eln &us{eg(r%%e ﬁ& on %g%ﬁg%ln%bo{hfé%t] %’I
pr ecur s Reduiod il éder &ox amhb]s atmouiteofdmtee Mk nedction @opmss Hanarrskidut td

inthe art c i ng out t of the presen mveton

e o SRS atpe s, wieh on i 1R e S PREReD hes gt 1 & haigihed
hours. Rghddl@hy ket dM@ais Hrocess 0hnibd Qiplied eflonf ag khel fotutioadsiBiatedn Hodting
the netal precursor is conpleted does not affect aihe praduct formed.

[0078] Anguses s st iaetploredrsortge cempleteloRdne & pefal Rangaftideed to an
aci dic rm fuah2s Qbicr éutoit QT&npthr%S&hﬁlg it REitdbid Ecp bAf @Sélhﬁhlﬁtmn

range al dep03|t|on or "l oadi ng” of the nanopartijcles on
nanost r gomprigiee thetreactanks to boil. The time for heating the solution should be long enough to

ensure complete reduction of the metal precursors in the solution. Therefore, this time
depends largely on the amount of metal precursor used and therefore has to be determined by
a person skilled in the art carrying out the method of the present invention. In one example
referred to herein heating was carried out for at least 3 hours. Further heating of the solution
even after the reduction of the metal precursor is completed does not affect the product
formed.

[0078]  After completion of the reduction, the pH is adjusted to an acidic range, such as pH
2-5 or 3-4. Adjusting the pH to an acidic range allows deposition or “loading” of the

nanoparticles on the nanostructured material.




WD 2009/ 078815PCT/ S&2008/ 000477 18 [0079] The product of the
deposi tion i is isolated by common met hods kno i

such as fi I‘if%ﬁ@%&swashi ng and drying. [0080] The pa\r,\?i)(%: eé @é@{iﬁa
on the nanostructure material is also influenced by the anmount of
precursor material or netal oxide used The anobunt of precursor
materia d en i | rii Hoach rs
the nanblPlc: TRERRAR: 37 ey SerfSibh P & 1 ARRRG blrich s okl i
nanost r deta; egthas fiffation,vedsking ahd dgirgh as CNT, is used, H2Pt Cl16

containing 7.5 , 12, , 2 0 and 45. of .Pt ar.e used faqr
a nanopéQ‘gpLI eTH%%Bdﬁl‘ﬁﬁ ﬁ’@%ﬁ@% h‘g’%%ogtﬂﬁgqge %ﬁﬁ%@%‘ﬂ%&%&éﬁﬂ% Ve
That nmeapgrebdisdr hiféria oPARAPaLite ated. Thaghagt bapre@boridteidl ube depetsrond
to use an anount of the netal _precursor, which incl_ugg:s an aqourﬁ ﬁ”f
° e, 3fheprd

met al  athsrdssiredinetnl sapRavtcle Lading for tre agpastrp¢iared GHaKHa
nanost r Hfg;&{ fgm{aa‘gtt}&fédg@d 86 raftehidTBddh 18T if Gl HPEC), UGN PSMHELN

skilled n readily determ ne the nanoparticle | oading on
t he nand28rogt2drmg, Inmgrand|45amg of Bhatgausyd ifar aingrenaitielg leadinehed #Bsi %0

appl i cat j,gn. W t e r i A ! i :

oP s ot s g GoreBRel Gy et REaRERI0! o WACEELLR oA Tale RSk A i
met thI FRpited ® ﬁsﬂhaa annoistf the tnetad grevadser, wdiich ipgldéqzt aman’lmunemhhetall atoms,
articles,which show r arrow size, distribution, ner a e
Pre of S s e At 0 AR eotid SRh B e b BRimigh ARG Spen 4
nm i . &mRA RRRAIkgGIASTRIsCa B%mﬂdnddrmqwat caDFeddilyt determiiahehardperticle
netal particles |loaded is about 10 nm 1 run or 2 nm _1 nm

| . [ 0082]. I n
one exakgding oa the nprastvotyad pagerial peheAn Iy it depenginsgn,the dgsisd 4PR kion.
total a & Pickdth Sl eARENi ER loadin3GaRY 8F ABR AT 80 6 60 % &8 HeS
bet men%glteq% 5 to about 2. 55 nm gliilnoaa{r?lc%t ﬁer exanpl e, at a netal
particl echie®di ng of 40 wt.% based on the total anount of

nanostr ed er t j ' i : a1oRRud
1°5 o M TRt S BRI St b R e
t he t ot alhichnzhont a efrynamost sige tlistribdtiomtlargentral, tthesiay of thgepapialesi fokmed is

size is_between ut _1.75 to .about 2.75 H gher adi n .
smal | er PREEER & oé‘?gl(%‘}ig AN 3:9551“?1)‘7' 8@%@%3?% %da?réi)t;k}??\gg%gﬁevﬁl %
i N casesfMaeidal pattiicy IdadedBabotl 10SineE @ nhvadegine it amt he surface of the
pol ymer coat ed_nanostructured nmaterial . l{iooggi The inventors also
found t K32 helnspurexappiend %?tahpﬂﬁ%%}ﬁ_ aftipe of €4 W rbased 9L hP RSP AL /Y
by up t QaefdulbrGRARMEHL e BREAFRI pahRA diRdisRIARE abAY 1950 @BbELIRS Ae. In
di spersion of polynmer coated nanostructured material and nobl e netal

precur senother eragpdueal e mefal epartidle deadtiagin 40 wt-Shaltesed witthe inlok peqlRthef

rangi ng ngﬁo%mé n&a?erﬂal rﬁ]é %xée‘f‘%ﬁ{éﬁic?ési?@fs%%&g'aﬁo% %%02’19% %)At a

The m crowav eat 1 ng can red out in the presence of polyols,
i .e. al cohlpertictnipading nf) 60wt pheed lpdhooph! apanpef nBagiusbrechppatenel, the

di spersion to m.growaves can b rrded o fQr LO
Cbone S oPol WG YRS B O 1F SR 2 AP e R0
2009/ 07 §8r1ioRGIeSfan G080 e/ ihcrblser ths vathlytiohctivityen [meses vhiete eatdlyily patidien

nanot ubes (CNT) and a al precursor in whjch the.size of the Pt
nanoparﬁedP@Edﬁa?tg%ﬁﬁgF%gﬁ%ﬁa"_ eawaa%}a&a%mm%%%e out 1.6 nm

when heagdga® t e ERRRlokOAsS Rhusili 05 66 ¥ 6! T 1Y nidhe Hasdbpaeh Bt daal b arther
coated nanostructured naterial and the Pt netal precursor for. abqut f1

mn in aedueed e to 20Fdr canapipl i, nosaldirstinmgietheds Su MbIRsips theisrergieR ©
using r ggfgﬂé} NG.&8 ﬁggagmfc&?ef %kdféﬂa? Nink "EdER G @i ﬁfemrgcgowngcrbw%sm.@t

| eads t average sl ze o e Pt nanoparticles of about 2 nm (see
Fi gur e Sleptrothignictic revdsevituwavelangths binpitg fgmtlhamge [l gn (frquensieyibervirma s

can accel.erat I tion rat whi ch,again4l .
R O e i
heat i ng aicoR41€ 8shtahing aiultipie hydrotd pcovp}. Subiectingithe dispbreion eanmidrowmaes g be

carried out for a period of between about 1 to 3 min. For example, Figure 16 describes the




subject themto a further process resulting in the formation of a
nmetal | ayegyshobfRsaanoparticl e | oaded nanostructured ngi©EdRbsno0477
Therefore, 1 n another aspect, the present invention refers to the
manuf acture of a nanoparticle coated nanostructured nmateri al
conprising a layer of a noble netal ol metal oxide which is |ocated

on top of.fhgr ﬁlaa}gsag;flédt ckifig EABE RS LN A4t At MRk ok eRlrsod Al Which the

nmet hod conpri ses: I spersing and heating t'he nmetal particle |oaded
nanost r sige uf the Piraenopiitles hascheswtadupasito an geripgegize of 8B il iy Jéise heatine

conti nui,ng _heat i ng.. ' l Uty | S

e R e g e L i L R R
second pebll epregiradr for ebuouts drmor invet alicrowade Fos adupty, seqdeting aihe ysame
and heating the dispersion fqr time.suita to. form tal,fhl
ont he. cwperheat By S THEranE Baeetor solFidttiat PR e Rict Ty B P iendy ©
[0085] Theveaby iRt o@kheSPl hdnopMtitlas Wb iaBdut themnEdeaFigmer Ib)c lteis dehiéved that
nanostructured material is dispersed can be, for exanple, angﬁgu(ﬁous
sol ut i osuliectingphessolionde mygAYavesicpn Beelepale the feaction itk pyhieh sgaifepdsdo @

agent u 31?9"1‘3"%& %ﬁi%ﬁ%e? hloefddftﬁh}‘ﬁWC?JV@dvg eN@rBininy hkARWNndtéhdldf Seflux

art. Heating 1s y carried out” at a tenperature between about
80 to 1QgGo 3l camoidhenthe reaotiingimast thugth ot thigpro¢ess ewisideraply. i n

(i <por JTOSAY *PORETSlAGhE GO ThEDARRRBhAYChb RN S el 3 £ ARSERSE

t he boi liljjgctpthimt tooh fulthers plocesst resdlting tin nthe fformdtieat ¢fhg mkiel divepemsihen

i's between about |1 in to 50 min or.20.mn.to .40 m,n or 2 .n_to 30
min. | nDgPAEEEPase t%osgﬁ%%’ée:gs F&?ﬁe%gsrrﬂ‘eé%]éed P ofioLlsE y2sP E%’ (r)Hfte é%esel;&
mn. [ OQ8Rhtidih GefeRUUCithg rA@RMchae ded a CRihopaticld ecodfed! henosetidteied gmaterial

agents nentioned above. After addition of the reducing agent, the .
di sper siCOHPHENE p YRS wﬂm&tﬁ@rﬂetﬁmqeylgch i§ éca:@ﬁ:ﬁ o%%)p gte t%e nanoparticle

20091078315PCTL,SERARE! AORAZT TR mRARA WSS ed material and the
[ I h

reduci ng agent, Is continuously heated or boiled. This heating step
of the sol utdisparshiglandbeating therhesalpattisds loaded srnesiactyed armierid frpd solution,

precursor can..o i.g]igg ' ..gecond netal precursor is
added. The talﬁ%lg%gérduﬁe tg‘lhngrmgcwotnﬁ?‘gﬁgggﬁ?%’on is of less inportance as
the tinme fordiiegta sujutiboempoisingrd besend aobla andtalr pra¢urem wfmethboxide du e

f or ned ther%ie

sed dispersion, wherein said second noble metal precursor or metal oxide is added
sequentially; and

- heating the dispersion for a time suitable to form a metal film on the suxface of the
metal particle loaded nanostructured material.

[0085]  The solvent or solution in which the metal particle coated nanostructured material

is dispersed can be, for example, an aqueous solution or any other solvent suitable for the

respective reducing agent used. Such solvents or solutions are generally known in the art.

Heating is normally carried out at a temperature between about 80 to 100°C. In another

example, heating means that the solution in which the metal particle coated nanostructured

material is dispersed (dispersion), is brought to boil, i.e. the dispersion is heated up to the

boiling point of the solvent. The time for heating the dispersion is between about 10 min to 50

min or 20 min to 40 min or 20 min to 30 min. In one example, the dispersion was heated for

about 20 or 30 min.

[0086] The reducing agent added can be one of the reducing agents mentioned above.

After addition of the reducing agent, the dispersion now including the metal particle loaded




[ 0087] Subsequently, a second noble netal precursor or netal oxide is
added sequegry 408dd¥sis0 the dispersion conprising the nmetglyRahiddebar

| oaded nanostruct-ured material and the reduci ng agent. The second
nobl e metal precursor conprises a nobl e netal as nentioned above for
t he manufacture of the netal particl 9 0aded nanostructured material .
Al so, tRgncaeened nakkiel ARIBE radn €64 hEar, iDtontineourBi idted Xt Heiledahit hedtinge
one of the noble netal precursors as _mentiéned above Lor t he

manuf ac8@p efothe tspitipg 1aliows fhat; e gefistign PINhA Feremdc BEE #FSPHISET °41 oofie
nobl e %tedi%p}dﬁ%e BRGLAM MM PretRtsa is RageU RO time Forl HRBtmasTand sdlilﬁBan?is

metal precursor can be the sanme or different as the noble nmetal o
t he noblé lesetmporpnes o thertime fasrheating doesinel énfhieneehthe Jaentign 6 he Pipdp¢|
precurser rgfeerer. d to above for the manufacture of the netal particle
| oaded Nano tﬂ?fn ‘ured material. [0088] Exanples for a netal oxide
i ncl udef0087] agehseqiendly, i seechd wblgméthlOFecuida? ®8 mekdh 03ide ih@Rled waPSntially

Ti 02, Si02 n02,, Sn02, Fe203, Ni 304 O, Nb20 03, .and

i xtur o9 T CEBRSOTBTHREEE (i REL RTES BRTRPuPoPRey ARRFIg G the
non- st Ol &l REBLEAC THE s@onlBidbleGRkml pleXsdr sfypfises 4 mblelmétandy mepOOEA]
"Sequential l y" nmeans that the secaond nobhgﬂég&t al precursor or t al

oxi de haBoveofor Heserrapifaciere of baanwsl kAHIDe PARRFEHEPREd rpatenad Aoy g
the amg%,tgrl@koﬁlg fal c@%ﬂ?&rﬂ@tﬁox‘?ﬂ@&ﬁ%lﬁd&ﬁnﬁg?gﬁhogﬁe k] QG Rdrs

second n e netal precursor or nmetal oxide in i spersion.

Sequent iagmeotionsd mbéveuforthe anminfacme of the metal pawisle lawisH aanastraetuigd aeaierinbr
or netal.oxide c i . I I
cont | nadSrobE il gb e iR §B8e s QAL FRERY Br 4o 466, LM LML,
second melghesaretor|diffsrart us sior nabie metahof thi indide emgalrpeecutshateferad to above or
exceedi ng anount of reduci ng agent .dri.ves .t he redugti on th a
to conplt ?CB?F‘{;ﬂ‘Hbfﬂrf“‘éfég?ﬁchg@Jgﬁgeﬁiﬂo fhpge F?frtﬁ’%ﬂagﬁﬁfﬁmaoﬁ%%meg% ngllstmie
met al | ayRed fdhokioRaRéd foBRriflanost ruct ured material | oaded with netal

(nano) particles. The thin contjguous nmetal filmor |ayer is fo by
metal ~ paPdast| e Exymrieyier 8 msiHioxiciRT Mo Bt Bt 1%@&?*&5%@%&&&%%%
al r eady mg @ggg@idzbsidpzﬁé;, ISHE Wb s, TRDECHAD,, CHDENbIY.L W0, Sarfiahieres

t hat se .e. ‘providi ng a nanostructured material |gaded with

met al narogsdr Thecinetsl pxide cae be sither ytoichipmetderah pon-gloishiogieRica(e.g. MenxOm.y,
nanost r uct ur. erial a contiguous |layer made of a noble netal
or net allé%gi’@%fﬂ?wfgaﬁ%gSlSPCT/ SG&2008/ 000477 21 [0090] During the
addi ti ogoeso] t heSgeanintlyhmele thetth sqoeturidoment preetradr apxiadd oxidedhas not

ratio of reducing agent .to second, nobl e tal. precursor.or netal

oxi do. | LBAMED 1 ei5atch2uS cpogepsly BRBE B e Loy T B e pways
about 3edcde@s Ghel a@burft: df tifreluckd debor@NLolRx anghlepretidsor’ &t k@tdl Soxédrout the
5:1. [0091] The thickness of the netal |ayer or, fil me{ nmed on the

nanost r dispgisien. Seavertiahor |corgwguAIdiqmeingp sasl ol EA! BRECHIRIYSBCBY
varyi ng oke %! 198vell 0% BRI tyClddRfc fiRdsdheiin cdiihddusiy YN P drd)
nobl e netal oxide added to the réaction m xture (dispersion). In
gener al (dioheisple Coetinueye andl stac aditiorobfl eccand apblpmesialrpresursor ofmpeiyl oxide
oxi de can_he about % 9 % ] e, t i f
manopar crere PRole ok, At s (ARREhAR biftes it Bl POE e mbilFo
met al | ay@pletion ahivhnaghin fesilm iaftha forolatien wé kalontguoms meta [layex ioddop of the

[0092] In case the nanostructured terial,.is ngi.sting of

hanot ub@EIosECHEER parstiab IRafY WA G1ets] IPAO BT o ALH B Sy s pagtg) flm or

layer f Q4P i@foehieBb xﬁétﬂuﬁﬂﬂtiélélaggagu@@twmeh or2el baskt eni @k mdtal G@osadies

the thickness of the netal |ayer or the shi\at_hs depe%g{?dp att he anount
[

of seconleaiybloadedera) ther Bangptsisiured material JRF JEVERYY i P8-S

in the [ﬂ‘clv(?dq?%ear 12A0RS et e nltdHaBloadddl GHE $Retf2RaPadBRY  is4 a NARcedatl
the maximum thi ckness can be about 20 urn. [0093] I n"another aspect,
t he pr esemireinantén thtein arehestyicheedmateana STifh AcontigepuTdayer magde Warwgbp Hpteh

or metal oxide.




with netal particles, wherein this material conprises: a

pol yel ectr%qg@g/&ﬁkﬁh is bound to the nanostructured mﬁ@f\/{%@iﬂbg/ﬂﬁﬂml e

nmetal particle Ich are bound to the polyelectrolyte; erein the
particles have a size of between about. 1 to 10 nmor Ito 5 urn or 1
to 3 urn. [0095] Also, the particle | dladi ng on the nanostructured

materi aFodgé] 50D‘Miuf{?h@%§tﬁﬁox?8fﬂ1@ 8edofd 8bbla HRUN breRfirsd§ niRNtdey ik YatRLof
material | oaded wth netal particles. [0096] The polyelectrolyte is

f or m ngreduriagesenitie ssvond nekly mefah gracwson el rade igtistvesn @Boytarl tntP:1-
thus se L BE L EQrel ERAQUS. Ik | 0

particl ggf&@%%@ﬁ ﬁcf)ga?ltblec g‘éﬁs??girgt' fg?'r#ﬁgoggﬁ ?Iﬁé;e}%%lg ﬁ?@éf‘?" lgrabout
negati vélly charged groups provided by the polyel ectrol yte surroundi ng

o CO P58, SIS S0 8 it SRRED oSSR g
nm | n qaded wir(@golacticidszen Bk atidpeediint edryipgiid vdlege s todd urtoust efsedomndr
oo O Ml st S b gL b b S0 SR .
2009/ 07%&%&2&%&%@%@%@%2&@ noble metal precursor or metal oxide can be about 50% to
90% wt.% based on the total weight of the nanoparticle loaded nanostructured material. In
one example, the metal layer is a single film of a noble metal or a metal oxide.
[0092] In case the nanostructured material is consisting of nanotubes, as used in one of the
examples given below, the metal layer forms a sheath around the nanostructured material. In
general, the thickness of the metal layer or the sheaths depends on the amount of second noble
metal precursor or metal oxide used but is in general in the nanometer range. The minimal
thickness can be about 4 nm, and the maximum thickness can be about 20 nm.
[0093] In another aspect, the present invention refers to a nanostructured material loaded
with metal (nano)particles or to a nanostructured material coated with a metal film obtained
by any of the methods described above.
[0094] In another aspect the present invention refers to nanostructured material loaded
with metal particles, wherein this material comprises:
- apolyelectrolyte which is bound to the nanostructured material;
«  noble metal particles which are bound to the polyelectrolyte;
»  wherein the particles have a size of between about 1 to 10 nm or 1 to Snmor 1 to
3 nm.
[0095]  Also, the particle loading on the nanostructured material is 2 50 wt.% based on the
total amount of the nanostructured material loaded with metal particles.
[0096] The polyelectrolyte is forming a layer which is covering the nanostructured
material and thus serves as primer for the homogenous deposition of metal particles. The
metal particles start forming at the positively or negatively charged groups provided by the
polyelectrolyte surrounding or covering the nanostructured material.
[0097] The size of the particles formed is between about 110 I0nmor1to Snmorlto3
nm. In other words the size of the metal particles is about 2 nm = 1 or even = 0.75 nm or =+ 0.5
nm. The particle loading can be as high as 50, 60, 70, 80, 85 or 90 wt.% based on the total




22 anmount of the nanostructured material. The nmetal particles are
di spersed gg E&ﬁoﬂﬁfpstructur ed material w thout form n?CP@&EdOQ/&ﬁé&W
aggr egat es Increases its total surface area and, for exa

can thus increase its catalytic activi ty in certain appl i cati ons.
[0098] In anot her aspect, the present 2% nhvention refers to a netal

coat ed nNARRASE IHCHRY EndRRLEkIaAl matdkiaDt MAE WREAISpartifles Pire s igpersdav SRt itlgn
refers also to a nanostructured nmaterial covered or coated with a

| ayer ofnagosigpipeed mpaterial gyithquinterming partiste agersatepathish; igpreassi s totalsugface
nanost r yel.ur.ede, MRLGl ealcal#ﬁ’l ﬁlgre Jift A @a%@l RatAid ShpiRatffnst he

pr esent I mvent | on a m or ayer onpris dnof a second nobl e
met al or[0898ket & am(theteasmnt,cﬂummeﬂe@ir meention refass tf a trwialnepatedtnapostincged

materi al_ | tcles

Tont 1 oudutaRaIa ptist Aol e pBRG: irefifon tHlkSaatd to Befhoc¥led fateriql covpred
with netal coa&ﬂtwmheaslay&Wos d aysle ﬂmsl ar hmneiahesﬁieofrhisem:aai ahlnpitised a
nmto about 2 Exa s, of . su nmet.al nanost ruct.ur ed

mat er i a|naaqs§ru #ﬁ)ﬁﬁp%wgh IP%Q%GI a1| F@n% gventlon and a film

nanost r L&tlwe@%ﬁp&s%t} ioRla se@adambbld hbtalPérad hﬁt&ﬂbﬂﬁ@@@ﬁ’dﬂﬂs Ghidgednastopetithe
coated with a | ayer of Ealladl um The thin _contiguous film.or |ayer

is for rré@nwu%teémswa eadad wifhmerjaltnagticlgsi Ehis fidm pr hayse s ORtigyES ﬁ?é{eapr
nanopar tg.cl t t & 84 | Pihis ARk 8fls

W th theﬁl%oﬁoéeﬁ%%tro %%&g?grglg%?tg%%ngﬁﬁahggﬁa%pgl&%a£ prgsg%{r *
i nvent i dhickrebe o inabwanm abcattmcnm tof ahrouéx2npire BErergilesc vf Gueh whételh coated
be used |n %uf uel % g%%%l’l de battery, conprising a

08 ed mafer] wnm 31 .

nanost r dCtUred “Hater ra oaded Vil hano) metal particles or a netal
coat ed rjaomsgt r he by exchripbd, arnaabstmﬁuﬁédanﬁtaﬁﬂdmded m’elr;ﬂatnmm ifdlmupamelee ihgs

i nventiqn al so enconpasse nuf act suc

Gl ot t OQpBen Pk Vi At AoPARSper (L dria SHaan LI JekePoR ety el
the use lﬁfﬁc& RERSmtdsUFhidh o Bagdd ah tho acked ﬂmbismﬁﬂem@])fmyaubaded on the
particles or a nmetal coated nanostructured material of the present

i nvent i g¥nesypctyred anaterial sepded wifle the elyglscEolyist r ode for a fuel cell or a
met al - hxaéfo@fhhﬁfaﬁ&ﬁa& aPbet! Ble pR&AIBRRLAGE Wrss A HUQBHRe efo%cetxmg% an

In still another aspect, the present invention refers to a nmethod
manuf acte@ﬁctrn@ arhichl ewt I‘de'ésedOl!ipﬁl @ehgelt ornd ﬁgetalﬁydﬁé%@ttﬁrerctcemasmg a
mat er i aI

nanosf r 4Gt ur e%gtlg%?%lq&%&?%lﬁf @H{g{a?rs‘i’\g/lgitr? e%%%%{lﬁ%tgﬁ%&?%l anosmmmre‘i
Thi s rrerﬂmtmae of athe h:eesun;teﬂwé:ﬂront I‘Tée rmmhiammeomﬁlsarenedmpassasdze method of

00101] As S.oOnme i es of
P osont TvkRunon S BursBads o SEERER Al R SRR Bt b G oo
nanot ubeg arganektei@tured SetcAsl ecﬁafde@twm eiaﬁ@)&ﬂe@mpaahmaé Sorf @r nedtaloledted
oxidation in acid and. al kal i ne nedi a for_direct ac{ fuel, cell
( DAFCs) napsstctureq gyateniad of thscaresen] uyventignafor ga eleglee ecé a0 fleftpde zf’r a
for t he rgheeh@Oxk Al lothiod RRRN Y B RASRERHEEHANAIA0A LA clakodt. In st

met hanol , et hanol and ot her al cohol's for direct alcohol fuel
The manahefberuaspedss thenneesent sventien tetereid 41 mpHaded qufawrmg an |elﬁ¢frpée

describ

fuel " carpubihpfimil fenadkiita ulofll oA ANAL B Ot 6 blesdtt Galion
devi ces oraua:ﬂos’a&qtmpé msatarl ofiihg ipteaént avsngomintcsa J(rllé’m}é\sa)le Tiest memhmnesan be
not ebook ‘gffr 1glnal rr@_)t ers, 1ehc The advantage of a DMC is that it
oper at es”%t'F M BREEF AP, *° 8% |iquid methanol as the fuel, and
el i m nafe®E ol heAexpenst Yrﬁ)ré dtffic0éxamptis agaiossilt asaesiSthapetstdtantyntiongih

st orage problem However, e deve oprrent of DMFCs and_ DAF
t echnol Ggpaparticles suppeste 9n §9PeR P aRgtRes: AL Wé‘f?&)r %@Bb?fgfﬁg"e

(i) thegf aegegfc%{ag@tsrfapéfcgﬁap&maa&ﬁ bV haid ofd aRbRASES %ﬁﬁ?éc@ﬂ@&@l Y] Sells

for nmeth et hanol, 1 soproponal, and formc acid; and (ii) the
si gni f | CRAFCaePRanadloyclentrocatelysts pisrthe mostensiaon eptalyis Eﬁtthﬂ)décttqfﬂ%‘ﬁmﬂ




[00104] The invention has been described broadly and generically

herein. Eagh, 9o bggénarrower speci es and subgeneric gr oy /5‘@2?;04@#717”9
I's

within the generic disclosure also formpart of the invention
i ncl udes the generic description of the invention with a proviso or
negative limtation renoving any subjf’ébt matter fromthe genus,

regardl g3 éﬂﬁan\eheehﬁﬁ& £1d_5akr A1B&hoBX for SBRHRESHJ] Fliell &1S PR Mbfdhdtire of
recited herein. [00105] O her enbodinents are within the foll ow ng

cl ai ns aaebstoeturef inpatariahlgadsdanigh BB ajlay isdigsaribed f‘JYWﬁéb@O‘Feat ur es or

e g TARE) RSP o L s o

r ecogni pertiiatel¢denicn\demicennstick ) amrsphér digitald essistarite dPDAS)L egeits pldnes,

[ I b rrb
B pER) VERIFRTOISEERtaN e SO By S ths SivellER gt 2oRMEie T DL Gt A oam
in the ft@h;b@afetm&gusaxaqmﬂ efethanslr 3 thbfual, aedlelfminatet e dkptdsheisagp sﬁhydregan
MIli-Q water (remsg ity > 18.0

Pol y( di &FPymes pid ys ﬁ?@ﬁ? a%q% r?‘éimsrs Sy fesiopma of DM an
=5, 000 1AL OfRPanoRIgils i€ BlrioukldHafheR. 13%wd Jnﬂﬂﬁaaha}lﬁﬁﬁﬂgaﬂ%bleﬁﬁl Uk & low

mul ti-wall ed carbon nanot ubes (Shenzhén nano, po
hexachl elespeezidation ertiwityzafi Ri-baswiml eyt ity fai- m@th«fm tethangl, fisppeapenal, and

L

(RuC13) tl(eSp@pmenﬂdndmbmhé Inrtht chse D AFCS bssed Rinudthyr, aledtioh fuslls, (i erksspyer

1-am Al d h Nal, | | (5% i
o oL el RO SR B S L e By
chemi caleffe@Rd eiRwEEtSy0Lfo tusaebtasxidaesi ofathanbl, peaonilumt Hernic acid under
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[00104] The invention has been described broadly and generically herein. Each of the
narrower species and subgeneric groupings falling within the generic disclosure also form part
of the invention. This includes the generic description of the invention with a proviso or
negative limitation removing any subject matter from the genus, regardless of whether or not
the excised material is specifically recited herein.

[00105] Other embodiments are within the following claims and non- limiting examples. In

addition, where features or aspects of the invention are described in terms of Markush groups,
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[00109] The suspension was filtrated, washed several times to remove excess PDDA and
NaCl, then vacuum dried (70 °C/24 hr).

[00110] For the purpose of comparison, acid oxidized MWCNTs were prepared by
refluxing MWCNTS in a mixed acid (H,SO4 : HNOs in 1:1 v/v ratio) solution at 140°C for 4
h. Similarly, the solution was filtrated using nylon membranes and dried in vacuum oven at
70 °C for 24 hrs. The acid oxidation treated MWCNTs is termed AO-MWCNTs.
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defects generated by the acid oxidation are usually not uniform. When Pt nanoparticles are




[00125] 5. Synthesis of PtRu-PDDA- MACNTs [ 00126] The synthesis

pr ocedur e 5 A- MACNTs nanoparticles is as foll oys; of
[l erseneny

10 mM H2Pt .75 nL of 10 nmM RuCl3 were m xed wel
of PDDA wrapped MACNTs in 50 nl of EG solution. After 1 hour
soni cation, the pH value of the react%n system was adjusted to 12.5

fol I one Q%ﬁé@f;ﬁ thel V@4 TsL AR farticids tndeWepositlhiethelt 1atdHeed aetbeilsitey) THiS
added 2 HClL of 1 Mto adjust pHto 3-4, followed by the filtration

and dry ekplainagemerndispersiqn pdcstensiveagggatioe TEM i nages and

corresp [ di Ioyi8,. r ;
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Vi ght #DBAAMWTS 26 18 B9itly agelomeration was observed. This shows that PDDA
wrapped MWCNTSs are much more effective supports than acid oxidized MWCNTSs. In the
case of AO-MWCNTs, the harsh acid oxidation condition also leads to the structural damage
of MWCNTs, which would cause the loss in the electrical conductivity and thus potentially
reduces the electro-catalytic activity of the catalyst.

[00119] Electrochemical measurement - Cyclic Voltammograms (CVs) of Pt loaded
MWCNTSs were measured in nitrogen purged 0.5 M H;SO; solutions, as shown in Figure 10
(a). The Pt electrochemically active surface area can be obtained from the area of hydrogen
desorption peak after correcting for the double layer charging current. It can be seen that Pt-
PDDA-MWCNTs exhibit higher electrochemically active surface area than Pt-AO-
MWCNTSs, apparently due to smaller Pt size and better dispersion of the Pt-PDDA-
MWCNTs, as supported by TEM and XRD results. This also demonstrates that the Pt
deposited on PDDA. wrapped MWCNTs are electrochemically accessible, which is very
important for fuel cell reactions. Using methano] electro-oxidation reaction as an example, the
catalytic properties of Pt-PDDA-MWCNTs and Pt-AO-MWCNTs were characterized by CV
in a nitrogen purged 0.5 M H,SO, + 1.0 M CH3OH solutions. As shown in Figure 10 (b), the
Faradaic current exhibits the well-known features of methanol oxidation on Pt based catalyst.
As a kinetically controlled reaction, the activity of methanol oxidation on Pt can be
represented by the magpitude of the anodic peak. The higher anodic current indicates a higher
electro-catalytic activity on Pi-PDDA-MWCNTSs, in agreement with the observation of higher
electrochemically active surface area,

[00120] Figure 11 shows the cyclic voltammetry curves of Pt catalysts supported on PDDA-
MWNTs and commercial E-TEK Pt/C electrocatalysts on 0.5 M HySO4 + 1.0 M CH;0H
under the same Pt loading of 0.02 mg/cm?® at room temperature. The results show that Pt-
PDDA-MWCNTSs electrocatalysts synthesized in the present invention show much higher
electrocatalytic activity than that of commercial E-TEK Pt/C electrocatalysts.

[00121] 4. Synthesis of Pd-PDDA-MWCNTSs
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[00122] Pd-PDDA-MWCNTs electrocatalysts were synthesized as follows: adding 1 ml 1.0
M HCI aqueous solution into PACl, — ethylene glycol solution, stirring for 30 mins, and then
adding PDDA-MWCNTS into the solution under sonication. After the formation of a good
dispersion solution, ammonium hydroxide was added. Finally, adjust pH to 12.5 followed by
reflux for 3 h at 130°C. Figure 12 shows the TEM micrographs of PA-PDDA-MWCNTs.
Mediation by NHj significantly improves the dispersion and distribution of Pd nanoparticles.
[00123] Thus, in one aspect of the invention, the dispersion of reacted nanostructured
material, noble metal precursor or metal oxide, and reducing agent can require the addition of
further substances, like a basic substance, such as NHs, to further improve dispersion and
distribution of the metal particles formed. However, in case of PA-PDDA-MWCNTSs, even
without the addition of NHj, the distribution and dispersion of metal particles already
improved compared to the metal coated MWCNTs known in the art.
[00124] Distribution of Pd nanoparticles on MWCNTs can be significantly improved by
using microwave heating during the deposition of Pd nanoparticles on PDDA-functionalized
MWCNTs. In this process, PDDA-wrapped MWCNTs were mixed with K;PdCls under
sonication for 30 mins followed by the adjustment of pH to 12. The as-prepared suspension
was placed in a conventional microwave oven for 1 mins. After the suspension was cooled
down to room temperature, 1.0 M HCI aqueous solution was added to adjust pH to 3-4 and
stirred for 1 h followed by the filtration. Figure 13 shows the TEM micrographs of Pd-PDDA-
MWCNTSs prepared by microwave assisted EG method.
[00125] 5. Synthesis of PtRu-PDDA-MWCNTSs
[00126] The synthesis procedure of PtRu-PDDA-MWCNTSs nanoparticles is as follows:
3.75 mi of 10 mM H,PtCl¢ and 3.75 mL of 10 mM RuCl; were mixed well with 30 mg of
PDDA wrapped MWCNTSs in 50 ml of EG solution. After 1 hour sonication, the pH value of
the reaction system was adjusted to 12.5 followed by refluxing at 130 °C for 3 hours. The
obtained solution was added 2 ml HCl of 1 M to adjust pH to 3-4, followed by the filtration
and dry in vacuum oven. Figure 14 shows the TEM images and corresponding energy
dispersive detector (EDS) spectrum of PtRu-PDDA-MWCNTs nanoparticies. Figure 14
confirms the uniform dispersion of as-prepared PtRu nanoparticles on CNT, the particle size
is about 2.5 nm. Figure 14B, the EDS result confirms the existence of Pt and Ru.

Table 1. Element Analysis by EDS of PtRu-PDDA-MWCNTs
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no detrimental effect on the surface structure of carbon nanotubes. Rather, the decreased ratio
suggests the coverage of the original defect sites by the 1-AP molecules. On the other hand,
the intensity of the fp/I ratio of AO-MWCNTs is 1.77, much higher than 1.34 of the pristine
MWCNTs. This indicates that the harsh chemical acid treatment produces carboxylic acid
sites on the surface, causing significant structural damage of MWCNTSs. This would decrease
the electrical conductivity of MWCNTSs and lower the corrosion resistance. In contrast, the 1-
AP functionalization method (i.e. coating or wrapping of nanostructured material) preserves
the integrity and electronic structure of carbon nantotubes and provides highly effective
functional groups on the surface of MWCNTs for the subsequent deposition of PtRu
nanoparticles.

[00139] Figure 21 shows the TEM micrographs of the PtRu nanoparticles deposited on AO-
MWCNTs, 1-AP-MWCNTSs, and carbon black. The PtRu loading was 20 wt.%. In the case of
20% PtRwW/AOMWCNTS, the dispersion of PtRu nanoparticles on MWCNTs is characterized
by a poor distribution with a large number of aggregates (Figure 21a). The average particle
size of PtRu nanoparticles is 3 £ 0.4 nm. For the MWCNTs functionalized by the acid
oxidation treatment, the defects generated are usually not uniform. When PtRu nanoparticles
are deposited on the MWCNTs, the particles tend to deposit on these localized defect sites,
leading to poor dispersion and extensive aggregation. The extensive aggregation of PtRu
electrocatalysts would lead to the reduced electrocatalytic activity of the PtRu
electrocatalysts. In contrast, PtRu nanoparticles are evenly deposited on the 1-AP
functionalized MWCNTs with no agglomeration (Figure 21b). The average particle size is 2 +
0.2 nm, much smaller than that on the AO-MWCNTs. This clearly indicates that

immobilization of 1-AP or any other polyelectrolyte mentioned herein on the sidewalls of
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MWCNTS produces a uniform distribution of the amino groups, which serve as functional
groups for the self-assembly of Pt and Ru precursors on the surface of MWCNTs. Therefore,
a much more uniform distribution of PtRu nanoparticles would be expected. The distribution
of PtRu nanoparticles supported XC-72 carbon black is reasonable (Figure 21c). This
suggests that the good distribution and nanosized PtRu nanoparticles can be obtained by the
microwave-assisted polyol method. The EDX spectrum of PtRw/1-AP-MWCNTs
electrocatalysts confirms that both Pt and Ru nanoparticles were successfully deposited on 1-
AP-functionalized MWCNTs (Figure 21d).

[00140] The PtRu loading on 1-AP-functionalized MWCNTSs can be easily increased by
proper control of the concentration of Pt and Ru precursors. Figure 22a shows an example of
a TEM micrograph of 40% PtRu/1-AP-MWCNTs. With the increase in the PtRu loading, a
good dispersion is still maintained on the 1-AP functionalized MWCNTs without
agglomeration (Figure 22a). The histogram indicates that the distribution of the PtRu
nanopartilces is very narrow and the average particle size is 2 nm, similar to that for 20%
PtRw/1-AP-MWCNTs (Figure 22b). On the other hand, for PIRW/AO-MWCNTs with 40 wt.%
PtRu loading, the agglomeration problem became more serious (Figure 22c). The histogram
indicates that the distribution of the PtRu nanoparticles is broad, and the average diameter is
about 4.3 nm (Figure 22d), which is larger than that with 20 wt.% PtRu loading. The results
are significant as not only uniformly distributed PtRu nanoparticles but also a high PtRu
loading can be obtained on 1-AP-functionalized MWCNTs. The high loading and uniformity
of PtRu nanoparticles on 1-AP-MWCNTs is clearly due to the immobilization of bifunctional
molecules, 1-AP, which offers large and uniform distributed active sites for anchoring metal
jons and metal nanoparticles. Thus, 1-AP-functionalized MWCNTs are far more effective
supports than the conventional acid-oxidized MWCNTs.

[00141] Figure 23 shows the XRD patterns of PtRu nanoparticles deposited on AO-
MWCNTs and 1-AP-MWCNTs with the 20 wt.% PtRu loading. The XRD results show the
presence of diffraction peaks at 39.6°, 46.3°, 67.4°, which can be assigned to Pt(111), Pt(200),
and Pt(220), consistent with the face-centered cubic (fce) structure of platinum. PtRu alloys
would take the face-centered cubic (fec) structure of Pt if the Ru content is below 60 wt.%.
The peak near 26 of 26° originates from the graphitic carbon of MWCNTs. The Pt(220) bands
at 67.4° are broader and weaker for PtRu/1-AP-MWCNTs-20 wt.% than that for PtRu/AO-
MWCNTs-20 wt.%, indicating the smaller size of PtRu nanoparticles on 1-AP-functionalized
MWCNTSs. On the basis of Sherrer’s equation through line broadening of the Pt(220) peak
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(see above equation), the average size of Pt nanoparticles for PtRuw/1-AP-MWCNTs and
PtRWAO-MWCNTs was calculated as 2 and 3 nm, respectively. These values agree quite
well with the TEM results. The electrocatalytic activity of the PtRuw/1-AP-MWCNTs as
potential electrocatalysts for the low-temperature fuel cells was examined.

[00142] Figure 24 shows the cyclic voitammograms (CVs) of PtRu/1-AP-MWCNTs and
PIRWAO-MWCNTs with different PtRu loadings measured in a nitrogen-saturated 0.5 M
H,80, solution in the absence and presence of 1.0 M CH;OH. For the purpose of comparison,
the catalytic activity of carbon black (XC-72) supported PtRu catalysts was also investigated.
The electrochemical surface area (ESA) of PtRu nanoparticles on MWCNTs and carbon black
supports can be obtained from the area of the hydrogen desorption peak after correcting for
the double layer charging current from the CVs measured in 0.5 M H,80, solutions (Figure

24a, ¢), and the calculated ESA values are summarized in Table 2.

Table 2. Particle Size, Electrochemical Surface Area, Onset Potential, and Forward Peak
Current of Different PtRu Electrocatalysts on 1-AP-MWCNTs, AO-MWCNTs, and CX-72-

Carbon
Average ECSA Onset Forward peak
Electrocatalyst particle size (em®/mg potential | current (mA/mg

(o) Pt) ) Pt)
PtRw/1-AP-MWCNTs-20wt.% 2 423 0.37 295.0
P{Ruw/AO-MWCNTs-20wt.% 3 370.6 0.38 247.4
P{Rw/1-AP-MWCNTs-40wt.% 2 416 0.38 283.9
PtRwW/AO-MWCNTs-40wt.% 4.3 182 0.38 178.5

PtRW/C-20wt.% 2 164.9 0.41 98.3

[00143] The ESA for the PtRw/1-AP-MWCNTs-20 wt.% is 423 cm’/mg of Pt, higher than
370.6 cm2/mg of Pt of PtRWAO-MWCNTSs-20 wt % and 164.9 cm’/mg of Pt of P{Rw/C-20
wt.%, most likely due to the smaller size and much better dispersion of the PtRu nanoparticles
on 1-AP-functionalized MWCNTs. This also demonstrates that the PtRu nanoparticles
deposited on 1-AP-MWCNTSs are electrochemically more accessible, which is very important
for electrocatalyst applications in fiel cells. With further increase of PtRu loading to 40 wt.%,
the FSA for PIRWAO-MWGCNTSs is decreased 182 cm®/mg of Pt, a reduction in ESA by 51%
as compared with the 20% PtRwWAO-MWCNTs. This can be attributed to the more serious
agglomeration of PfRu on MWCNTs due fo the increase of PtRu loading, which is also

confirmed by the increase in the size of PtRu nanoparticles as the loading increased from 20%
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Faradic current for the reaction in nitrogen-saturated 0.5 M H,SO04 + 1.0 M CH30H solution
exhibits the well-known features of methanol oxidation on Pt-based electrocatalysts. The
forward oxidation current peak occurs at 0.65 V and the backward oxidation current peak at
0.46 V, which are close to that reported in the literature. The activity of PtRu electrocatalysts
for the methanol oxidation can be represented by the magnitude of the forward anodic current
peak. The forward peak current density normalized by Pt loading on GCE for the methanol
oxidation reaction on MWCNTs with different PfRu loadings and carbon black are also given
in Table 2. In the case of 20 wi.% PtRu loading, as shown in Figure 24b, the significanfly
higher anodic current for the reaction on PtRW/I1-AP-MWCNTs and PtRu/AOMWCNTS
indicates a much higher electrocatalytic activity of MWCNT-supported PtRu electrocatalysts
than the carbonsupported PtRu electrocatalysts. The higher electrocatalytic activity for the
methanol oxidation on PtRu/1-AP-MWCNTs-20 wt.% than that on PtRW/AO-MWCNTs-
20.wt% again shows the importance of the distribution and dispersion of PtRu elecirocatalysts
on MWCNTsupports, in agreement with the high electrochemically active surface area of
PtRW/1-AP-MWCNTs. With the increase of PtRu loading to 40 wt.% on MWCNTs, the
forward peak current density for the PtRu/AO-MWCNTSs is 178.5 mA/mg Pt, a decrease by
28% in comparison with 247.4 mA/mg Pt for the reaction on 20% PtRwWAO-MWCNTs. The
significant decrease in anodic current density is most likely due to the increased size of PtRu
nanoparticles on AOMWCNTs with the increase of the P{Ru loading. For PtRw/1-AP-
MWCNTs-40 wt.%, the decrease in the anodic current density is only 3.8% as compared to
that on 20% PtRw/1-AP-MWCNTS, which is significantly smaller than the 28% in the case of
AO-MWCNTSs supports. This is consistent with the ESA results.
[00144] For practical fuel cells applications, in order to reduce the thickness of the catalytic
layer and thus facilitate the mass transport within catalytic layer, the high PtRu loading on
supports is essential. At the same high PtRu loading (40 wt.%), PtRu/1-AP-MWCNTs shows
much higher electrochemical surface area than PRW/AO-MWCNTs. On the other hand, the
onset potentials for methanol oxidation on PtRw/1-AP-MWCNTSs and PtRW/AO-MWCNTs
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[ 00156] XRD confirnmed the crystalline nature of the Pd and Pt
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[00160] Figure 16 illustrates how nuch the particle size obtained by

t he presentwaodobyogszan be reduced when using a m cr owavecheedobdd@os77
procedure. The m crowave heating procedure can accelerate the

reaction rate, which thus leads to s | er particle size, for
exanpl e, as shown in Figure 16. The average size of Pt particles
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Pt / PDDA- CNIT, Pt/ PAH CNT, Pt/ PAA-CNT, Pt/ PSS-CNT, respectively. Their

TEM i magesosheathsstpparted ronfYIYGNETs with Fowih Bt lpadiag show sigeifisenily haghen ECRAL
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wel | - known features. of nethanol oxidation on based catal yst. As.a
ki net i cadbeylecEnatabiticagtiyigagitt ganos SAREPRAPE Vl%éf‘leﬁ%‘irf‘?&ﬁB%tahﬁﬁ?lﬂﬁFﬁso@rew

on Pt caRe MRdMEPLE I8 Ma80sHhs! MRe NERGMMcEY GRiALy diethaNAsthsnol @Akdatidh®n Pt
hi gher anodic Current indicates a higher electrocatal ytic activi ta;i on
tg'ﬁ)él ong

Pt / MACNTenosherdisani MIHENTs sapld slsonmatiribatedop| the bigh eflesticab pgndactivity

mat eri al ' . EEMRMF - >3- | LZ MAENT;

Pt suppc??? @%ﬁ%ﬂ%@ﬁgﬁ.% er cu{n!r EP d%ﬂg?toﬁg%é%g%%gﬂ%ﬁt PISDA— afngES
PAH- f unctiahedtliszeete alresdy Kinmedlevat alothenitcd Piclvadingt Bithengiayth wedhed Pis

L SRR BT RAR QEUTE PR SRty SRS B
ar e nor nmdih Zedob I35 theo blobdnessPbf Wi glattrantalytizssyivitardiothe ettendnositeths Tine
scan T atl\%WiCSNTSSqw% e Pt loadings higher than 69.6 wt.%. However, the thickness and density of
the one-dimensional nanosheaths could be critical for the catalysts and sensor applications in
optical, biological and electronic devices.
[00158] The method of manufacturing metal coated nanostructured material provides a
simple route to fabricate metal nanosheaths on 1D tubular templates and may prove especially
useful in energy and environmental applications requiring low temperature catalysis either to
destroy pollutants or for the green synthesis of chemicals.
[00159] Figure 15 shows histograms illustrating the Pt nanoparticles size distribution on

CNT. From this Figure 15, one can see that the particle size distribution is very narrow; and




41 Clainms 1. A nethod of manufacturing a netal |oaded nanostructured

mat eri al , | e nmethod conprises: reacting an unoxi.di

nanostr uct%‘g%ﬂ%@séﬁ al and a polyelectrolyte in a di spé#ﬂ%%ﬁg%ofm{’ﬂe
untreated nanostructured material and the polyel ectrol ytel dispersing
the reacted nanostncttured material obi%ined in the previous step and
a nobl e ppial, arkiPleB5iRO LidHnO tnGOMRY hthNGheBinSiehdetd Bt [RGME] B2
agent uRder cotﬁ%?tg%%és)balll gvm'lng ?gle%gci ng and depgsiti ng of the ng’bl e
met al primceasssiep Brvetytsenatleact ed nanostructured material to obtain a

nanost r d_mat eri.al | ' t L.

accor di x@lgéfcpﬁlﬁ%ﬁlﬁum%ﬁg?eg?‘ﬁgffﬁ%&% | ‘}'1%%%; #’%Egmrg%g{léer%&gﬁgﬁ &iian
depﬁsijt 13F3] geduged wden asl{ugl atmitgpvrave hehtitpoprioetdweee Tha giotowdve bedidg Bocelhne
met hod accordjing to claim1 or .2 further co | Si refl uxing the
ol UL o g6l e TBMHRCEt QG 15 LFR0H i SRBIer PR free o REPIRIEnY
adj ust i REoWNE Mt 96. A @v6raONLH 4 T PErticks shbth T f196l 1 ABBOEH INBnho
claim4, wherein the@tfl_" | s adjusted to between about 3 to Sor 3 to
4. 6. THeOsdt hdd Hexef different ®obielechplytesfop coating CNA's prd loasting thegp with
for redyging and depositing further include subjecting the solution

to el ectromagnetic waves with wavel engths ranging froml inmto 1 m
7. The @162 Abe oseddfintjfferentcpadyaiecdiolytdscior fimctidnaligios MWIGNE andtheiyeffect

el ectr OTRHE etalle&roca \E{i%c Iaaiv(:ft%rarnh %gbﬁf& inbi%glvféﬁg' hgsblﬁ)eléﬁ iljlvers@ga:tgedr.ﬁﬁ‘&lr different
polyelectrolytes, PDDA, PAH, PAA and PSS have been chosen. PDDA and PAH are
positively charged polyelectrolytes, and PAA and PSS are negatively charged polyelectrolytes.

[00163] EBxperimentally, polyelectrolytes are first wrapped around MWCNT following the
procedure as described previously. Once the polyelectrolyte wrapped MWCNT powder (see
Example 1) is obtained, it was mixed with Pt precursors (the amount of Pt precursors was
controlled by the fixed loading of Pt on MWCNT at 10 wt.%) in EG. The mixture was
sonicated for 30 min to disperse the suspension, and then the pH was adjusted to 12. After
that the suspension was placed in a house-hold microwave oven to heat the suspension for 1
min. Then the pH of the solution was adjusted back to 3-4, and keep the stirring for 3 hours,
followed by filtration and drying in vacuum oven for 7 hours. The catalysts are denoted as
Pt/PDDA-CNT, Pt/PAH-CNT, Pt/PAA-CNT, Pt/PSS-CNT, respectively. Their TEM images
are shown in Figure 17. From Figure 17 it can be seen that the four different polyelectrolytes
do not significantly affect the morphology of Pt/CNT composite.

[00164] The electrochemical catalytic activity of the PYMWCNT electrocatalysts shown in
Figure 17 was measured for methanol oxidation reaction in acid medium. The following CV
diagram (Figure 18) shows their mass activity for methanol oxidation. As shown, the Faradaic
current exhibits the well-known features of methanol oxidation on Pt based catalyst. As a
kinetically controlled reaction, the activity of methanol oxidation on Pt can be represented by
the magnitude of the anodic peak. The higher anodic current indicates a higher electro-
catalytic activity on PUMWCNTSs.

[00165] The results show that all polyelectrolyte materials are suitable. However, PAA-
and PSS-functionalized MWCNT as Pt support show much higher current density, compared

with PDDA- and PAH-functionalized ones. The electrochemical characterization results were




42 8. The nethod according to any of the preceding clains, further
conpri sing din n inorganic salt to the dispersion of th
unoxidized“ﬁgﬁ8yﬁw tured material and the poneIectrolﬁ@i@é&ﬂﬁ@mM77
nmet hod according to claim@8, wherein the inorganic salt is conprised
in the dispersion of the untuddized ndfostnctured material and the

pol yel ec i i .0

Potal arsianed fb il ARERO S R0RY: LNE G botbhifls 8 i Mnbsiuce
t he pr ecHmicogyes heinvenalived beded on e Rtedight b glapot euwlidnadlecirbde. Bhe canhrate is
reducinﬁsgggnt is between about 1.0 V to about 0.0 V. 11. The net hod
accordi & Sany of the preceding clains, wherein the reducing
agentis added together with a stabilizer. 12. The nethod according to
any of clainms Ito 9 and 11, wherein the reducing agent is selected
fromthe group consisting of ascorbic acid, boranes, copper hydride,
citric acid, diisobutylalumniurn hydride (D1BAL-H), diethyl

1, 4-di hydro- 2, 6-di et hyl - 3, $- pyri di nedi car boxyl ate, et hanol,

et hyl enegl yeol (BO), fornmal dehyde, form c acid, hydrate, hydrogen;
l'ithium al um num hydri de (Li A1B4), 3-nercaptopropionic acid (3-MPA),
met hanol , ni ckel borohydride, silane, isopropanol (2-propanol),
sodi um bi s(2- net hoxyet hoxy) al um nunmhydri de (Red- AD, sodi um

hycl r oxymet hanesul fi nate (Rongalite), sodium borohydride (Nal 3114),
sodi um cyanobor ohydti de, sodiumdithionite (Na2S104), sodium
triacetoxyborol aydri de, tetranethyldisiloxane (TVMDSO, TMS),
tributyltin hydride (tributyl stannane), triphenyl phosphi ne and

tri phenyl phosphite. 13. The nethod according to any of clains 1 to
12, wherein the nanostructured material is selected fromthe group
consi sting of spheres, cubes, nartotubes, nanowires (also called
nanof i bers), nanorods, nanofl akes, nanoparticles, nanodiscs,
nanofil ns and conbi nati ons of the aforenenti oned nanostructured
materials in a mxture. 43




14. The nmethod according to claim13, wherein: sai-d nanotubes are
single-wall ed or double-walled or nulti-walled nanotubes. 15. The

nmet hod according to any of clains 1 to 14, vherein at |east one

di rensi on of the nanostructured materd4tal is | ess than 100 nm- 16.  The
met hod according to any of clains 1 to 15, wherein said nanostructred
material is made of carbon material. 17. The nethod according to
claim 16, wherein said carbon material is selected fromthe group
consi sting of activated carbon, carbon bl acks and .graphite. 18. The
nmet hod according.to any of the preceding claims, wherein the noble
metal is selected fromthe group coqﬁﬁﬁllng of ruthenium rhodi um
gold, platinum palladium osmum irrdiumand alloys of the
aforenentloneﬁmmmbﬁefwam&mwmnﬂ@nwﬂh@“hé?ﬁ@ﬁ“ﬁ@ﬁ@ﬁﬂﬁﬁﬁl Smﬁ?éﬁ?ﬁﬁﬁ?d
wherein the a‘“n?y .S an aIon of Au, or Pt, or or Cu, or In or.

I nSe, or &ISe or eﬁa or mxﬁures t %eq el d1se 1}1
net hod accord’l ngeacbngannneidips sangsipshusd pategpl and g po ere?’tnmtah "

netal precursor theuseiebiesirioon wiveialgndtpe rouesiralyishg of Agb103,

t A0113)21. (ac), | Jaftietnfe oE’tQchﬁin Réicdstep and a
RuC13, 12PdC16t%ﬁé%&g%giﬁgy?d#es t%@?g%%agﬂl t hod accqi (pg
to any of t he prebledpsiy Eroshs M@P@“n““fxﬁé‘s’%laysé‘ t@ge Fe6TREe 2478 3
positively char g;eﬂdzmllswb\eﬁg ket arlr depesiriatzi of ethey nolkamg®ti precursor on the

pol yel ectrol yte. LA bhe
posi tively char d@%g’ 81” % %ﬁmggﬁ?éﬂé% 3%%6(33 1%¥ég]rﬁeﬁgy!giﬂgﬁp :

consi sting of N ateeHe Fly occurrlng pol yel ectrol ytes, polyelectrolytes
44 conprising a quaternary anmoni um group and copol yners thereof;

pol ycl ect r Ol y’}’he method according to claim 1, whereln the condifions for reducing and depositing

inclnde adjusting the pH to between about 8 fo 12.
3. - The method according fo claim 1 or 2, farther comprising refloxing the solution.

4.  The method according to claim 2 or 3, further including adjusting the pH to scidic

conditions.

5.  The method according to claim 4, wherein the pH is adjusted to between about 3 to 5 or 3
1o 4. S

6. 'The method according to claim 1 or 2, wherein the conditions for reducing and depositing
further inclnde subjecting the solution to electromagmetic waves with wavelengths ranging

from 1 ram to 1 m,

7. The method according to claim 6, wherein the subjecting to the electromagnetic waves is

carried out between about | to-3 min,




conprising a pyridiniumgroup and copol ymers thereof, and protonated
pol yam nes, 23. The nethod according to claim 21, wherein the

negati vely charged polyelectrolyte is selected fromthe & np
consisting of naturally occurring pol42l ectrol ytes, polyel ectrolytes
conprising a sulfonate group (800 their salts, and copolyners

t hereof ; pol ycaxboxyl ates and sulfates (3042). 24. The net hod
according to claimto any of clains 1 to 20,: wherein the

pol yel eetrolyte is

sel ect edf eomﬂﬁgﬁmu@cm&tlmmmgw bf diei mopding nlaius, Artier comprising sdding an

ly(diall |d. h ¢ .
i é§ '(?,SS)V I rrg%? %3 gdegc péeg&k? bfdﬁn (ﬁ@%)md RefoMhusineaenasH fani e

pon(aIIylanunéhyﬁﬁ@ﬂhlorlde) (PANV 25 The met hod ‘according to any
of the ‘preceding clains, further conprising: dispersing and heating

a netal particle %Qgt ed{#}g slt‘gggcpjwﬁé&qﬁl@ng %i salﬂ?%&ﬁﬂis%n% Yrsib

claims 1 fo 2H¢ and continui ng -
heati ng: addi ¢fgheamsifindd rempsgenmyed witeng! @dm}vdlcm ‘?elﬂﬁﬁﬁflantﬁP%‘ifr]?%r

or metal OXi fyn |Gl ied IR G oGR8 B4 Bipeiier i n sal d second nobl e
tnetal precursor or netal oxide is added sequentially; and

heating-the dispersion for. a time suitable to forma netal film at
the surfag® Ofheth@hdieicabrdipgnd gt & hopaedingaimnt, rheteiyr bel rrinetionpgicatial -

26. The met ho&h@fcﬂ@aﬁcﬁ%ﬂtg%;%yﬁbmvg&ab&?ﬂ@wt§thHﬂt(V@Vyl ng the

t hi ckness of varying the total anount of noble
nmetal precursor or netal oxide.

11, The method nccording to any of the preceding clalms wherein the reducing agent.is added

together with a stabilizer.

12. ‘The method according to any of claims 1 to & and 11, wherein the reducing agent is
selected from the group consisting of ascorble acid, boranes, copper hydride, citrie acid,
diisoburylalominium  hydride (DIBAL-H), diethyl 1,4-dihydro-2,6-dimethyl-3,5-
pyridinedicarboxylate, ethanol, ethyleneglycol (EQG), formaldehyde, formic acid, hydrazine,
hydrogene, lithium aluminum hydride (LiAlHg), S-mercaptoprnpimﬁcﬁ acid (3-MPA),
methanol, nickel horohydride,: silage, isopropancl (2-propancl), sodium bis(?.-
rnethoxyethoxy)alumimumbydride (Rcd-Aij, sodium hydroxymethanesulfinate (Rongalite),
sodium borohydride (NaBHy),- sodivin cyanoborolyydride, sodium dithionite (Na28504),
sodium tracetoxyborohydride, tetramethyldisiloxane (TMDSO, TMDS), tributyltin
hydride (iributylstannane), triphenylphosphine and triphenylphosphite.

13. The method according to any of claims 1 to 12, wherein th_e nanostructured material is
selected from the group consisting of spheres, cubes, nanotubes, manowires {also called
nanofibers), nanorods, nanoflakes, nanoparticles, nanodiscs, nanofilms and combinations of

the nforementioned natestructured materials in a mixture.




274 The nethod according to claim25 or 26, wherein the nolar ratio
of reducing agent -to the second noble nmetal precursor or netal otdde
is between about 1:1 to 10:1. 28: The nethod according to claim 27,
wherein the nolar ration is 4;1 or 5:4 45 29. The net hod accordi ng
to any of clainms 25 to 28, wherein the second noble netal of the
second nobl e netal precursor is selected froma noble netal as
defined in claim 17, 30. The nethod according to any of clains 28 to
29,. wherein the second nobl e met al precursor is the g s

di f f er ent 14.r GFhetrhathod Fepoedingeto £faity 1 dcphetcdy so Mplpps Heaﬁmr#’gwa %dlc’r dppe-
met hod accordw@@d&gm@a%ﬂmammamﬁ§ 25 to 30, wherein the netal oxide
is selected fromthe group consisting: of The nethod according to any
of the preceding clains, wherein the netal oxide is selected fromthe
group conss.stiiegnokedAgedviifi2to sty 26 31sinwblom, 14\ besin \ipipsst oxs gimensippys the
Zn02, Sn02, %%gggﬁmngﬁghmggéqgsﬁgpﬁmanZOS W203, and m xtures
thereof mhereln sald netal oxide can be either stoichionetric pr
non- st oi ehi ometrie (e.g. y, 0O<x<1;0<y<1; 1511'3; 15ng5)..32. A

i i MBtruetalr eTherrmdtasd @bordifgle @) ofcleias Hdn | yewtereitabeid: panedtrseiregd el is
contiguous |a metal or a netal oxide, wherein the l-ayer
i s between ad%ﬁ%o iw%nf%%hﬁlthlck 33.. An electrode conprising a
nanostructured nmaterial obtai ned by a met hod according to any of

claims 1 g Bﬁle%euaadmedamtgwawmdwmazmaidasarbammdﬂmgscmcdc&mma@up .
34. -A nethod of ring a rising formng the
nanost r uct ur " ﬂgﬁﬁf%%lvﬁﬁfg 1@%“% %%hﬁggﬁ%§ according to any of

claims 1 to 31 or a narnatructureel materi al according to clai m 32
into a negdr apg. meﬂ%"a,ac&&ﬁng&f; 2Ry CRAROSERGIEE ¢15i06, WiRteR thahobtdrhadl hedlelryd a

e omor bod R g B e e Rty ol ol BRSNS, TR o

iridium and alloys of the aforementioned nnble metals

19, " The method accox;ding to claim 18, wherein the alloy is an alloy of Au, or Pt, or Pd, or Cu,
or In, or InSe, or PtRu or CuSe, or SnS; or mixtures thereof, or AgeNi, )

20. The method according to any of the preceding ¢laims, wherein tha: nable metal precursor is
selected from the group consisting of AgNO;, [Ag(NHaRl™ (aq), I-_IAuCh-SH:O,
BPtCl-GELQ, PACl,, KoPACL, RuCl, HyPdCls6H;0 and mixmmres thereol,

51. The method according to any of the preceding claims, wherein the polyelectrolyte is -a
‘ posiﬁvely" churged polyelectrolyte or negatively charged polyelectrolyte.

22. The method according fo claim 21, wherein the positively charged polyelectrolyte is
selected from the group consisting of naturally occurring polyelectrolytes, polyelgcn*olytes ‘




23,

24,

25.

- 26,

274

28/

comprising a quateﬁary ammonium group and copolymers thereof, polyelectrolytes
comprising a pyridinfum group and copolymers thereof, and protonated polyamines.

The method sccording to claim 21, wherein the negatively charged polyelectrolyte is
selested from the group consisting of riaturally occurring polyelectrolytes, polyelectrolytes
comprising a sulfonate group (80y) their salts, and copolymers thereof; polycarboxylates
and sulfates (304%).

The method according to claim to any of claims 1 to 20, wherein the polyelectrolyte is
selected from - the Zraup consisting of 1-aminopyrene (1-A1),
poly(diallyldimethylimmonium chloride (PDDA), poly(styrenesulfonic  acid) Fss),
poly(aerylic acid) (PAA) and poly(allylaminehydrochloride) (_PAH)

The method according 1o any of the preceding claims, further comprising:

'« dispersing and heating a metal particle ¢oated panostructured material according to

any of slaims 1 to 24 in a salution;
«  adding a reducing agent and continuing heating;

.« adding a solution comprising a second noble metal precursor or metal oxide to the

heated dispersion, wherein said second noble metal precursor or metal oxide is added
sequentially; and ‘

. heating'the'dispemion for a time svitable to form a mets] film at the surface of the
metal particic Toaded nanostrustured .maten'al. '

The method according to clalm 25, comprising varying the thickness of the metal film by
varying the total smount of noble metal precursor or metal oxide,

The method according to claim 25 or 26, wherein the moler ratio of reducing agent to the
second noble metal precursor or metal oxide is between dbout 1:1 to 10:1.

Thie method according to claim 27, wherein the molar rationis 4:1 or 5:1,
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29,

30.

31.

32.

'33..

34,

35,

T 45

The method according to any of claims 25 to 28, wherein the second yoble metal of the

sesond noble metal precursor is selected from a noble metal as defined in ¢laim 17,

The method according to any of claims 28 to 29, wherein the second noble metal precarsor

is the same 8s or different from the noble metal precursor used in claim 1,

The mathod according té any of claims 25 to 30, wherein the metal exide is selected from
the group cons1stmg of The method according to any of the preceding claims, wherein the
metal OX.‘LdB is selected i'rom the group consisting of Ag-MnO;, AI;O;, MaQs, MnOz, V205,
TiC,, SLO;, 003, Sl‘lOz, Fep O3, NiQ, Co304, CoO, Nb2Os, Wzo;g, and mlxtures thereof;

wherein said metal oxide can be either stoichiometric or non-stowhwmetnc (e.g. MegOme

v 0<x<1;0<y<1; 15n53; 151i1£5).

A nanostructoved material made of 8 carbon material covered with a contiguous layer of a

noble metal or a metal oxide, wherein the Iayer is between about 4 to 20 nm thiok.

An electrade comprising a nangstructured material obtained by a method aceording to any
of claims 1 to 31 or a nanostructured material according to claim 32,

A method of mamfacturing an electrode compﬁsing-farming the nanostrustured material
obtained by a method according to aﬁy of claims 1 to 31 or a nanostructured material

according to claim 32 into a membrane,

Use of a-nanostructurcd material obtained by a method aggording to anmy of claims [ to 31

or a nanostraetured material as described in any of claims 32 to 34 for an electrode.




