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emissions, which have great potential and are expected to be widely used within 10 years
around the world. However, current fuel cell technology requires that the hydrogen (H,) gas

20  used in the fuel cells, especially in Polymer Elec{rolyte Membrane Fuel Cells (PEMFC) have
high purity to avoid poisoning the platinum (Pt) electrodes. This requirement means the CO
concentration in the H; gas should be less than 50 ppm or even 10 ppm. To achieve this goal,
the H; used for fuel cells must be pre-purified to remove the trace amount of CO and it is

preferable that the process be carried out through a catalytic process.

25 [0004] Noble metal nanoparticles, including Au-based nanoparticles, are known to be
catalytically active and potentially useful for the purification of H; for fuel cell applications.
In particular, Au-based catalysts have good activity at low temperature for selective oxidation
of CO. In addition, Au has the advantage of relatively low cost compared to other noble
metals, such as platinum and palladium (Pd). Despite the activity in oxidizing carbon

30 monoxide, Au-based catalysts cannot be commercialized due to its short lifetime and the

catalytic efficiency of the catalyst. The factors affecting the lifetime of the catalyst include
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is also a need to inprove ability of
which use HAuCly as a precursor, can produce a highly active catalyst with high Au loading,

especially when urea is used as a precipitation agent (~8 wt%). However, the method has the
limitation of consuming large quantities of water, and the reaction is carried out with heating
at a high temperature (280 °C) from one to several hours. Since the particles are typically
. 25 produced through extensive heating at an elevated temperature, solid supports materials are

limited under the high temperature process, There is also a need to improve the stability of
the catalysts against calcinations. Other methods including cationic adsorption or use of
organogold complex are more expensive compared with the above methods. Sputtering and
laser ablation methods can provide good control on Au particle si_ze, but the apparatus can be

30  quite expensive and the scale-up of the production is difficult (See, Fan, L. et al. In Studies In
Surface Science and Catalysis 132 (Iwasawa, Y. ef al. Editors) p. 769).

[0006] For the foregoing reasons, there is a need to develop a new method for the

preparation of a highly active and stable metal nanoparticle catalyst with well-controlled



the catal ysts agai nst cal cinations. O her nethods including cationic
adsorption or use of organogold conplex are nore expensive conpared with

t he above nethods. Sputtering and |aser ablation nethods can provi de good
control on An particle size, but the apparatus can be 30 quite expensive and
the scal e-up of the production is difficult (See, Fan, L. et al. In Studies
In Surface Science and Catalysis 132 (Iwasawa, Y. et at Editors) p. 769).

[ 0006] For the foregoing reasons, there is a need to devel op anew net hod for
the preparation of a _highly active and stable nmetal nanoparticle catalyst
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particl e¥ afd2giepeddti ng the netal particles onto a solid support to prepare
a highly dispersed catalyst. In one enbodi nent, the present invention
pr ov: des a redobod ﬁmi‘theamfm,gixmesamhﬂvgmoyp:dms&&rmwl dmp@;barmgmmgmgti cle
catal yst. The nethod, inc ) tacti net.a recursar Wi th a capping
agent and a%%gﬁr%apfs?g : naé“d‘b%&f%t“@@%gﬁ%’?’%&eﬂﬁm?ae%gf l?fl)er? EORBPE BB i cating t he
reaction mi ytegyreoravith a seddeingagantrapdiucappitys agent to generate a reaction mixture,

20  sonicating the reaction mixture to afford a plurality of metal particles and depositing the

metal particles onto a solid support to prepare a highly dispersed catalyst, Tn one embodiment,
the present invention provides a method of preparing a highly dispersed metal nanoparticle
catalySt. The method includes contacting a metal précursor with a capping agent and a catalyst
support to generate a reaction mixture, sonicating the reaction mixture and adding a reducing

25 agent during the sonication to afford a plurality of metal particles and depositing the metal
particles onto a solid support to prepare a highly dispersed catalyst.

[0010] In yet another aspect, the present inventlon provides the use of the catalysts
prepared in the selective removal of CO. In one aspect, the catalysts are used to remove CO
30 in air and in a reactant gas. In another aspect, the catalysts are used in a breathing device,

such as a mask filter.

[0011] These and other objects, features and embodiments will become more apparent

when read with the accompanying figures and detailed description which follows,
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25 agent during the sonication to afford a plurality of netal particles and
depositing the netal particles onto a solid support to prepare a highly

di spersed catal yst. (0010] In yet another aspect, the present Invention
provi des the use of the catalysts prepared in the selective renoval of CO-
In one aspect, the catalysts are used to renbve CO 30 in air and in a
reactant gas. In another aspect, the catalysts are used in a breathing
device, such as a mask filter. [0011] These and ot her objects, features and
enbodi nents wi Il beconme nore apparent when read with the acconpanying
figures and detail ed description which follows, 3 BRI EF DESCRI PTI ON OF THE
DRAW NGS [00121 Figure 1BRERPESCRIPHODVONTHEDRAOWINGSS of the present
invention in the 5 preparation of nanoparticles catalyst. [0013] Figure 2
shows transm ssion el ectron mcroscopy (TEM inmages of Au col | oi dal

particl es artf12] Egyspbrichemati shoaving therocesaaf the mpsent iTypatioingr ti cl es are wel |
controlled ipﬂ:p&rgtﬁm'o?ﬁdﬂgl%rtﬂ:ﬁcsgatéyéﬂm (A) Au colloids in solution, and (B) Au
particles supported on Ti Q2. 10 [0014] Figure 3 shows TEM i mages of a 1%
Au/ Fe203 catal yst. Black dots are Au particles. [0015] Figure 4 shows TEM

i mages of pr@NaIEghre akisdwsisiatssmissidh elbetlobilZoscdpB) TEM) icagi, of Akolloldl Au/ A1203,
and (D) PVFi Bl ack _dot re i cles. 161 Ei gur. shows a
catal ytic of%‘él%sl aB(F‘\la(S)‘fpp ?éq%a‘%daléﬁmg%“fﬁ%oﬁpﬁéﬁ/ﬁ\&?uﬁeé%ggﬁﬁé}fm&gﬁw 1ﬁrﬁ%er vari ous
flow rates (Ageof@ntinredfany sellofds fresotulien, anddBlid e Baridys supportedom i@z Fi gure 6 shows
catal ytig oxidation of 1% COin air on | %\u/Fe203 catalyst: (A) catalyst
life test result catal yst t resuyl t omte rature (23 C, and (B)
under vari odIFPEE &6 “@TtEgﬁ’H‘aﬁ?s@%{F ﬁ%%éﬁi’ﬁﬁfﬁﬂq’pﬁ?‘%ﬂ?@ % Ahows sel ecti ve
oxi dati on ofpa@kn | %Au/ Fe2O3 catal yst using a reactant 25 gas contai ning
70912, 1992, 19%0 and 28%Ar; (A) CO conversion vs. flow rate, and (B)
catalyst life test. [0019) Figure 8 shows a conparison of selective

oxi dat i on ofl0088) KignredsagwsdEdBimagestofipropared colplysis: 1) A/$iReUB) AuCePxmidi ons of the

cat al yst & Uufgl,0La&E®YPyHias BRRAR UGS it A6 o i Yrddes,

[0016] Figure 5 shows a catalytic oXidation of 1 % CO in air on 1.2%Au/TiO; catalyst
under various flow rates (A), and catalyst life test results (B).

20 [0017] Figure 6 shows catalytic oxidation of 1% CO in air on 1%Au/Fe;04 catalyst: (A) catalyst
life test result catalyst test result at room temperature (23° C), and (B) under various temperature

and flow rates,

(0018] Figure 7 shows selective oxidation of CO on | %Au/Fe20; catalyst using a reactant
25 gas containing 70%H3, 1%03, 1%CO and 28%Ar; (A) CO conversion vs, flow rate, and (B)
catalyst life test.

[0019] Figure 8 shows a comparison of selective oxidation of CO on 5%Au/Fe,0;
catalysts with or without calcinations of the catalysts using reactant gas containing 70%H;,
30 1%0;, 1 %CO and 28%Ar; (A) the catalyst is not ¢alcined, (B) The catalysts ié calcined at
400° C and 500° C successively. The catalyst was prepared according to the depasition-
precipitation method reported by Londo P et al (Chem, Commun., 2005, 3385).



30 1992, 1 %O and 28%\r; (A) the catalyst is not calcined, (B) The
catalysts is calcined at 400 C and 500 C successively. The catal yst was
prepared according to the deposition- precipitation nmethod reported by Londo
Petal (Chem Conmmon., 2005, 3385), 4 [0020] Figure 9 shows selective
oxidation of COat 50 Cin the presence of 12 and CO2 on

SYAu/ Fe23prepared by the nethod of the present invention. The catalyst is
prepared by the nmethod of the present invention. The reactant gas contains

77912, 2992, and 094 .. Fe2 iS tajiped from Al dri.ch. 00211
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good st abi | i20%Cond el drbtained fpmiAddright i vity and selectivity for reactions
includings but not Iimted to, CO oxidation, water gas shift reaction,
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"nanoparti claesAumsiciesed herein refers to particles that have an average

di mensi on between about 1 nmto 100 run. Nanoparticles have an internedi ate
si ze between individual atonms and macroscopi ¢ bul k solids. 20 I, Gnanoral

(0024] The present i nverPEBALFRLDESCRIPTION G THEINKENGION, eparing a hi ghly
di spersegdy nobl e netal catal yst having netal nanoparticles and a capping
agent dispo a _netal oxide suppor 25.for exampl e, the cappi,ng agent
can at tach B0z TheBer B AR B e T T B TS £ TR AR PR o €
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over an extended perio of T1 e Suitabl e "applications Include various
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gener al ¢oncapRhg @inyldiRr Ra@BRANT i nvention, In certain enbodi nents,

[0023] The term "nanoparticles” as used herein refers to particles that have an avérage dimension
between about 1 nm to 100 nm. Nanoparticles have an intermediate size between individual
atoms and macroscopic bulk solids,

20

I, Genoral

{0024] The present invention provides a novel method of preparing a highly dispersed noble
metal catalyst having metal nanoparticles and a capping agent disposed on a metal oxide support,

25  for example, the capping agent can attach to the surface or deposit on the support, The method is
simple and versatile. In one aspect of the invention, the catalyst prepared exhibits high rcactivity
at low temperatures for CO oxidation and is stable over an extended period of time. Suitable

applications include various breathing devices, sensors and catalysts.

30 [0025] Figure 1 illustrates the general concept of the present invention. In certain embodiments,
a metal precursor 110 is admixed with a capping agent 115 to form a solution 125, The metal
precursor and capping agent can be soluble, insoluble or partially soluble in the solution. The

catalyst solid support 145 is added followed by the addition of a reducing agent 135 to the
' 5



a netal precursor 110 is adm xed with a capping agent 115 to forma sol ution
125. The netal precursor and capping agent can be soluble, insoluble or
partially soluble in the solution. The <catalyst solid support 145 is added
foll owed by the addition of a reducing agent 135 to the .5 solution 125 to
forma reaction m xture 150. Sonicatlon 160 is applied to the reaction

m xture 150 to generate nanoparticles 170, which are deposited onto solid
support 180 to produce catalyst 190. In certain other embodi nents, the

cat al yst SO|I Su r 145 add
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I n one aspect, the present invention fpro i d a catal yst for conver§ on of
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cappi ng 20 agmrstmwllcﬁebwahlmwbﬂmasmnﬁteiﬁ‘ena@fmﬂ he nanoparticles and on the
solid support, [0028] In a preferred enbodi nent, the netal particles are
nobl e netal particle In an_alternative enbodl ment, non-noble netals can

be provided én ti@A%‘ﬁHQNANF?Pﬁé‘FIQW her enbodi rrent nobl e nmetal s can be

conbi ned isn t he partlcles wi th non-nobl e netal s, preferably as 25 an all oy,
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20 agent can deposit on the surface of the nanoparticles and on the solid support,

[0028] In a preferred embodiment, the metal particles are noble metal particles, In an alternative

embodiment, non-noble metals can be provided on the support. In yet another

embodiment, noble metals can be combined in the particles with non-noble metals, preferably as
25  an alloy, composite, or solid selution, Suitablc metal particles include, but not limited to, Au, Pt

ot Pd nanoparticles,

[0029] The metal particles as used herein can be metal particles wherein each of the metal
Aparticlcs has a single phase or metal particulates where each of the metal particulates has
30 multiple phases, a mixture, or aggregate of metal particles and metal particulates, Tlie metal
particulates include a plurality of metal atoms and/or crystallites. The particulates can be
substantially pure material, an alloy of two or more elemental metals, or multicomponent metal

particles. In one embodiment, at least some of the particles are provided as a composite or
6



particul ates include a plurality of netal atons and/or crystallites. The
particul ates can be substantially pure naterial, an alloy of two or nore

el enental netals, or nulticonponent netal particles. In one enbodinent, .at
| east some of the particles are provided as a conposite or 6 m xture, such
as having two or nore elenental netals, two or nore alloys, or elenental
nmetal and an alloy. Al of the particles can have the sane conposition or
they can be a mxture of particles with different conpositions. In

addi tion, soiRuefsutiha hpﬁnghmloesnmammbealwbﬁst @itor ambic\allpysy @ cleekmaientl net al s

whi | e ot her g fgﬂ}uﬁg A ds g?é% s ta%‘é&ﬁha%tﬂé‘?&rﬂcﬁ#@é%{b%% chgféaﬁ'bégm%ct&rggf%] 'n

anot her aspec es are roup 12
transition pasielswith @ff@‘ﬂé P@lhIPO,ﬂUOT!ShTe apition) spmg oEthpartielys carCes sulntially purg | Pd,

Pt, Qu, AQ, oRthentdiMmetdiwhifeQthelGaPhe alng@'EbM&%Ph@&%leﬁfcntHﬁﬁdélss More preferably,
the metals used in the present invention are noble netals including

rheni um ¥uthenium rhodium palladium silver, osmium iridium platinum
to gol d or qeu3bjlnahdticsn sspedt, méleetmhrablsaarél'ﬂomeﬁéttomlgrqn@r&tb glogs 2 tyqosidad | y have a

i menst on { L AAPANLly, o MBSt 6L, B 18 S16E ABY g 94220, dh Bt

particles are ween érson G Prar the art
wi |l under stcambhnmaqofmaﬂq Moeesnreﬂral&x,ﬁwneﬁ'szé%d g 8 pws%l%@hm #patsd and used

in :heI preser'matn)d iR RS REhiurk Sud&%ml}ho?xnm&sanmn? sm@‘éﬁlhﬂﬁnﬁﬁmmt ﬂsuetm:mla; alOI |
particles can be r om a es of panopartic|es, as,  col | oi da
hanopar ¢ 1| @8l e sodced e Mo Pl o e BB Pt ed ¢ o
produce par tncwd I1ahmgggbmgatmslzaﬁfﬂmnmmaar’ticlwl apshetvias B nago BlhfeA porsdnrof mer s,

tetramers or C%Bgye lkill ﬁ%%&@ﬂﬁ ?r?ders ald &kt Lrﬁbl[::'s o‘?lo{hgtr JE& a\ﬂglsg e%%%agggr%cfus 4 he

i nvention pr ovi des use erogeneods M Xtures o d1 ff erent
si ze, whil e ipthhpicseakipydtiofent s can use honpgenous 20 popul ati ons of
nanoparticle aggregates. In certain aspects, aggregates cont ai n| ng a

| ect ed f ticl t b
ot chod or TR Pret TPRHBAR Rt PUOUS o b aE P EPLs PP on | n
sucrose gr adichras o bldat iaoopartic[e® BB&her Mabdibukmtspdangraoiks tanrtk icrogs-lidiedboar t i cl es

are known | rgb&dt]% %tculér%ggm%éf 'o?'ﬁh%!i;ﬁhw" ?%Ec‘ﬁ%?hx ers 2 Plfsgg?atn%l's ?{ﬂgparu cle

arrays usi n ectroc enlca OCIety terface
Fal |, 2001, apgesaps.Inp sartﬂwé}eréwe prabagisnegits; the ipyantien psovides Heshs heterpgenepus React i ons

of . go:jd lrlamﬂaxra§ biGlg@8gads bidikfkrak Size, m?pﬁw Gr%b&zliggch-ltsrbﬁx? LR hBibRhodshi ol or
Su r roups ar.e al so nown el . n sone enboqi nents, a
sularyl SRS Sl Mot o0, (oL el 2000 0, s, S0

number of nanoparticles (dimers, trimers, and the like) can be enriched or purified by known

techniques, such as ultracentrifugation in sucrose gradlent solutions,

[0032] Methods of cross-linking nanoparticles are known in the art (See, Feldheim, "Assembly
25 of metal nanoparticle arrays using molecular bridges," The Electrochemical
Society Interface, Fall, 2001, pp, 22-25) and can be used in various methods herein, Reactions of
gold nanoparticles with linker compounds beal:ing terminal thiol or sulfhydryl groups are also
known (Feldheim, 2001), In some embodiments, a single linker compound can be derivatized
with thiol groups at both ends, Upon reaction with gold nanoparticles, the linker forms
30 nanoparticle dimers that are separated by the length of the linker. In other embodiments, linkers
wi.th three, four or more thiol groups can be used to simultaneously attach to multiple
nano;:érticles (Fcldheim, 2001), The use of an excess of nanoparticles to linker compounds

prevents formation of multiple cross-links and nanoparticle precipitation,
7



with thiol groups at both ends. Upon reaction with gold nanoparticles, the
|l i nker fornms 30 nanoparticle dinmers that are separated by the I ength of the
linker. In other enbodinents, linkers wth three, four or nore thiol groups
can be used to sinultaneously attach to multiple nanoparticles (Fel dheim
2001), The use of an excess of nanoparticles to |inker conmpounds prevents
formation of multiple cross-links and nanoparticle precipitation. 7 [0033]
The netal particles of the present invention are not limted to any

particul ar shapes. Suitable shapes include regularly shaped, irregularly
shaped or both, In sone enbodinents, the netal particles can adopt various
shapes i ncl UAPB3IgThs pltel pagigles ofthbpresent imeytianaremotlinhited savetly padiceersbrges. 5

symmetri cal sgelb)eg%@s! inclbH3SY %Eﬂaﬁ&il irf lé('@@.ﬁh%d ordBflh, BLBAE crhiRiteAs, tRy
Irregul ar three- dinmensiona cles . c n lso b

It
m xture of PN pacicss c?STadH?thP’é’Peﬁ?p?HEb'@?g SR ﬁ“"‘abﬁ@ L&‘ lindfi e t he
met al parst i eyrﬁﬁeth@v}ﬁ)bigpmrmgaimarkransg/gor{al)&&ﬁ]theﬂ'hgulme&ra‘regplarrmneeI es can be
xed L0 LGP Gles he Ay LEAREDANS I BANGs ifileBSr Al fugedu L 0 the
surface of the sup ort, or a rve 7 ded Wt |nthe
support or obmreferrqdmnbmmerﬁﬁb@mﬁﬁm@mclsﬁevwhmcd|sb@eare embedded within the
support, and i n another enbodi nent the particles are enbedded bel ow t he
surface. UPP S 15 &0035&3 1L_IJ ﬁi:ertal n ar&lcts e pres i nvention
provi des a Q?PB meg| Partis PEREY fojthe suRport inguy kqasqnable §‘ﬁt5650rt capabl e
of support i affixaded tlprsmwacelbftgc agpdat) af e ativplermitaly érﬁﬁcd&!ddewmafthd soppegor can be
used. prefe th 0, t t where the
cat al yst i ?tlﬂ %’on em%or?H\B%} trhggelraclc% %Qha%edd@d&'hﬁ? qu?pgoxgg}(%ﬁ or ppor osity
suf ficient tembmroWﬁierlfé?ﬁ@resﬁmmd@ﬂ belpvethersurfabe. 20 particl es. However, a
support with increased porosity provides nore intimte contact between
reactants and Caélﬁ’llyﬂhigp material. In certain aspects, a separate phase
support is Fsed Spresent i nvention, In sone enbodi nents, the separate
phase support is a solid support. The solid support wused in the present
i nvention c I f eads,
Loren $h38fn Bl GBS he prldh lwtloag{svmassugap b Bmalpppebeads,
an i nor ganl @ewﬂaeanyawppqﬁequ%lhpﬁfumﬂngarrddmwg adeqvpteslisperpion Batie BaTiRlRir oxi des
or mxed | NQEORMsA. BEfMBS, thé LPSE is ktm@mmlaﬁmmﬁaﬂhﬁwm&m SHRRAE b beONPri ses
one or nore |r§0ﬁ%an| c_ oxi de or |n The in frﬂ%;anlci oxi des

e meta

preferably i SURRRY B35 25%5 ‘ﬁ’&grea P?{Bsr‘téé‘m/@r’ﬁ%qrﬁ&?ecpé ersion 0

20 particles. However, a support with mcrcased porosity provides more intimate contact between

reactants and catalytic material, In certain aspécts, a separate phase support is used in the present
invention, In some embodiments, the separate phase suppott is a solid support. The solid support
used in the present invention can be silica gels, derivatized plastic films, glass beads, cotton,
plastic-beads, alumina gels, polymer resins, a zeolite, a carbon, an inorganic oxide, an inorganic

25 hydroxide, a mixed inorganic hydroxides or mixed Inorganic oxides,

[0036] In some embodiments, the support comprises one or more inorganic oxides ar inorganic
hydroxldes. The inorganic oxides preferably include metal oxides, The inorganic hydroxides
preferably include metal hydroxide, The metal oxides or metal hydroxides have one or more

30 elements selected from group 2 to group 14 metals, preferably from aluminum, silicon,
scandium, indium, tin, chromium, nickel, cobalt, manganese, titanium, zirconium, iron, zine,
copper and rare earth elements, In one embodiment, the inorganic oxide or inorganic hydroxide

includes two or more of the metals clements, which are selected from the group consisting of
8



preferably include netal hydroxide. The netal oxides or netal hydroxides
have one or nore 30 el enents selected fromgroup 2 to group 14 netals,
preferably fromalum num silicon, scandium indium tin, chromum nickel,
cobalt, manganese, titanium zirconium iron, zinc, copper and rare earth
el enents, In one enbodi nent, the inorganic oxide or inorganic hydroxide

i ncludes two or nore of the netals elenents, which are selected fromthe
group consisting of 8 alum num silicon, scandium Indium tin, chrom um

ni ckel , CObaillLIrani'EHIg&memndxﬁrﬁ thaiminumin ch@dimfveQ Rickel) cobaltpmanganese tita@pper and rare

earth eI erren t h ri,.i t = . metastabl e
oxi de, whic r?:%lhdﬁll ?fg{‘ Qgﬁe e¥and nent S&%’% R étsérA ?rtg atWéfé/ e ﬂ%? o ﬁﬂ R
m crocryst alqomn@%ir mﬁ%&“)‘@ﬁmﬂww mﬂWWthan ﬁ%ﬁfewd@t?r?&"hé%ﬁ of

plol ycr %/st ?I |d1i@:%cr93i$lﬂ‘r§a| uahgmcésxamncl sBd/BithdyYehde wﬁﬁon&d?@ofasi]gerwwrhcqéatemgl fier
el enents 0

ease ess of the
metal partidf ‘égehe‘éﬁdﬁhaé &Fﬁﬁ%‘é’%mgéf’fﬁ@“??tﬁme@& E’Fm §'E°ryf’%°(’5?segpl§a di vi ded
by the geonsurfice raighdessae tramesn pdriddesi Sinde eafedronghneds habstopl wviaess igidedn
i ncrease in . i ncr eased
surface ar eabty|ch!)](}ae &%Qhé}lc ?%@gegg&iqﬁ(g{ng%?%m%? ﬁggltog‘ ensﬁig{a%o&%%t'r%%stélt es. The
addi ti on of sutdueficepf tht meteimesicles Thenarispdsurfercdreg arovidessfor andaiense infe 10 ef f ect
of poi soni NGyuybLAQRBdtive Bte®MBe SKURRH IR ElehbiRs ERictllicQ¥iaden NsHIBRES the t he
support includes an oxide of titanium In other aspects, the support
i ncl udes '4n YRFGEPYP"Bon, an oxide of cerium or an oxide of zirconium In
anot her enbodi nent, the support Includes at | east one oxide selected from
the 15 oxid port
e, 15 9X1 9B e el gl Wi L, BERLB5 BA308 Gl e PP
i nventi on, tlnetherae@@ﬁcgsstbe wpcal lgqs-rdaswcsbafmnewwciﬁéﬁeﬁgmme@r 2gexige ¢fet al  oxi de.

Exalrmljes gf tm&?lm @ﬁ(hr@&%r &8RMindeRt, thb QupSa iabivdet aﬂéasﬁdﬂ@oﬂﬂ@s‘éﬁggd frtbrﬂém% nt Is 0 r(\)

I NCl ude u no a r
Yb20B, 20° r e %%fjﬂ-ﬁr& o3 B’egr Nd?f'biz‘?méﬁ“‘g??i’ef‘r ‘SEE{PP%'GQP}%P‘H%% °‘%&5‘6‘§‘a W3, Mho2,
Fc203, CoO, NiO, CuO ZnO, CdO, B203, A1203, 0a203, Eu203 T120, Si 2 SnC,
Sb203, Bl 203[00 ngﬂlo'thte?eml?c;agrle%%%f tlh br%Tcnt JuQaQt:x?’o%] thé matﬂysp{s% %p%élfje support,

t he support rrses an oxi | CON Or
cerium and aiepqs&%@sctn adwleflﬁ%eﬁmwwemlw@ﬁwp% ﬂ@lce%ﬂtoéthemfmae al um num

silicon, 25 iseaieiikiide] bi€lhdd Mnitéd 10, CaORIZAT L0, M,0K 840, CaOABI0, SFRYBANESE,

Lo e "t o el R 280 . o B ERS, 008 B RGBS By

support. A Zn0, CdO, B,03, Al1,0;, Ga203, Eus0s, T1,0, SlOz, 8nQ3,, Sba03, Bis0s, zeolite, and the like.

[0039] In a preferred oxide support, the support comprises an oxide of aluminum, titanium, iron,
silicon or cerium and at least one other element. Preferred elements include aluminum, silicon,
25  scandium, indium, tin, chromium, nickel, cobalt, manganese, titanium, zirconium, iron, zing,

copper and rare earth elements,

[0040] In another embodiment, the support of the present invention can be a polymer support. A
polymer support can be cross-linked polymer resin beads or non cross-linked

30 polymers. The resin beads can be a hydrocarbb'n polymer, a modified hydrocarbon polymer with
functional groups attached to the polymer or a functionalized polymer, A preferred support can
also have reactive functional groups for interacting with the metal particles and capping agents,

These functional groups include, but not limited to, hydroxyl, carboxyl, amino, thiol, aldehyde,
9



pol ymer support can be cross-|inked polyner resin beads or non cross-|inked
30 polyners. The resin beads can be a hydrocarbon polyner, a nodified

hydr ocarbon polymer with functional groups attached to the polyner or a
functionalized polyner, A preferred support can also have reactive
functional groups for Interacting with the netal particles and capping
agents, These functional groups include, but not limted to, hydroxyl,
carboxyl, am no, thiol, aldehyde, 9 halogen, nitro, cyano, am do, urea,
carbonat e, dalPANEIE cydns,omidy) ales carbatlar)erbamatk, fiwaginae, sulsank fsoliaiatede,

sul 1oxi de, - afonlifle.shifiscHAMIEE BlnBRlY FRimd: ERIIndi (6! 4 e nhni 6, O
limted to, ol yst'yrene, polyam de, "polyStyrene resin gra ?e W t

pol yet hyl en@ogﬁtyré'eﬂ- polmiwpﬂﬁwwmsh&mﬁ@%\ﬂtfd@w@iw gliepl.ioplydimetel- 5 [ 0041)
In yet anot hgklaeieegdin®ate ikhie support of the present invention can be a
zeolite. A zeolite can be a nolecular sieve with various Si/Al ratios.

Exanpl es bf zeolites include, but are not linmted to, nolecular sieve 3A
4A, 5A, 13X [0BAFP®yitknotEABmbedimédtivhekippoenfitht presehi ikeentiénocat BO#Zplite A zeeliteanot her
erbodi ment, b SHARALE s&e il Gahddy 8PLI Q0 FAG BN AR bR Sl table
carbon material’s 1 nclude, but are not I'inited to, anorphous carbon or

crystal | i ne lpdietionmoleeudar Bioye HaAot b edX SAERME r TARL5,.MEVvAH ®d thed¥kpon, and t he
i ke, C. CAPPING AGENT 15 [00431 In certain aspects, the catal ysts of the

present invention include apping agent in contact with the,

nanopar t i't| 20421 19 ygeRe ”;EE'S%‘@PE’,RJ W@ppgﬁﬁtfhﬁﬁwﬂﬁ'@ﬁf? bﬁraéa”b%f’p%@?’{abd on the

sol i d supporuitableCahon mgtedgeintisdd, b waet lmwmwmpﬁmvéaﬁ@ntoheyaﬁMmaboﬁ,or mul a
(R), - X Wher gy hafordblsAbRoRfal sck MG uBBR hndtiiR, Capabl e of binding to the

surface of the nanoparticles an I's a nolecular 20 structural notif, The
term"binding" refers to an interaction that associ ates the cappi ng agent

w th the nangpar thebesc AGEST | nteracti ons can include, ionic, coval ent,

di pol ar, dative, quedrupolar or Van O Walls interactions. Each R group is
independé5r1tly sel ected from hydrogen, an aryl group having between 1 and 20
car bon at onH0®#8] areraditkasbectyr theigatdigsiofitye ploghiieentidn iaclade2Q appdmgtagent atcommsct

et el G G B AR e 0
not |i it ed GaPIng 45Nty ERERPORPPIERES hayine $15 @pera bgmulp Mﬁl wherh iyae agpm or
pol yet hyl eneunciéday @b pBRa)F binfiak oakd s@iface of the nanoparticles and R is a molecular
20 structural motiff, The term "binding" refers to an interaction that associates the capping agent
with the nanoparticles. Such interactions can in'clude, lonic, covalent, dipolar, dative,
quadrupolar or Van der Walls interactions, Each R group is independently selected from
hydrogen, an aryl group having between 1 and 20 carbon atoms or an alky] group having
between | and 20 carbon atoms, Alternatively, the R group can be part of a polymer structure
25 (e.g, co-polymer, dendrimer, and the like). Examples of polymers include, but are not limited to,
polyamina acids, polypeptides, polyolefins (e.g. polyethylene, polypropylene), polyester,
polycarbonate, polyacrylate, copolymers and-branched structures thereof, wherein the repeating
urﬁts of the polymers are optionally substituted with from 1-3 functional groups selected from
hydroxyl, amino, alkylamino, dialkylamino, thiol, alkylthiol, hald, amido, carbamoyl, alkoxy,
30 -CN, carboxryl, alkylcarboxyl, arylcarboxyl, sulfonyl, sulfOnylﬁmido, alkylsulfonyl, arylsulfonyl,
alky! and aryi, wherein the alkyl and ary] are further optionally -
substituted with from 1-3 functional groupS selected from hydroxyl, amino, alkylamino,

dialkylamino, thiol, halo, amido, barbamoyl, alkoxy, -CN, carboxyl, alkylearboxyl and
10



pol ycar bonai e, pol yacryl ate, copolynmers and branched structures thereof,
wherein the repeating units of the polyners are optionally substituted with
from 1-3 functional groups selected from hydroxyl, am no, alkylamnm no,

di al kyl am no, thiol, alkylthiol, halo, am do, carbanmoyl, alkoxy, 30 -CN,

car boxyl, allcyl carboxyl, arylcarboxyl, sulfonyl, sulfonylam do,

al kyl sul fonyl, arylsulfonyl, alkyl and aryl, wherein the alkyl and aryl are
further optionally substituted with from1-3 functional groups selected from

hydroxyl, yﬂ:Qrb% lt?ékémyn@ic polgrjn&L KEX/L Q‘Fﬁgfgﬁblarwefg@ grreakfé?hﬁn 1,960, 6% alléyA banoyl ,

al koxy, car ar box an carboxyl. Generally, the
pol yner s ha@@u&CW\éﬁfﬁ’I'“&P”%EP%P“ ‘?é‘é?ﬁ‘FaMzﬁfP“R °¥)‘G’§"“q‘ﬁélkélckVPs Thgastip can
have functi grap camewandtbiabgbessubginiche orthikcyibnapgroups wathinwhd didniutit Feg al Kyl

oha 1S+ T e S e Bl P ATk S DU B APt
are not Isi mstl@datbm, a ghosphbmusen, mamYlmaaﬂgog@n amaroide, ap alBengy dnfaminoadnom  a

phosphor us g&gmangﬁg@ Q%&Jo leatm@etﬁe‘él ﬁ%ﬁﬁar@ﬂkﬂ@aﬂ%mﬁﬁ'nﬁb Ko Ft@nd am no,

an anine, an al co I oet her phosphate, an a an
et her, a ni Phesphige, Hﬁ?lE[&ﬁtSBYl 9a°a’bﬁﬁ83§p’rﬁyﬁ@ Or 4 GHRETTATS AMEORII Group. %@a%%mnw a

cyano, or am&aﬁ&mwae& BIITERB [Uited ko) HitogeX, da@an,laeygem sul&lrmﬁﬁbﬁlﬂﬁhow@d udes, but
isnot limt sphor.us.

d to
Al ternati velﬁye n%“j@ﬁ’ nq% a;} ?Jnr?g?nao%% p- 6‘?% ?éwmg ﬁmgé’ tha?mf g\?i 58%up, that
i ncl udesio bmmttacstoamarbtoaywtc.msulématt:@n aatdc,ambkkwl eartaelmeaarsmmdnam@roxzina anm de, an

al kene, an MRy, aPRosPhRO P Ikynd. am{ﬂ&o&@él quaténary BhAGTIRE" rouﬁl Eﬂgﬂﬁ&'&@t e, an
al kyne, an other, or a uaternar{ anmon |um group es of capping

agents i ncl GERPINBBEANTSARIITR UL 315 PRt {imiled 18, al“él"‘&% ﬁlb‘f'”:?s a‘%‘k"ér@gls’ Hedynes, thiols,
ethers, thitgeteal shosghines pﬁiln@s@‘&mdéﬂ%dﬂlﬁﬂylat&}hd@ﬁatespﬂfmww aaiHQSmmS uéxdsonat es,

car boxyl ic acjds ng acl at.es am no _aci extr| ns
(a, 13 or y) & ?ﬁaéersgé Br’?‘ff@ ¥ ﬂﬂ&%‘%@{?ﬁap q“&ﬁﬂ’a‘a' AONGE V%?unépgcl es

t her eof . 15[ O@dipned speckoiercefrbodi nent s, the cappi ng agent can be an al cohol,

Al cohol s that can be used include, n-al cohols having between Ito 20 carbon
atons. An exarrpl e of such an n alcohol is |-oetanol. In other enbodi nents,

the cappi ng (W48 seesrmbediganta|tesarping sewe prade ahaleohela Alcobus e cersedisqdne| ude
al pha-ol efi ﬂﬁldﬂ@;\ﬁl-a'ft@h&ﬂﬁ%ﬁ@'ﬂetﬁ/eénq t@fh &ﬁabbaemamréﬁmnmoﬁb@fmms with

unsat ur at ed I f su an. al kene i S 1-octene. | n anot her
obott mont . seRST s nd) SERenfbafed i cBibing a5t o8 5t 1 Al oot R Pl
thiel's havi hgpigétmbmllﬁhatmﬂﬁohwmslbcmeatldwﬁ() carkion eteauspir elefifis wituoktieatédhi ol i s
1-thi ooct an@huins! A ¥@hpRLAGEL STHIRHE FBRLSne. fn@ﬁotﬁé%b%m@xﬁ‘%ﬂécaﬁ% s@&t% am no

acid
be a thiol. Suitable thiols include thiols having between [ to 20 carbon atoms, An example of

such a thiol is 1-thiooctanol. In yet other embodiments, the capping agent can‘be an amino acid
or a salt of amino acid. The amino acids used include naturally occurring amine acids or non-

25 naturally occurring amino acids. The amino acids can be naturally occurring a-amino acids, B-
amino acids or amino acids with amino substituent at other positions, Amino acids used can
include amino acids having between 2 to 30 carbon atoms, An example of such an amino acid is
an a-amino acid, such as lysine. Other amino acids useful as capping agents include, proline,
serine, threonine, tryptophan, valine, histidine, glysine, phenylalanine, asparagines, arginine,

30 glutamine, and the like,
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or a salt of amno acid. The am no acids used include naturally occurring
am no acids or non 25 naturally occurring am no acids. The am no acids can
be naturally occurring a-amno acids, f3- amino acids or amno acids with
am no substituent at other positions. Am no acids used can include am no
aci ds having between 2 to 30 carbon atons, An exanple of such an am no acid
is an a-amno acid, such as lysine. Qther am no acids useful as capping
agents include, proline, serine, threonine, tryptophan, valine, histidine,
gl ysi ne, phenyl al ani ne, asparagi nes, arginine, 30 glutam ne, and the |iKke.
1 H METHODS [0045] The present invention also provides a nethod for the
prepar ati on InfMBTHODE! y di spersed 5 catalyst. The nethod includes reacting
a netal precursor with a reducing agent in the presence of a capping agent;
meanwhi | e apgg%lng sonication to the reaction m xture to %enerate t he

#

di spersed ndf¥fS) Pemrgsent dyentign glsoprpyidds e method feethrpreparatipa of ¢ bipldx disrersed a sol i d
support. sl hQ:aﬁ@Etah‘M&hemélﬂﬂ@ﬁ&& e@l:t.ﬁgtmm@@l Jxé&ﬁrsmrimsaemmg dginﬁﬁdwe@ké%dnf:d ed. 10

[ 0046] hbnopgrtlcles can E u5|n ng hods descri bed heroin. The
reactants nédd WBE 8% M SeR 61?"’ TPAGHOP T B EFBHCHEE ¢ he

catal yst. | rdxapaeedemmbdartm«ss; andsiepmioag lhe)m/abarpartmlet oras osuhid sippopTHeicatalydto t he
reaction m B@gﬁgge aﬁﬁH%&f%ﬁf&Pr'Od Al ternatively, sanitation/or

ul trasound an e applre of her necessary stage of the reaction

process. The mnet aI precursor cappi ng agent and reduci ng agent can be

s%lj ugl e, 1S [bmpkuﬁbenaés c&ﬂﬁdﬂr@hﬂe&u%tﬂ&h@h&d@dés%eﬂ Qé6ihi The rékeditenced Abrone
enpodi nent ,

t d | i
ol vent to 5P TP GEre: PhPRRAET PFEBERE: Fovatmed T SR ER Ut on and
soni cati on iwtrappH isedplted t¢ mercmwmtnimngduneadtrr@nctm petinde. | n anot her
enmbodi nent, Alt},ﬁlatl%ﬁg ?tlmogtrlc@l%ﬂlﬁ@gouuqec RL ﬂlféﬁ aﬁﬁﬂﬂh@tj rle}festhQl Lgf thd 1 he

sol vent, the cappi fg agent s partia and the reducing agent Is
partial |y sdPASHIEPreqess; Ris racl \P’é?FH"”"»'FH&"%é&%‘E frgredusing pasticoar bs WUt at a zo

tenperat yy e 1ﬁ§o(bﬁle%bﬁﬁdﬁal] Gcluldle inGheabudtidn rﬁs‘amqn obté @‘fllﬂﬁﬁﬂiﬂnyanieﬁ rERR6idn@n 1S
carried out at, at u 047J The

catal yst carftts gy ar"?&si?rfm%%?rrw o b R oR 4 e gy 'Sﬁgﬁgﬁ{ﬁ%&us
menbrane), solentrdnf sg@kiions applitdta temesnltifgagetivromixtype. dcanptheradmbodiment, thé al ysi s.
This step renmySRNGRL Yk Br ﬁaﬁﬁll?&@lb!e 11?{?16 g@l'éﬁﬁ H‘Je%&g)lidglﬁ er® ﬁ'pkmlu%%mbre

pol l utants, excess thnetional’l zin en and e sol ven
Optional |y, Bgérﬁéreércuwa@mtﬁwgta&p? “(P&H“ solvriadhe tagetipheands paTigd ‘Wbatat he

nanopart ecl eemgiurdsirh hhod-63° C to about §5° C. Preferably, the reaction is carried out at the
ambient temperature of about 20° C to 30° C.

[0047] The catalyst can be isolated through filiration (e.g. using a nanoporous membrane),
centrifugation, ultracentrifugation, precipitation or dialysis. This step removes neerly all residual
25 molecules like salt lons, pollutants, excess functionalizing agent, and most of the solvent,
Optionally, several washing steps can be added, At the same time, the nanoparticles are purified
by removing smaller-sized particles and/or larger aggrogates, which may be present due to
impurities. In some Instances, pellets or precipitates may need to be redissolved in appropriate
solvents, if necessary, supported by ultrasonic activation, The catalyst can be optionally purified
30 by washing with a solvent. In one embodiment, washing can be accomplished by immersing the
fiewly formed catalyst in a continuously moving stream of water which leaches out the
undcsirable salts and other impurities that may reduce the activity of the catalyst, leaving

essentlally pure catalyst, The pH, temperature, and duration of the wash water may influence the
12



by renoving smal |l er-sized particles and/or |arger aggrogates, which may be
present due to inpurities. In sonme Instances, pellets or precipitates my
need to be redissolved in appropriate solvents, if necessary, supported by
ultrasonic activation, The catal yst can be optionally purified 30 by washing
with a solvent. In one enbodi nent, washi ng can be acconplished by imersing
the newy forned catalyst in a continuously noving stream of water which

| eaches out the wundesirable salts and other inpurities that may reduce the
activity of phisicaCmbmetties bf thé exalysh guch eswdrre agh byl porervweluomt al yst. The pH,

t enperature, and duration of the wash water may influence the 12 physi cal
properties of the cataly such as surface area and pore volune. [00481 The

sol vent used?948] Theesolysnd §%€Ht‘n EBESRRS BN SRS PRIST ?&‘ll"egt(ﬂ'\lf‘ém"“’é folyeas® 20| ar
solvent or ayixfitedt bilenf In9ed setidtiBaent] e G sQENGDSIERIIude] T arb Bbtdimitsdloy eNt S

et hanol . G HAAPBY SEheaEe Dok Ui erP Rl man i gt 1210 ANC

di chl or onet h@ivS0),tdidhtcadydirané, tatbnydoTidkn) (THEY, krber, digkaoxane, chl orof orm and
conbi nati ons; h{ $efeQfmd cm&nh%%&h&%faf e?é?i o‘?el? Svdd@Qeed! ilGldd A8t arDhts hi?ﬁt?d not

limted to, uehe, benzene, er, pentane, hexanes and
cycl oal kanest "qu@GélSFW%P%“W@cF‘*Eaﬁ"W&F é’&mb‘@aﬁ’i‘%tcli’ﬁ“é%“%r he BRPYSR 8P G3¥s  of

di :c ff Ier eﬂt | 7841@62quer c&i(lﬁi‘mﬂofi?s ofanﬂ;&lexﬁsuwamm&mrmﬂataSmxtswehsomentfzSuoa m Et ure
or al coho 1 CNIl.Oro ol uene n or onet hane,
ST 1 B G CRY or AR BT SR gt GarEe e P AR e AR S O ke
can be used TIﬂF/dwtéororpﬂwe,ﬁltHE/ahpbm TE@ﬁgolqu’ﬁléF/b&ammdl the Iﬂwtthebatrspd inithel  know
of ot her solpvm.Lu%xa{oﬁ%o%f%ﬁmrﬁhé Mﬁmvpofomfe gwaxtes%emm%ﬁt& QQ4P] The

di nensi ons o the nanoparticles can e control by feaction conditions,
t he cappi ng hai§eitioused and the duration of the soni eati on. The reaction

conditions used to control the partlcle si ze can include, for exanple t he
t enper at recur.s pneent gent
concentr { 0[26)‘{9@@1?% ?nsm t gj&eg’é%?pﬂ%’ refp%% ?°8tﬁ°lf§%éy %amﬁg g&éﬂmo hEhc Ohposi ti on.
I n one enbodenresed and theldyration oétht sdnicatiagatheiraetionempiitions used fo aohieol e pastidé t he

nanoparti cl %&eeﬁnna@demp% Heeﬂe t%ﬂpé?%ux@'p%ﬂré]&c&ﬂﬁeéui@@&oﬂ&%ﬁﬂ?%ﬁp;@f the
cappi ng agent used Al'ternati vel sl ze and _ distribution of

nanoparti c| €Tt SHCHEELmEHEhb Erdmﬁi?" %H”tpéﬁuimé"%"a%‘%?g’?éi‘i°6’ﬁ°58f°“66 ﬁ’&ﬁ t | ons and
reagent s useghbodimetddarsveiimeadtion temperitate) te e of the naepgticlgs cagendontdledret al

precursor, ) ﬁg@ﬁ ent, can aid in
control li ngsqy%gggkﬁ}éengpegﬂ%am unt (ﬁ%e ngégenﬁ%{sﬁ%mztf IC épﬂﬁgge anﬁl biting growh
of the nanophstitivtipresf theTaropsriolss 48 baey@mllemalwnsma proEbjration o conditians and

reagents used. In one embodiment, the ratio of the capping agent to metal precursor is about 1:1.

It is believed that the capping agent can aid in controlling the dimensions of the formed
nanoparticles by inhibiting growth of the nanoparticles. The capping agent may also prevent
25  reactive degradation of the nanoparticles when exposed to water, oxygen and other chemical

contamination.

[0050] In certain aspects, the capping agent can interact with a metal precursor or a metal
particle during formation of the nanoparticle to assist in controlling the growth of the particle,

30  The capping agent can bond covalently to the particle surface, or stick through weak interactions,
such as hydrogen bondlng or Van der Walls interactions, The capping agents can physically
absorb to the particle surface, In one embodiment, capping of the particle surfaces can accur

through a combination of organic ligands and inorganic small molecules. Functional groups of
13



25 reactive degradation of the nanoparticles when exposed to water, oxygen
and ot her chem cal contam nation. [0050] In certain aspects, the capping
agent can Interact with a nmetal precursor or a netal particle during
formati on of the nanoparticle to assist in controlling the growmh of the
particle, 30 The capping agent can bond covalently to the particle surface,
or stick through weak interactions, such as hydrogen bondi ng or Van der
Walls interactions, The cappi ng agents can physically absorb to the
particle surthacmping ugems,esu@umboimlbgmmxygana;ppilmgcauboxtdhethpamrfa'ccinesoxwinitamess can

occur thr O @Qnglwle Q?,gfng QgcQ{ cafl %%g'ﬂh Qolwll%{é% r=lee pf'c@ﬁ&gaﬂh:ﬁl aﬁ‘VgP}J Wo

nol ecul es. unct|o e cappi’ng agents, such as Hitrogen,
oxygen or sufrfipre gagds °5€ﬂﬁéf“$ #Eehtp gandhg e b theyerss REMIXAEY: Ahere smbodigent i onal |y,

the cappi ng RBem ofeetal BB&kts thd) bS Mdddiol thezkdttr tA Barti@le ArmalcaCcUr SOT .
Alternatively, two or nore kinds of capping agents can be added to the

reaction fixture. In one enbodinment, a mixture of netal precursors may be
added to the[oﬂﬁzhbtampthémnbpdim{:ﬁtmampbniplmbmfomﬁed[b@(hw-ing b mewhpredwesor ie fioodi ment

nanopart i cl gﬁre&%?ggcd‘ﬁgﬁgféénpyhe%l c@é &H'&eﬁ\o&e hlzﬂ%dtﬂeacmm goence Of

a capping a Fecurso gent can in
vacuum or a%taﬁfeﬁ?“é‘%i#eéthg'? attndp af%r?nlvcséﬁl eia?‘f’gaf’ the aretql pscupwE seyits ml-qé‘fatl ng of

t he netal pr@&ufas&rgma@wattﬁe hétaltphRursérheHieheh nateRiR ethe wamafonbh@nmhmlcs
precur sor i on of, na 10 The

precursor'’ca ed’écgii’%‘t%fémf ?ﬁgggﬁﬁm&g%%‘? r?‘{';\"d ’Eﬁc#'ar}‘tsé'b ﬁélﬁca%’ﬁf B% et rf’uif‘ian degr ade
t hr ough t her treinplysis. In bie coveedimprisodvavegtics! initiitoruen bagtidedto therrpactian Se can be

added 10t NEpERAGHHA el G Y RLTRNAL mRERGHRRQEmYARE |1 suCh | nst ances

s a netal ganlc cofrpound 00521 The netal precursor |Is preferably a
nmetal conmpound, which has a central main group, 15 transition, |anthanide,
or actinide [mamrrhamaanpwcumrmemﬂgle&etarboaxp&mdﬁxgmagwhem:(alen@a grol, O P or

S) that nor.e, at.o adi cal .
oxanphes B e enlini g0 Bl Sl o MBS o B o B PR NG Y &
Ti, Fe, Co, ™IS)th@uis indnen, iGeondgti to onoor mivis atdRes, or arRprganitkadical, Exzwnpletcd thefgptal Sn,  Ce,

HE ., Ta, W Rgom {Riudd, rbut a%noanﬂ.te%leo, BSN@hApW@pp@@s 91880, ZACEH FE NuTRb &y, OXi de,
rretal al koxi des, -d?rl‘h onates,. carb [ates, oxal at'es. citrafes, netal

hydri des, 20REKH ?E'sc‘j %Sae%e HﬁlTﬁr\é{t%%os da P AveSuch comppypdssen igdydeat es,
fluori des bmamodas,,mam hlRsidbe%-dilttnbtcs) earbanidics) yRlatsectritbe mealhydddeg net al

precursor ke%,oamlc%s n%a?cs, arbgrpa‘?e%%k“ %s 8P’p %ohde%%r%d& %(Sorﬁgsr,]%uﬁfadje et al

1
atomis bondeéf 10 on an or'ganirc g one
and hydrates thcrcof The metal precursor can also be an organometalhc compound, wherem a

central metal atom is bonded to one or more carbon atoms of an organic group. In one
embodiment, the metal atoms include rhenium, ruthenium, rhodium, palladium, silver, osmium,

iridium, platinum, gold or combinations of different metals.

[0053] Alternatively, the metal precursor can be a compound having the formula LyMnX,, where
LisH, NI;, NaorK; Misametal; Xisa ligaﬁfd including 2 halide, a carbonate, a nitrate ora’
sulfate; n, m and q are selected integers from 1 to 8 such as 1, 2, 3, 4, 5, 6, 7 and 8. The metal
can be a group 7 to group 12 (such as group 7, 8, 9, 10, 11 or 12) element 61' combinations of

30  different elements. Examples of the metal atom include, but are not limited to, B, Mg, Al, Si, Ti,
Fe, Co, Ni, Cu, Zn, Ge, Zr, Nb, Mo, Ru, Rh, Pd, Cy, Zn, Cd, Ag, Sn, Ce, Hf, Ta, W, Re, Os, It,
Pt and Au, In one embodiment, the_metal atoms include rhenium, ruthenium, rhodium,

palladium, silver, osmium, iridium, platinum, gold or combinations of diffcrent metals,
14



enbodi nent, the netal atons include rhenium ruthenium rhodium palladium
silver, osmum iridium platinum gold or conbinations of different

nmetals. 25 [0053] Alternatively, the netal precursor can be a conpound
having the forrmula LnMXg, where L is H N-12, Naor KK MIs a netal; X is
a ligand including a halide, a carbonate, a nitrate or a° sulfate; n, in
and g are selected integers fromlto 8 such as 1, 2, 3, 4, 5, 6, 7 and 8.
The netal can be a group 7 to group 12 (such as group 7, 8, 9, 10, 11 or
12) el enent or conbinations of 30 different elenents. Exanples of the netal

atominclu L. i : N, Cu,

Zn, Ge, zr %?36’ P%@&??%ﬁ!dagﬁ%%ﬂ BP%& °‘°’8£‘¥?“VE\§{,?“§§% be f’g@f"“ﬁvﬁ,&“ ?gaa,%dl W Re, s,
Ir, Pt andnel (heoro-matalliehmsesdrsers At altongiivele fram 2 b of viegluaeah(aier um
rutheni um gdagh) YBeursp@l | adi um  silver, osmium iridium platinum gold or
conmbi nations of different netals. 14 [00541 Mul ticonmponent netal particles
of the ptesent invention can be prepared frommixed netal (hetero-netallic)
precur sors [0055] Bhetwee ofxhultngé singld-memhpeectsocs ks eheelvasiapgdidlexribtindin ( hone-

metallic) p ; ' L : ecursors
has t he adv‘%ﬁ?ggé&%@m? frg&ﬁg%??% @hi&ﬁ i %%Sﬁgk’gﬁ‘éﬁr@%ﬁ%ﬁ%&%&y "as wel | as
product st dheeiheshedy §an offer aspess matet] Jyptemgyieseingly metal greourseiphaye wedesSiblad, can
of f er accesglubByBilallinsytebapEibose single metal precursors have undesirable
solubility, volatility or conpatibility. 10 [0056] The reduci ng agent used
in the 6?esent invention can be a netal hydride, hydrogen gas, a catalytic
hydr ogenat i 00563 Vst redncimg agenhestdin/tiepraent idendibn can bs y stewhhydiite hydedgad gdsyadr | de

reducin S| L i h as
ot Kar BDRR Rt i 24 Rt Sy, TROROMRERSaHE D B0
such as | i t4spininglhdsnbyi arnnetlmited &, betehydridesiich as ey kB e ZnBiby MeRhENNp| exes,
el L. I Bl o e o Yo/ L nal

i ncl ude, bu imted to e ' ' - carbon: i ndl ar;
s Rl B i) s e upre, KRR e eyl e BT erm 1 el utlo,
but are ndiydiogmati@dcystons iFeiiddtiut nd fifnki@Ae, afanGdl B/PCH/PRG§odN57] The

qual i t1 5 et PG AR RS Rk IBRERE AN HAButRh GREHE el bhe

formation o -
are not limited to, Zn/HCI; Zn/HOAc and SnC1,/HCI.

20  [0057] The qualities of the dispersion generally depend on the process for the formation of the
dispersion. In dispersions, besides chemical/physical forces applied by the dispérsant and other
compounds in the dispersion, mechanical forces can be used to separate the primary particles,
which are held together by Van der Waals forces and other short range electromagnetic forces
between adjacent particles. In particular, the intensity and duration of mechanical forces applied

25 to the dispersion significantly influences the properties of the dispersion. Mechanical forces can
be applied to the powders prior to dispersion in a solvent, Alternatively, mechanical forces, such
as shear stress, can be applied as mixing, agitation, jet stream collision and/or
sonication/ultrasonication following the combination of a powder or powders and a liquid or
liquids. In one embodiment of the present invention, the components can be mixed by a stir bar

30  mixing or & comblnation of stir bar mixing and sonication/ultrasonication, With stir bar mixing,

the suspension of support and solution are mixed with a stir bar and sonicated/ultrasonicated.

[0058] Nanoparticles can be incorporated into the solid support by various mcthocis, such
15



di spersion. In dispersions, besides chem cal/physical forces applied by the
di spersant and ot her conpounds in the dispersion, nmechanical forces can be
used to separate the primary particles, which are held together by Van der
Waal s forces and other short range el ectromagnetic forces between adjacent
particles. In particular, the Intensity and duration of nechanical forces
applied 25 to the dispersion significantly influences the properties of the
di spersion. Mechanical forces can be applied to the powders prior to

di spersion in a solvent, Alternatively, nmechanical forces, such as shear
stress, canHi@" Gf5AnEE RIS APhysis! dminmsh Fof expmple. e AstE SRTiples Bhbeand/ or

soni cat i on/ distahas enuspaidedin  lajuldomidnig: Higheutpeienappartan be aixpdwiete duigpowder s
and a |iqui | §. QUi _ ' i.qvent.ion, the
conponent s g%\ﬁ]{goﬂée dr‘rsi%(llJ éegfs ng’/d?gcnggale?&ggf%ég@ﬁex&%a{’%reor gJ sg%ﬁg% nr’n%t"fqip(a)rpﬁd%sf stir bar
m xi ng and sw@rlicediorbohenit ¢ puslesrdf dutsironrt ovilseroet into theaupnerty Thegnetal patéclesus pensi on
of supporst a0hiss Bk YdpbHad 8kt6 o BirteEor\MelslppBrt 8 tenoPiAg thd Nuid, such as by ,

soni cat ed/ ui t r asQni c%g. t%005,8; Nanoparti cl esrﬁag bg i ncorporated into the
sol i d suppofY2PRRHQrap NBLEc mete!patiictes el on the suppprh The Yaid g de SLIbE“fJ"F’é ation, or
physi cal admmover féeom Rosupportibyteetingttecuppet: at a toapdritat digha dmn e boithgmait yed or
suspended | v e QU J I 2 t n be mxed with
the liquid ﬂﬁg’ﬂ?‘?}g%ﬁ%".“g’? B‘té %é%‘c%?thgﬁﬁgﬁgrgg&%gg %Hé)‘gg%lfpf)%?es. The di ssol ved
or suspended netal particles can be adsorbed onto a surface of the support,

or absorfed [§o8d)an srte%m%waﬂ@mbfthlﬁeseﬂﬁﬁ@hti&waﬁmlng%f fhe GRA ﬁelrx;tfc%s aﬁo geposi t ed
such . ,as by

onto a surface of the support by renoving the |iquid,,

evapor at i on %Y SPRPSE c4nbs aﬁ‘gfnﬁbmﬁ%ﬁhfc’l"&o TE’%““EQW&?W Sﬁﬂ"’ftﬁ’@thsalfﬁ]%‘f“t , The liquid
can be subspaiidbiy ah yquep@srsolugiah, bf approprives s partitle byflotdedhi ndxiigven Bupport at a
breseure. of PHEEnala W buluil ok 0Pl Bjelomefifirds G4 dhflipiye “CUC1 9 118
embodi ment  éfftet ingerneratiereefithq mete pedtieles, the eygtbnarticles sadytioptselidauprert mi¥tiei cl es ont o
the solisd sypesdalcsytiRedascRind e hr ough mxing the solid support with
a solution, preferably an aqueous solution, of appropriate netal particle
colloids. The m xing can be perforned at about anbient tenperature or at
el evat ed t efii®é0]dathe methodsef the presdnt invegtion affet sexeral adfanwpesionarohqromantioon of t he
metal partigl.g | Bt ieCH i.on- ' : ' e 1% can
optional Iy be ??Sla%g&%’gﬁgﬁd“%é’lﬂdl’ﬁ’t"ﬁptfg‘%%&@S?g%egg‘ié%gﬁr}%?%égﬂéf t he
present i nvensnbAveatandiaveeligh adtivisiny lomtemresttsend ¢ well-gediserrtidasizeget hods as
exenpl i fiped distibEwa e feadtion tabbeeatkied FGith Al uglyst IDsdRRATIRONdMOIE brengTet hods  of

t he resent inventjon have a hi activit t, |.ow temeratures and a
wel | - 8 ef i ne aref)eg? inye, #lOél pé?viae{a agﬁta)qe zgula versatllle appx%ac% for £5eile depgpltmg metal partiaes on

various solid supports,

[0061] The present invention alse provides a use of the catalyst in the selective removal of

25  carbon monoxide (CO). The reaction can be carried out under a variety of conditions, The
reaction can be carried out in a tempcrature range from about -63 °C degree to about 150 °C.
Preferably, the reaction is carried out between 0 °C to 80 °C. In one embodiment, a catalyst
loading of about 1 wt% to about 5wt% can be used. Alternatively, other catalyst loading may be
contemplated. In one embodiment of the present invention; Swt% of Au/Fe,0; is used to oxidize

30  the CO in a reactant gas. A gas flow rate of about 10 mI/min to about 80 mi/min can be used. A
person of ordinary skill in the art understands that other reaction conditions can also be used to
effect the efficient conversion of CO. Using the catalysts of the present invention, in certain

instances, the CO concentration in air is reduced to less than 100 ppm. In certain other instances,
16



zo distribution. The reaction can be carried out with a | ow cat al yst

| oadi ng. The nethods of the present invention provide a sinple and
versatil e approach for facile depositing netal particles on various solid
supports. [0061] The present invention also provides a use of the catal yst
In the selective renoval of 25 carbon nonoxide (CO . The reaction can be
carried out under a variety of conditions. The reaction can be carried out
in a tenperature range fron1about -63 C degree to about 150 C Preferably,

the reactio carrje 0 t n, one errb
cat al yst g‘i(ﬁs%ﬁ“‘befmﬁg’lﬂd}mﬁ s WF“/% l%ff)gﬁ'f gwrbfgcyﬁhmgeé "ﬁ?@ﬁ’s &Zr nat i veI Y,
ot her cat aI yatcedt@nati ingir ivagdubel to eerrthaantp bprh.dul still athep instaweh dlcki Gl evnccofratioh e

present inv dc% 9 Y 203 is used to oxidize 30 the COin a
react ant ga?ml 19& 3 wo%vsgﬁhgﬁe (E)) about 10 ml/mn to about 80 m/m n can be

used. A person of ord| nary skill in the art understands that other reaction

condi ti ons qmzm@ee Prlutas e GatalRicfRktidnhecelif dicisepti- CHNETD, Oa[ﬁalﬁf CO Usi ng
the catalysts, of ert ai

concent rat i A ?ﬁ”‘gl’srﬂqu ra?eﬁ%ﬁ'glﬂa\{‘tv%"qnée@mtﬂg 116‘13"'5%}#‘“3%3%3%%'%‘: 6?“%er
i nst ances, 16mi/ven G@ @O HCBAnInadurisingly, the vatalysts exgukivextiemdly high srattilitaove® ppm | n

yet other 1 0ot AReRsre da0sehu @ RERIHRILMING Reclokind i ERANGAMihvdgess Lhan 10

ppm In sti i nst ances concentration in ai'r Is reduced to
| ess than 5 ppm 5 [0062] Figure 5 Illustrates the catal ytic oxidation of CO

In air usi ngonkajlmgiﬂfwﬂﬂistﬁ%s Qﬁbﬂlklatﬁ)h of COMhENr uiiag | %Aix/fch@;WafaEfEtQSroo@ant itative
conver si on

under | ow ra o about
70 nm n. Sgerm m%"ﬁn%?@ %{ﬁ%m%gf a‘fmmﬂtS kS %@é ’Bio?se 5’ ﬁ‘e‘r] @n%mg ﬂomta%]%"t Fé ty over
a period ofnlrirte abtwa A0 Q-Bfr)mh&uprwmty. thgmlxseﬂwenmtmnmcum ol e bmperstinegs of
reactivity igy &b&ﬁrd’ ﬁ{ a tein%erﬁt@@@?]) oE LBy & nhd 4 :Uz%ﬁr&@oﬁ@a%t&xﬂﬁ‘of@b' oQﬁlBt'io‘H” of

COin air using %\u/ Fe203 cat al yst at_. foom erature é_n
Quantitativér (?WPé"P grapHtaide f@@%ﬂ@f&@s-é?%zﬂed&faﬁmb 9 EbRK: I SPEMIOINRE about 20
m/mntg alpfbsﬁncwanm AuF80; &m;pr Msthnlwxmreahhgommhty;sdmﬁ Sight@eop BE @O NS

activity at é’%get‘t%n D a?igs o%se%% at tﬁll\é\ée?nﬁ?rat%% The o 2 &53;5%1 fers L advz%]fmgg ofme LhE

catal yst ha I"e ac Vi oxi dat I on,
quantitati veanaélhb\p&bemﬁ uS@nlaéO\ﬁ@mpww eppirogmérk., dwmaﬂ@wmen@iﬂbmataﬂ)@qﬁ /mnin

the is pr es%%?es&ftur@erkféﬁﬁ%dﬁ%ﬁ)@feﬁﬁsh@&e%& suchiab BmbdkGnilenICr €asing of flow rate,

only a slight drop of oxi dation activity is observed at this
tenperature. The catal yst systemoffers the advantage of the capability of
bei ng usmd i[0064] Higure 1 BloRsmteathd renoe s\l COMmMERictant gos oM & Yeniiagdd,@nalyst st dne cat al yst

]9{ 't te?_e PT e 3G Bbncl: G0 Bigh® 7HIMfihib e BE SRR DnGY s a G @ MRSk

temperature and flow rate, The reaction can be carried out in a flow rate ranging from about 10
ml/min to about 80 ml/min, A preferred flow rate is between about 10 ml/min to about 30
ml/min. As shown in Figure 7B, the catalyst of the present invention exhibits high activity over a
25 wide temperature range from about 20 °C to abolt 150 °C. At a certain flow rate, the reactivity
of the catalyst can be maximized by adjusting the reaction temperatures. For example, at a flow

rate of 20 ml/min, a preferred reaction temperature ranges from about 20 °C to about 80 °C,

[0065] Figure 8A lllustrates the oxidation of CO in the presence of about Swt% of Fe;O catalyst
30  inthe absence of calcination treatment, Figure 8B illustrates the activity of the catalyst after

calcination treatment. Surprisingly, the catalyst prepared by co-precipitation methad loses low

temperature activity after calcinations. For example, at 20 °C, enly 5% of CO is removed using

the catalyst after calcinations. To achieve 45% of CO conversion, the reaction needs to be
17



20 [0064] Figure 7 illustrates the renoval of COin a reactant gas on |

%Au/ Fe203 catal yst at an anbient tenperature, Figure 7B illustrates that
the activity of the catalyst is a function of tenperature and flow rate,
The reaction can be carried out in a flowrate ranging fromabout 10 m/mn
to about 80 mM/mn, A preferred flowrate is between about 10 mM/mn to
about 30 mM/mn. As shown in Figure 7B, the catal yst of the present

i nvention exhibits high activity over a 25 wi de tenperature range from about

20 Cto abOLeLm:.Ld‘Sans%ab&m@o @%@h@m& Le%; it einkdlns BEAGL élgxmy%fmkhe catal yst

can be maxi m zed justing t reaction tenperatures. or “exanple, at a

flow rate &ftabg ‘?ﬁ‘?*‘rﬁlﬁ‘cc’%l‘fﬁﬁfr%fbé}*?%” bR FHlgRRtioaTRB Y inpraase %g@gﬂw #fom about
20 Cto ab?ume ®Bly§:, Thé &6HB1 wfslpgapa:ed &léoruuhé tg&ﬁdc&ﬁ&ﬁlohlpﬁbk:cmtmtr#emﬂd ?)f_ COin the
presence o u ataly t he absence of cal cination
treat nent. Iffpﬁﬁ?qlbyg%c{q}lg?t f&; O"W%Ig 26091 3?458 of the catalyst after
calcination treatnent. Surprisi ngI y, the catal yst prepared by

CO- preci pi t ‘%06@“@%&@@& o]? @ Eﬁscjngmen&&qpﬁgo%&%‘?n Rl 'o?&fofﬂ %@?re&@ée(b'f nation.
For exanpl e, C ﬁSt after

: isre usl ng
cal cinati oné‘lzo?B %’ccl)?r @g@eﬁgwwese@;!gcgwcgowf%ga,ﬂgrgﬁﬁd&’@l\ﬁ@g €l 0 be 17
Cﬁr ri ed out caﬁdf.raiacqwta&ﬁfg 20%CTR & AR U %2 drd\20,) ﬁmtthmia@smtm@ﬁsendecr eaSﬁ
the activity of .t ont r.as t RLiQr, art that
cal ci nati ons" ac {‘{'}aﬁf examl‘? iagfétatfvﬁéoné'%rt“%él’{b&8P°hl?vﬁ%at\éggt QI“"Js?’fa %e( cat al yst
was prepar edroacabowtdDd myntnototah@t &Qelphﬁrsmmslwkq%méoapmg af 5% Auﬁa@h@dﬂysw eported by
Londo P et a! (Chem Comun" 2005, 3385). 5 [0066) The catalyst of the
present invention is also active in renoval of COin the presence of HO
and/or 02. FPgWPES9 illustrates a selective oxidation of COin a m nicked
PEM Fuel cell condition (containing 20%C02, 1%CO, 77% and 29%92) using the

cat al yst of resent ..l } exarrpl e, quantitative conversion of
CO i s achi e\}Bed(}g B prepeBRbL Lo e 10 fromabout 10 m/mn to about 80
m/mn u$ing 100ng | oadi ng of 5% AuFe203 Catal yst- r, xanples [0067] Exanple

1: Preparat L{WSSPfheM calysts Wede preéﬁem&gmuﬁn@s DprebiRdoR NESHS m%@cwn%@@&ed
usi ng HAuC1 F)Cgasursor S a redtuctl o{é oﬂ %] and Erq 2?m d as a
cappi ng ager"i‘f‘ TR PHPSARP AR RS ‘H’“ﬁg}‘al BYetion BrRidatoRISAUARAES 2iRRFY @& e, g. 20
seconds) . Nexdonds). h@exqalteahtylsrttm&p&musmgednmgmdmdmﬁthgeoxﬂndmshed W th
dei oni zed V\Blthggdvantages of the method are low reaction temperatures, such as room temperature, fast

20 reaction rate (within one minute) and high efficiency for metal particle deposition and suitability
for various catalyst supports, The catalytic activitics of the catalysts for CO oxidation in air and
in the presence of Hp, respectively, are comparable to the best prior art results.

[0069] TEM images of the catalysts of Aw/TiOz, Au/Fe;05, Au/SiQ,, (B) Au/Ce0,, (C)

25 Au/Al;0s, PUTIO; are presented in Figures 2, 3, 4 and 10, respectively. The Au colloids are 3-5
am in diameter in the solution (Figure 2A), After deposited onto TiO; ( Figure 2B), or Fe,03, or
other catalyst suppbrts, there is almost no change In size for Au particles. Also, these Au
particles are highly dispersed on these catalyst supports (Figure 2B, Figure 3 and Figure 4, and

- Figure 10). The method is versatile for prepatation of many catalysts with high metal particle

30  dispersion.

[0070] Example 2; Activity comparison of the catalysts of the present invention with the_best

literature results
18



The advantages of the nethod are | ow reaction tenperatures, such as room
tenperature, fast 20 reaction rate (within one mnute) and high efficiency
for netal particle deposition and suitability for various catalyst
supports, The catalytic activities of the catalysts for CO oxidation in air
and in the presence of 142, respectively, are conparable to the best prior
art results. [0069] TEM i nmages of the catal ysts of Au/Ti 2, Au/Fe2C3,
Au/ Si @2i (B) Au/CeQ2, (C) 25 Au/A12CG3, Pt/TbO2 are presented in Figures 2,
3, 4 and 10, respectlvely The Au colloids are 3-5 nmin dianeter in the
sol ution (FITQ’!:'I‘ICé 2 pympapisonef pripqrsioh ceditionstand ¢$'&°’(°“FF‘§‘!JY%WMB¥I or Fe2®8, or
ot her catal yYpdratidRRQLt S, there is alnpbst no change in size for Au partlcl es.
Al so, these rts
(Fi gure 2B, Meﬁ‘fﬁe ??ﬁ? FE tr‘°€ 4A”§‘Tt§le TgeF 10&; Th R 'ia" er satl l e
for preparation of many cata ysts wrrt’ %gt) al Rk E 1,30 ar per si on.
[0070] Exanple 2: Activity conparison of the cat at-ry)sts o] the pr esent
i nvention w tdasthe ®est | ix@rat upe resulits 18 Takloe 1. A conpéari son of
preparation &wPdtions and results of our catal yst vvrth best literature
resul ts. Met-hegd o :
in air Tinmeg@sk (nrr) Ioad| ng (% after reaction |n (ppm - reactant gas (CO
in Hz) ICES%IﬁI 10 @0 C 3. B&dr 10014310 Z/&WFeA5 Copq@r‘" 80 2-3 hr 3.7 5 50 no
data (Au' Fef™h g0 4-8 hy 3 _6--8 pog K7M=a s -3.3 no
<10 (AWF0Q
React ant gaSRESant gRdohihild 1843, 1RADL, 1T

h Reactant gas is 1%4C0 in air (10, OOOppm)

5 ¢ "Co-P" refers to Co-prcclpltntlon method (Landon, P, ¢t al. Chem. Commun. 2003, 3385), "D-P" refers to
Dcposmon —precipitation method (Zanelln, R. et al., J. Phys. Chem, B 2002, 106, 7634); "P" refers to
Precipitation method (Cheng.W H. et al, Calaly.su Today, 2004, 97, 145),
9 No cataly‘hc data reported in Landon, ¢t al . One sample was prepared and tested by the inventors.

© Since it takes ca, 0,5 hour to wash the catalyst, the actual reaction time for ICE (Au/EcZOJ) is ¢a. 10-60 scconds, In
10 one instance, the reaction time is ca. 20 second,

[0071) Example 3: Oxidation of CQ in Alr for Mask Application

[0072) The oxidation of CO in air on Aw/TiOzand on 1%Au/Fe;0; are presented in Figure 5 and
15 Flgure 6, respectively. Complete removal of CO can be achieved at room temperature for the two
catalysts under high space velocity, and at 0 °C for 1 % Au/Fe;O; catalyst, However, at -63 °C,
the CO conversion decreased to ca, 2.35% from 100% on 1%Au/Fe203 (Figure 6B). The test
shows that the life of the catalyst is at least longer than 200 hrs, Further testing of the stability
was not conducted. Both 1 % Au/TiO; and 1 %Au/Fe;03 are suitable for the application in mask

20 and other breathing devices,

[0073] Example 4; Selective OxIdation of CO in the Prescnce of Hydogen (Dry Reactant Gas)
for Stationary Application

.25 [0074] Catalyst Au/Fez03 was prepared according to the method of the present invention and
was found to exhibit high catalytic activity. Carbon monoxide can be completely removed from
the reactant gas at a temperature below 50 °C using 1% of catalyst loading. The results are also

shown in Figure 7,
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5 ""Co-P" refers to Co-precipitation nethod (Landon, P., e! at. Chem
Commun. 2005, 3385); "D-P" refers to Deposition -precipitation nethod
(Zonella, R et al., /. Phyx. Chem B 2002, 106, 7634); "P" refers to
Precipitation nethod (Cheng, W H it al., Catalysis Today, 2004, P7,145).
No catal ytic data reported in Landon, et al . One sanple was prepared and
tested by the inventors. ° Since it takes ca. 0,5 hour to wash the catalyst,
the achial reaction tinme for I1CE (Au/Fe2@3) Is ca. 10-60 seconds. In 10 one
instance, the reaction tine is ca. 20 second. [00711 Exanple 3: Oxidation
of COin Air for Mask Application [0072] The oxidation of COin air on

Au/ Tl Q2and dﬁﬂﬁP/Aw/cEtelzs]&u&iers pyaeslerdrepdred by &FegpredpiGtiandethdSL#Fdou Pest 6/,

e two  cal Lot aths SO ! T prlcF A0 i aR Al VY B lodep OIARERENE 0705 '
catal yst, P&érﬂt 409°C aps3508,7C Iserygialey W8ihwensision ofie® padloadeledivivutor B2 3504 fr om

100% on 1Y Awh faeddd3 Ashigk E@efriiint wist@nduesd wmsm@walydﬂp&ep&cmylmefoe- of the

s ot condiePE e astRY b e b bt e L R et B 4t ne

appl i cat i on dewreaveisketivig@fienioe itdge calbnaiaeshfonexatielei thedy pirodF3 e Bl ie 4:

Sel i Ga F
el ective aﬂﬁlietg{?lltgé; C%@)n’v&a%ﬂfx 7@%@8%@ E@u}t@%gﬁﬁ}e 8B, Yideis éﬁé“ s) or

St ationary prepared according to

t he met hod d‘Pvet“ﬁFé hayedQuth ﬁhmﬁfﬂ%ﬁe@f?& y%l}ago-%&ﬁ@%mé%m ﬁﬁhtbﬂwe@wl%t alytic
activity;o Cakiofc SUGWHRuGABInRRNS FFPLRInElkYCT ibé @6mplEwINrentdied &t R ant gas

at a terrperature beb:o 529 Cusing 1 %of catalyst |oading. The results are
al so shown ‘fHP® E\uﬁ% il Ay [ 0075] The catal yst Au/ Fe203 was al so prepared
by a co-preci pltatl on rret hod (Landon, P. et al. Chem Comun, 2005, 3385).
The prior agbo rﬁa§élgc§9’c(§)h@attlo gﬁd%ﬁ%@%e@ﬁﬁcb@ Erld oQhurfid® catal yst
at 400 C and 50 IS cr UCI a o CONnversion O OW Sel ectivity
for H2 s oxi‘ehaRld : L e Rt was conduct ed vvlth t he catal yst

pr epar edidy the co- pr eci pi tat| on nmet hod and found a significant increase in

t he di mensi d activity. after the
2-stage cal 3{)}%]791 }fo(t)'nss regey ggn, trP%H;p?s?ES c%nveéfon isqﬁfcst @9 atfc‘l mi 1g1u510C(g min

di anet er andondegralich mbdveri@(lmnGociovv@%imctxpslmmb@/thamnorB'B@(déﬁl@;uﬂre 813).
However , th%ombd?%‘i‘é‘t%‘a{e%eﬂﬁélﬁa&%ﬂ@ ub@?&atet(b&d&%aé:%thw RRAAA 2BYs, t he

co- preC|p|tat|on met hod exhi bits ver catal ytic act|V|%t?$/ wi t hout

cal ci nat i ons?3Pdp thepeatpiceot taes Kl the (PBWFS&’P@] %‘”r‘l%-‘??ﬁ\?éé byt the grlgefivity of

20 Q2 may be increased.

[0078] 1t is understood that the examples and embodiments described herein are for illustrative

purposes only and that various modifications or chénges in light thereof will be suggested to

persons skilled in the art and are to be included within the spirit and purview of this application
25 and scope of the appended claims, All publications, patents, and patent applications cited herein

are hereby incorporéted by reference in their entirety for all purposes.
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tenperature (Figure 8A). [0076] Exanple 5: Selective Oxidation of COin the
Presence of 112, CO a, nd HyO (hum d reactant gases) for Reforner-PEFC
Application 1$ [00771 For this reaction, the highest CO conversion is al nost
100% and m nimum CO concentration is bel ow 100 ppm (bel ow t he detection
limt of the detector). These results are conparable to the best prior art
results up to date (Landon, P. el al, Chem Conmun, 2005, 3385). In the

presence of trace FI 20, the CO conversion is still above 99% but the

selectivity or 20 02 m‘:% be increased. [00781 It is understood that the
exampl es andEABLUCEAIMEDISScrj bed herein are for illustrative purposes
only and that various nodifications or changes inlight thereof will be

suggested to persons sKki the art cluded. wwthin the
spirit and purview of th.'”lswgﬂgﬁ &%P"%“ﬁ“é’é %goélg’b‘ge g}ec'fltfz?es'ﬁ%ﬁpé'ﬁﬁéd cl ai s,
Al | publ i catpomty of highlntdispersed dnephpactivles hqymgla@anﬁn@!nsfrwmamt Pramda aboutdr e her eby
i ncor por at egmbs)’soﬁ@iu%b&f‘&ﬁ a'c%ﬁ@%ﬁéng%fsr&xh%heﬁa%arﬁé!&s aﬂ&’{hBQegﬁfn p WHAT 1S

CLAIMED I S: 1. cat al yst for conversion of carbon nonoxi e cat al yst
conpri si ng: °P§S‘b?“tfﬁ“§lbi’f‘£ﬁ“8‘f°“hl ghly dispersed netal particles having a
di mensi on fromabout 2 nmto about 5 5 nm a solid support and a capping

agent , wherein the mz=t al art|]%Itstsc(]:alzi-}ﬂg1 Trelnmﬁe"&éﬁgg%q%ﬁﬂ%mco&?c%'t HON sai d

solid support. 2: The& cat agent isin
contact wit metehmrticieet al particles. 10 3. The catal yst of cI aim1l, wherein
t he net aj, particles are forrred froma rretal sel ected fromthe gr oup

consi sting of Au,

4. The
catal yst of claim 3, 3V\herTé’FﬁatflVFé°?Fé”t“all "‘HHF"'EW th‘? ’@etf‘lsf’aﬁﬁ'cﬁﬁfe g’r’m%fiof‘ét“‘ﬁ
particle. 5methheleciad by gie gedupebdmistinglof AWTPeIFe] Ag, NIRuTRh AL, (RATE, Fedrduhave a
shape selected fromthe group consisting of spherical, cubical,

cylindrical, oval, dianond, polygonal, other regular and |rregular
t hr ee- di mensi onal shépes. The catalyst of clalm 3, wherein the metal particle is an Au or a Pt

15 particle.

S, The catalyst of claim 1, wherein the metal particles have a shape selected
from the group consisting of spherical, cubical, cylindrical, oval, diamond, polygonal, other
regular and irregular three-dimensional shapes,

20

6. The catalyst of clalm 1, wherein the solid support is selected from the

group consisting of a polymer resin, an inorganic hydroxide, an inorganic oxide, a glass bead, a

zeolite and a carbon.

25 7, The catalyst of claim 6, wherein the Inorganic oxide is a metal oxide,
8, The catalyst of claim 7, wherein the metal oxide contains a metal of group
3 to group 13,
30 9. The catalyst of claim 7, wherein the metal oxide is selected from the group

consisting of A1;03, TiO3, Fe;03, Ce0y, Cu0, ZnO, Si0s, V,0s, MgO, La;03, ZrQy, Sn0a,
MnQz, MaQ3, Mo;0; and zeolites.
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20 6. The catalyst of claim1, wherein the solid support is selected from
the group consisting of a polyner resin, an inorganic hydroxide, an

i norgani c oxide, a glass bead, a zeolite and a carbon. 25 7. The catal yst
of claim®6, wherein the Inorganic oxide is a netal oxide. 8. The catal yst of
claim7, wherein the netal oxide contains a nmetal of group 3 to group 13.
30 9. The catalyst of claim7, wherein the netal oxide is selected fromthe
group consisting of A1203, Ti 02, Fe20-, CeQz, CuO 2ZnQO, Si 2, V205, MO
La201l, ZrQ2., Sn02, 20 .zeoljites.. 21 | yst of
claim9, wherein the llr§r/'h\9t a heg%glgset olMs}a"sngr ‘2@%@%&? & S%F?ﬂ%c ‘sg?‘%eg%d P—r@gﬁhgl%gsot% ng of
A1203, Ti O2,comdstiaBolarlaOcE @, Fesds andGeOcat al yst of claim 1, wherein the
capping agent is selected fromthe 5 group consisting of an am no acid, a

carboxylic acid, an kangl , al kapethiol, g cyclodextrip gnd _a polynmer. 12.
The catal yst of | chai mi1n TRaSERRATTHE ' HbErRGS SAORE Ht BRSO 0 fo
13. A nethodraip cprsdpey dfiag arainh agd) la garbexyiescki eh atiahell ylkdnethivg ia dydieittudrdand

conpri sing: 01ygh%ptacting a nmetal precursor conpound with a reducing agent
and a capping agent to generate a reaction mxture; b) applying sonication
to the reaction mxture to generate a plurality of netal 15 coll oi dal

particles; and c) depgsi tTiEakle oPtisiall] Jderdf tllyﬁfpgilng Bvnt i 6 8nP4ld0. a solid
support to prepare a highly dispersed catalyst. 14. A nmethod of preparing a
hi ghly di spersed catal yst, said nethod =zo conprising: a) contacting a netal
precur sono conpound wiish aAeappd ofprepgenyia ghtly dispesed @talyst, sddmpglordt t o generate
a reaction q%&&a&&g b) adding a reducing agent to the reaction m xture;

a) contacting a metal precursor compound with a reducing agent and a

capping agent to generate a reaction mixture;
b) applying sonication to the reaction mixture to generate a plurality of metal
15 colloidal particles; and
c) * depositing the plurality of metal particles onto a solid support to prepare a

highly dispersed catalyst,

14, A method of preparing a highly dispersed catalyst, said method
20  comptising:
a) contacting & metal precursor compound with a capping agent and a
catalyst support to generate a reaction mixture;
b) adding a reducing agent to the reaction mixture;
c) applying sonication to the reaction mixture to generate a plurality of metal
25  colloidal particles; and
d) depositing the plurality of metal particles onto a solid support to prepare a
highly dispersed catalyst,

15, The method of claim 13, further comprising: separating and purifying the
30  catalyst.

16.  The method of claim 13, wherein the catalyst is prepared at a temperaturc

from about 0 °C to about 80 °C,
22



c) applying sonication to the reaction mxture to generate a plurality cf
nmetal 25 colloidal particles; and d) depositing the plurality of netal
particles onto a solid support to prepare a highly dispersed catal yst, 15.
The nethod of claim 13, further conprising: separating and purifying the 30
catalyst. 16. The method of claim 13, wherein the catalyst is prepared at a
tenperature fromabout 0 Cto about 80 C. 22 17, The nethod of claim 13,
wherein the catalyst is prepared in |less than about 60 seconds. 5 18. The
nmet hod of claim 13, wherein the nmetal precursor conpound is a netal oxide,
a metal halide, a netal nitrate, a nmetal sulfate, a netal sulfide or a
hydrate thereof, wherdin Themetkidadf clhisn Sewkadietie batalynt tslvecpgpedingess hasibstti ng of
Au, Pt, Pd, ASecdlys. RU. R, Ir, Gs, Co, Fe and Cu. 10 19, The method of
claim 13, wherein the nmetal conpound precursor is selected fromthe group
consi sting of LAuxX4, L2MX2, L2MX4, L3RhX8 and LzM X6 wherein L is a nenber
se: ect eg ]fcs'romthﬁ gr o1gp C@ﬂﬁh&h&d’lﬂcﬁﬁx} H, riBnthKn‘gﬂdprNﬁlisoM;oh@o%dﬁﬁagber
sel ecte rom. the gro nsisting of N . Pd and Pt i er
col cotod f r offFEHRETG TS LI dupeu aa agppeel of atea%ﬂa&s;‘“ﬁg{lﬁaf el hal i de. 15
20. The net hthereof wigdrad tre Qtal inbrdecid fromhie gnep adnsistrgsd dudPtpPd dgrSioRy, R, Tr,
1-1AuCl4. 21, Hherdmiped of claim 13, wherein the reducing agent is selected
fromthe 20 dgroup consisting of a metal hydride, a catalytic hydrogenation
system and a netal/acid system 22. The nethod of claim 21, wherein the
lrJrEt aIh gydgi de is sel eﬁt edﬁiﬁgh&?ﬂ‘cllaﬁfWﬁhﬁamﬁbﬁiﬁan@n@%ur{ﬂpﬁlclﬁ%rﬁﬂd admaéI al
or ahydride. 25 , e nethod.o l el e orahydride is
cel octed i1 sleehBn bR sre B hi R bk fed % MR Bra
and Li - s- Bu3BHembep selected &roppdhdgyelpebasésting ofiftl B, khand ManM ihe membrosaiegted dfemt i s
sel ected from group consisting of Ni, Pd and Pt; M' is a member selected from the group consisting of Ru,
Ir and Os; and X is a halide,
15
20.  The method of claim 19, wherein the metal compound precursor is

HAuCl,.

21, The method of claim 13, wherein the reducing agent is selected from the

20  group consisting of a metal hydride, a catalytic hydrogenation system and a metal/acid system.

22.  The method of claim 21, wherein the metal hydi‘ide is selected from the
group consisting of LiA1H, and a metal borahydride.

25 23,  The method of clalm 22, wherein the metal borohydride is selected
from the group consisting of NaBH,, KBHy, Zn(BEL);, B2Hg, NaBH;CN and Li-s-BusBH.

24, The method of claim 13, wherein the capping agent is selected from
the group consisting of an amino acid, a carboxylic acid, an alkanol, alkanethiol, a cyclodextrin

30  and a polymer.

25, The method of claim 13, wherein the sonication is generated from a

sonication device.
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the group consisting of an am no acid, a carboxylic acid, an al kanol,

al kanethiol, a cyclodextrin 30 and a polyner. 25, The nmethod of claim 13,
wherein the sonication is generated froma sonication device. 23 26. The
met hod of claim 13, wherein the netal particles have a dinension from about
2 m to about 5 nm 5 27. The nethod of claim 13, wherein the netal
particles have a shape selected fromthe group consisting of spherical,
cubical, cylindrical, oval, and other regular and irregular

t hr ee- di nensi onal shapes. 28. The nethod of claim 13, wherein the netal

particles are forned o] ' f L sting of
Au, Pt, Pd, Ag, N R%ér Rhmrﬂ‘3 rln‘:tﬂod@tcﬁlg. &em&hﬁﬂw "{"%m“%ﬁ%%ﬁde'ﬁﬁ‘g’g"‘ of claim

28, wherein frﬁ’@ah%’f%mm&aa}bﬂ“él‘@‘ls Au. 30. The nethod of claim 13, wherein
t he soli d support is selected fromthe is group consisting of a polyrrer

resin, i norgani ¢ hydro .oxi de SS be zeolite
and a carB 31. The%?ret )r!{jl&%lmb © ﬂ“m %W&’%fﬁgﬁ‘gi“ﬁwﬁargcl E Eﬁeom de

contains a nectlcated@‘bm teprgmawp censisongrf@ntpnm culfi@l, 3Pindtltab ondtdmddthgfregylaanrm 31,

wherein the be 1 BBehsionsiBhEei €d fromthe group consisting of A 1201,
Ti 02, Fez03, Cgarﬂ)ého, eZn(g) N%% CaO BaO SrO Yb203, rare earth oxides,

Zr02, Hf02, V205, Cr(G3, M03, W3, M2, CoO N O CdO B203, Cra203,
Eu2@B, T120, Si 2, SnfR, SBZA3thodk20an mwh&aﬁkﬂe&@tal Birticdes arelfoenedBoMad Of

o BBl S o R A G R i B e BR

capping agent is an amno acid, 30 35, A use of the catalysts of clains
1-12 in the sel ecti Vezde”‘%@heéﬂgd%mr@@s whBtEin ol phialk M35, conpri sing

passi ng a CO contai ni ng gas through
30.  The method of claim 13, wherein the solid support is selected from the
15 group consisting of a polymer resin, an inorganic hydroxide, an inorganic oxide, a glass bead, a

zeolite and a carbon.

31.  The method of claim 30, wherein the inorganic oxide contains a metal of

group 3 to group 13.

32.  The method of claim 31, wherein the metal oxide is selected from the
group consisting of A120;, TiOs, Fe;05, CeQ;, Cu0, Zn0, MgO, Ca0, Ba0, St0, Ybz0;, rare
carth oxides, ZrOy, HfQy, V305, CrO3, MoQ3, W03, MnQ3, CoO, NiO, Cd0, B10s, Ga,0s,
Eup03, T1,0, Si0z, SnO,, §b;0;, BizO4 and zeolite,

25
33.  The method of claim 32, wherein the metal oxide is selected from the

group consisting of A1303, TiO;, Fe;03 and CeQs,

34.  The method of claim 24, wherein the capping agent is an amino acid,
30

35, A use of the catalysts of claims 1-12 in the selective removal of CO.

36.  The use of claim 35, comprising passing & CO containing gas through the
24



24 catalysts at a flow rate and an operating tenperature. 37. The use of
claim 36, wherein the operating tenperature is fromabout 0C to about 80 C
5 38. The use of claim36, wherein the flowrate is fromabout 10 nUrmin to
about 80 mMImn. 39. A use of the catayst of claiml In the selective
renoval of CO wherein 10 the netal particle is Au or Pt and the support is
sel ected fromthe group consisting of Fe20, Ti2, S 2, Ce®2, A1203, ZnO
and CuO. 40. The use of claim 35, wherein the COis present in air, 15 41.

The use of atig%s@é%)ﬂ%mga%gné;ﬁﬁ1%(:%?{:%?%5(“ zed at a tenperature from about

0 Cto abou he use o 5, wherein the COis oxidized in
the presence of about 70% H2. 20 43. The use of claim42, wherein the COis
oxi di zed in the presgnce Taé urbotlhim SBMel'd?ntamj:c&bmgﬁcmﬁ%tﬂﬁ.is%abﬁt@mse of

cl ai m 35, EI‘EI@ the COls oxidized in the presence of H2, 25 CO2 and H20.
45. A use of° PREHS ‘al ysts of any one of clains 1-12 in mask filters for
efficients renoval of COin air. 30 46. A use of the catal ysts prepared

according to the met ljsﬁd e BY%F ARG R wheRdifthdRow-frciérbf ar,&@l@ﬁi/ﬁmd ve renoval
of CO. 47. A use of the catalysts prepared according to the nethod of claim

13 in the #wus¥adtipve renoval of CO wherein the netal partlcle is Au or
Pt and the support is selected from the group consi sting of Fe203, Ti Q2,

Si2, Ce2, Al28, ZpO and The, us the claimda rein the CO
is present in air. 29 NWuse oP he ca%eystokJ claim Fln? o seladtive removal o?CO, w‘ﬁeren

10 the metal particle is Au or Pt and the support is selected from the group consisting of Fe; 03,
Ti04, 8102, CeQ;, Alz0;, Zn0 and Cu.

40.  The use of claim 35, wherein the CQ is present in air,

15 41,  The use of claim 40, wherein the CO is oxidized at a temperature from
about 0 °C to about 25 °C.

42,  The use of claim 35, wherein the CO is oxidized in the presence of about
70% H,.
20
43, The use of claim 42, wherein the CO is oxidized in the presence of about
70% Hj and about 1% Oa.

44.  The use of claim 35, wherein the CO is oxidized in the presence of Hy,
235 COj;and H,0.

45. A use of the catalysts of any one of claims 1-12 in mask filters for
efficient removal of CO in air.

30 46. A use of the catalysts prepared according to the method of any one of
claims 13-34 in the selective removal of CO.

47.  Ause of the catalysts prepared according to the method of claim 13 in the
25



49. The use of claim48, wherein the COis oxidized at a tenperature from
about 0 Cto about 100 C. 50, The use of claim46, wherein the COis
oxidized in the presence of about 10 70% H2. 51. The use of clai m50,
wherein the COis oxidezed in the presence of about 70%12 and about 1% 02.
15 52. The use of claim46, wherein the COis oxidized in the presence of

H2, CO2 and H20. 53. The use of claim52, wherein the COis oxidized in the

presence of ;abaul remdvaPardd, wabie e FERe120 A 3PRshd 2%

&

oR @ sadtedArose of the
clains 13-34 in a

catal ysts prepared accordin t haod of _an
mask filter ‘hleéF"”EF‘f"‘iS'é‘imér??h?zgh%\?% gﬁf’%’?ﬂﬂéi Z‘"?O %@%ﬁ'cat al yst prepared

according to the nethod of claim13. 25 26

48,  The use of the claim 46, wherein the CO is present in air.

49.  The use of claim 48, wherein the CQ is oxidized at a temperature from

about 0°C to about 100° C,

50,  The use of claim 46, wherein the CO is oxidized in the presence of about

10 70% H,.

51.  The use of claim 50, whetein the CO is oxidezed in the presence of about

70% I1; and about 1% O,.

15 52.  The use of claim 46, wherein the CO is oxidized in the presence of H,

CO; and H;0,

53.  The use of ¢laim 52, wherein the CO is oxidized in the presence of about

77% H,, about 20% CQO; and about 2% Os.

20
54. A use of the catalysts prepared according to the method of any one of
claims 13-34 in a mask filter for efficient removal of CO in air.
55, A catalyst prepared according to the method of claim 13,
25

26
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