Reactive Spray Formation of Coatings and Powders Fl aD
OF THE I N PRI OR APPLI CATI ON | NFORMATI ON Thi s
application is the National Stage of Internationa
Application No. PCT/CA06/01713, filed 10/17/2006

whi ch clainms the benefit under 35 U S.C. 119(e) of

U.S. provisional application Serial No. 60/726, 614,
now abandoned, filed 10/17/2005. [1] This invention,
ternmed for identification purposes Reactive Spray
Deposi t i on TReatting|Spray FoRBINPN of Cedtianeand Bowders
deposition of coatings and to the formation of-

FIRPYBRARRE Weidhon of particle size in the nanoneter
range, by atom zing a reactive I'iquid feedstock

- _conprising flanmmbl e conponents. In particular, RSDT
PRIGRAPPHIGAHION INBSOBMATEON | ane based spray techni que

that uses a nozzle to atom ze a nmechanically punped )
|'i quih@ spPlchiioh @ tht RERHE Btae anﬁtbﬂna@hélmb@raat@ﬂ ot SN R06/01713,
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~ Serieldyen el G§e 1t @PW@WWP@?daﬁ*@:UW§étZO%’5f deposi tion
processes known col |l ectively as thermal spraying.
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A e e e b B B St Rt ofes and

theniarest of it fiemtesite admisipidheizprayn t he pl asma depends on the
~  type of torch, gas flows and plasma shapi ng devi ces

' . M crostructure and spray

mé#f|0|eng9bg$%sggﬁﬁﬁilIy deternmined by torch design.
Pl-asma processing is considered a high-energy
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thecebstrgiet Therlengihaiine thermatesiatipandstin they lasmadapieads oGdhd tergesf torch,
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ass e aer he ca our
are CRUACH T Bk AT BSh o VBT, BRSPS o C&Bidame Aigbronersy
tecm&lhnbipe@@yvth la@¥sir reaergCitichrek@®4 )have been explored as possmle alternate

deposition techniques to plasma spraying.

_[004] Several similar techniques for open atmosphere lower energy flame depositions
have been developed to date. Listed below are some developments in thermal spray technology

related to fuel cells: ;
1) Flame assisted vapour deposition (FAVD), in London at the Imperial College of

London (UK-1995),



WD 2007/ 045089PCT/ CA20061001713 3) Conbusti on

chem cal vapour deposition (CCVD) at M croCoati ng
Technol ogi es, Georgia Tech, and North Carolina State
Uni versity, (USA-1993), 4) Fl ame spray Pyrolysis in
Zurich at ETH Particle Technol ogy . Laboratory,
(Switzerland-1998 ), and 5) Liquid Feed Fl ane Spray
Pyrolysis at University of ‘M chigan (USA-2004)

[005] The techniques listed above all relate to a

genejal i @ﬂa@&@&rﬁs l-r{BM by | OGP TIRG ) cﬁer%haﬁs‘?(a uo%ﬁ deposition

neta I nor gani ¢ precursor
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The:mmqn1zat|on of the liquid can be acconplished by
ultrasonics, air shear, liquid pressure, dissolved
gases, heat or a conbination of energy inputs.
Precursor solutions containing the netal reactants
required in the deposited fil mare punped under
pressure to the nozzle by use of a syringe or HPLC
punp. In addition, sone techniques feed the
precursors to the conbustion nozzle as an aerosol and
the conbustion nozzle is not used in the atomn zation
process. [0061In sone of .the techniques, a dissolved
gas is added to the precursor solution to aid in

atom zation. The droplet size and distribution has an
i mpact on the final coating and is therefore

i nportant in the design/arrangenent of the technique
or type of atom zer. Regardl ess of the nozzle type,
the atom zed spray is then conbusted by an ignition
source such as a single pilot flame froma point

- source or aring of pilots surrounding the exit of
the nozzle. An optimal ignition point nust be chosen
- since igniting too close to the exit of the nozzle
results in a fuel rich mxture that does not burn
easily while igniting too far away results in an
oxidant rich m.xture. Pilot gases consist of nethane
and oxygen, hydrogen or an oxy-acetyl ene type gas.
Pilot gases are supplied to the systemby mass flow
controllers or by passive rotaneters. : )

[ 007] Deposi tions onto substrates usually occur by
positioning the flame in front of or near the desired
substrate and all ow ng the reaction to occur |ong
enough for the desired thickness of film The .

di stance fromthe flame tip to the substrate

i nfluences the coating norphol ogy, efficiency,
boundary | ayer and the substrate tenperature. If a

- nano-structured or dense filmis desired then the
flame shoul d penetrate the boundary | ayer of the
substrate. Longer flanes (i.e. distance from nozzle
to substrate) and higher concentrations of precursor
material favour nucleation of particles and ‘
aggl oneration instead of growh fromthe vapour phase
(of a filnm directly on the substrate. hi other '
words, the droplets vaporize leaving the WO

2007/ 045089PCT/ CA2006/ 001713 precursor. material as a
smal | gas vapour that then nucleates into a solid and
then the solids agglonerate into |larger particles.
This process occurs fromspray to flame tip and
beyond. A powdery aggl oneration of particles with
poor adhesion occurs if the gap between the nozzle
and the substrate is too large. [8] Care nust be
taken to prevent thertnal dhock to certain substrates
by controlling the heat up and cool down to '
deposition tenperatures when the flane i s brought
very close to the substrate. This is generally done
by heating the -substrate fromthe back by resistive
heaters or by another fl ane.



[9] Additionally, the heat-up and cool -down nust be

perfornmed w thout the reactive precursors. present so

that a constant deposition tenperature is nmintained .
© Wiolbaogssbdel m gr oW h- 100101The above-li sted t@mehpifb@miziz

differ in sone respects such as the nethod of -

atom zation, type of atom zer, solution injection

geqyetbyibafion thénicatel _ 'slitidnf@d\‘l?m@ Mi&eUBR g ecRiologies,
the_techniques are |isted below [0011] Xu and

c ol Peongiy dechy and NertixCaraling Hatgdlivessity Q(UBAA393)ei nhar d

nebyl ﬂ}n@l L1 20 SERAIParRRY j Labora

fl gﬁrrek orE %ﬂg&rﬁltl ong%)l% fﬂhgagﬁ)%tz% spra%l. %ﬂoio% tory,
addBwitzalandy 19R8a), amd) t or ch was applied to the back of

th UPAL I i ent
C booh) EAR: Shley el FURR Y ok OB (BSR0BH |
: [0012] Meng et al (2) at the University of Science and
echngl o in i,na used..a .nodi fied oxy;acetyleng. . '
100515 O e tERbmigles PR pRE AN TR 1 eRiembe] Rk iy ing pumping
a didplvedghetal-sgarie of UhehlkiabrganiO PRsuiso0 il 4 Btdidlihe dozzle and
o.the torch by neans_.of an, uI,trafs_onl c nebuljzer )
mﬁmt@a MWY‘M]@%WB‘?%? hRdiayid, cancbe peeomplished by
ultrdsbiibe afe Sheldr, iga R essin® WG Rcl ghsks, Mat!dr 4 BomBind b fenergy inputs,
Unl i ke other 'versions of this technology, the flanme
Prequgson splutinng gonteiging,the metal raagtants saquired még@ depgsitadyfilpnare pumped
\/ - t ' re. i O§FEE J@ﬁ& b - :
und‘%am&* oxﬁlbl- g’%g‘%y eng}z:{%ér;‘ggsat %—%*r?%gg{s{i st'ed .1t "hddition, some
techpiguessfetd thecpreasiors/ typthe cdmbustioninonzl¢ @A@AAGYD) .and the combustion

. LS Midkioh S (formerly M croCoating
,““”#ggéﬁ%%%gFééf cons%??gh%&&a proprietary =
spray/ conbusti on nozzl e, the Nanom sera, that :
unctions o essure and heat inp for formation of ]
1008}, ' Th iR SEJp e IRy & Hosa s i A0S Creiociyeon Spipp to id
in atein ll'zaﬂ\ﬂl.ZQZEJ dRHED BB GhHA GBS : aﬁwa:ﬁimum fek%gs&ung and is
ilot lights. Jt js, cjained tha e specific o
sherdfors onmogibe i fae eSigHAEBIRERIL b ke (TG 9 PRg 9% ptomizer
RegafiledsiFSRe 862ld type. Ok Glomivdl §ay 'R ShedOdontRSEd BY tadiiBARME source
by ot her technol ogies. A precursor solution is .
such gz pisipglecrilot flaree oM BRiptSONEPe(oR 8 Ting £ Plota sTdwBding the exit of the
nozzRY, 1 A% oﬁt&lﬁ&?ﬁjﬁw phii s RAthob & e ignifiSRb fhsPYo R exit of the
unheat'ed col'l i mati ng gas. . , o
- nozzle results in a fuel rich mixture that does not burn easily while igniting too far away
results in an oxidant rich mixture. _Pilot gases consist of methane and oxygezi, hydrogen or an
oxy-acetyiege type gas. Pilot gases are supplied to the system by mass flow controllers or by

passive rotameters. -

{607] - Depositions onto substrates usually occur by positioning the flame in front of or
near the desired substrate and allowing the reaction to occur long enough for the desired
- thickness of film. The distance from the flame tip to the substrate influences the coating
morphology, efficiency, boundary layer and the substrate temperaturé. If a nano-structured or
dense film is desired thenrthe flame should penetrate the boundary layer of the substrate.
Longer flames (i.e. dzstance from nozzle to substrate) and higherrconccnh'ations of precursor
material favour nucléation of particles and agglomeration instead of growth from the vapour
phase (of a film) directly on the substrate. In other words, the droplets vaporize leaving the
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[0014]Dr. Xu at NC State uses a systemsimlar to

nG mat, however the Nanom sere nozzl e has been

repl aced by a different off-the-shelf nebulizer.

woSbrsshgwel e and Choy (1) at the Inperial Cokdiegeesfooi71s

London have been using a system of deposition naned

flanme assisted vapor deposition (FAVD). The system = .
predtisvor briatepinl 40D GHAIE ad Vapd@Hhatafich HEdldated IntS@Folid ahd 828 the solids

materi al s was ‘published in 1997. The process consists
agglomergte igta laggerparticleyy Thiyproeess Aerurs f5om shray to famadip andrheyond. A

| .

 powRldy ufdficfilon of pRERS b plbe LSS LRI 30 aip BARBLPAE nozzle

and thetspbdmatetintoodarget r at e and at omi zer. The atoni zed '

spray passes through the flane and onto the .

substrate. [0016] Fl ane Spray Pyrolysis (FSP) -svas
[088] eV e | Cape chustt beFhken to pewent tretraad dshixk Orcertiin atissinates by Aontrolling

variety, of, products have been synthesgi zed by, FSP as
the e ug gl cOp. B 1 lsPos o0 TermRer e ot fgime 14 bripight Yery close to
the aliﬂsﬁlﬁe 'fﬂli:iﬁl lﬁs g&i&ﬁlysugdﬂeqwﬁmgﬂhéh Sthstrate froné éhe back by resistive

atj nuni al ym na. ing this technique, a cmspray -

heatgvaﬁié?m%‘aﬁ €300 g/ h of funed silica using oxygen

as di spersion gas. The particles are colleted in a

baghouse filter unit. [0017] SOFC/ PEM (solid oxide ]
[009) ye| Additiongily thmhesivn apd cootudepmanest be prpermed (athenhthp seactive

pm‘ecér@&%i;&@éeﬁ i 4ael ﬁé’“ﬁ ol ny oMY -
eposi ti oﬂ s{Et@/aEt))Qq% em ca %g%tglﬁr epos?ltg}lgﬁh%)%ng film
growthysi cal vapour deposition (PVD), sol-gel, S
RF-sputtering, spin coating, slurry spraying, plasna '
spray and screen-printing. [0018] Vari ous devel opnents
[061D) t Ahefdbelvellisttd ttbehnignks siiffaryinn sonia respedts sudke es) the method of
' resented L n patent . literature, e.g. US Patents .. :
stomfiaf Vi of frofiised Spiution e B aestisty 4Pty J1e) g i the Aame.
Sumfariessofihd {ecHnagues breARfRibeta. on 2005/ 0019551 to Hunt et
al. [0019]While all the above devel opnents have sone
advantages, there is still a need for a | ow cost,

[0011 AP XePirdC slfch@tksB) BONCA Biie 656d » A QRe0-AQr MERhard nebulizer for
continuously, preferably without the need for long .
atomizing gad & ginglenpaintpilot fleme: for ignitignephthy atosmizedssaya ity adgition, a
heatif Ford Vi Db bl {0482 Badk b liSub Rl ONIIAG 16 RfinireGRY thehal gradient -

and cl ai ms, unl ess expressly stated otherw se or
between the front and back of the substrate.

{0012] Meng et al (2) at the University of Science and Technology in China used a
modified oxy-acetylene torch with 2 2 mm diameter and fitted at an angle of 45° angle to the
substrate. Precursors were supplied to the torch by means of an ultrasonic nebulizer injected
directly into the torch. The oxy-acetylene flame core reaches temperatures as high as 3000 C.
Unlike other versions of this technology, the flame is not produced by the precursor solvent
but by an oxy-acetylene gas mixture. This process has been ‘named oxy-acetylene
combustion assisted aerosol-chemical vapor deposition (QACAACYVD).

[0013]  The system at nGimat (formerly MicroCoating Technofogiw) consists of a
proprietary spray/combustion nozzle, the Nanomiser®, that functions on pressure and heat
input for formation of very smaill droplets that are then combusted by a ring of
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unl ess the context clearly indicates otherw se, the
use of singular node denotes al so plural node.
[0021] I n accordance with one aspect of the invention,

W& S60S0dshsoPr OVi ded an apparatus for thermal  SRERYAREE001713
of a reactive |liquid feedstock, the apparatus
conprising: a feedst ock container for a reactive

conté&F gﬁ‘%ﬁ&f ee ﬂkwgﬂensg&'ﬁ@%ﬂwme Nanomiser® -

to"a

allowspfor ¢he| formationt efhfhescasmall dropiete Whithahas dot bbe alfainable by other

L AR o R oSSR P i

to et wihang aaheat forte 5 @reatet] by ad uahdatedgoltimatisggat ock, t he
exit port having a substantially smaller size than
t he opening port to create a flow restriction for the

[o0i4edspa Gl MONO Stale usdkad Gtbm kiffilaf R AGiHnaE HbwieOér the WaBbmiser®
noﬁ; ociated with a _nozzle for collinating flow of the

Enlaceddys Giflerenpoffthebsii astalizerge i ver i ng

feedstock to the conduit under pressure; a chanber
encl osi ng the conduit, the chanber being in

1:5«} mmuvteleendsFhayi €1) atthe Superial &ollegpafiLionden bays begndusing system
| |
Rieof b BPbme, Bsistlvaldr dBEhiBAAFAVI] TRE Syl wh gl feported

in 199feand svedl o1t S@HG cathedcinatetials whspubilshﬂdl ind99% fbepemtessaoksists of

] ow the ¢ ui t taln he
an ol e OFG S 4 Ipaia it o Bl e o o substrate o o
hmﬂmwEEﬂalﬁNﬂMbﬂhﬁ@ﬁ&ﬂdmg&ipﬁpmﬁkmhwb&ﬁtmfmbsﬂgﬁWEquwmnmnz:
d f.eedstock eave e e ort al ong
The §ftiioctairey ieers S e AaEasappi L6 el rent of ¢ he
' i nvention, the tubing forms a chanber surrounding the
conduit. [0023]1n an enbodi nent of fhe |nvent|on t he

[0018] ¢ o Jlame, Sprap P ypolysisi FSP) yee developed, at ETH i Switeerjand by Dr.
Prat@fid. R%ﬁ@t?%&‘?ﬁsgh&)! hafe el s}ritestz8A Y FSP af R Efblnigle A, bismuth

enbodi ne conduit is fornmed of a tub
oxidge seritn s iZing PRAGT ZiaF onidedvilies compofites, |91§1num$a1vmm t flsing this

toch 62 AYSRA dpray 1802 lolilocd 30D A of HHAGH LB boing B gen an dispersion

gas. %ﬂﬂbﬂmn@ﬁeﬂd&nﬁﬂm&ﬁkﬁmﬂmthe first port to
the second port. [0026]In one embodi nent, the second
heati ng means is arranged for uniform heat i ng of
[001Zkse rSOFé'J/B’EMt(&tﬂIdeinderfaell cehg:tdtoméxdlhlgeﬁmmt &xmponents can be

R o S B Rl A s v

deposition (CVD), physical vapour deposition (PVD), sol~gel, RF~sputtem1g, spin ooatmg,
slurry spraying, plasma spray and screen-printing.

[0018]  Various developments in the field of thermal spraying have also been presented in
patent literature, e.g. US Patents 6,601,776 to Oljaca et al, 6, 808 755 to Miyamoto et al., and
US Patent Apphcatxon 2005/0019551 to Hunt et al. '

[0019]  While all the above developments have some advantages, there is still a need for a
low cost, rapid processing method that can be performed continuously, preferably without the
need for long sintering times at elevated temperatures. -



curtain of a non-flammble gas, typically air,
transversely into a path of burning feedstock

di scharged fromthe exit port and the nozzle.

[0028] Further, the apparatus nay conprise

suppl enentary materi al reactant supply neans di sposed

to deliver a streamof a reactant or reactants into
stnmARY oearEMivENT®O eedst ock after it has been

di scharged fromthe nozzle and ignited. The delivery

take place with the air-curtain in operation, the

[U%Ynt of “i* thg dellaing ferdifigatiop e iclatnsd Hulprs te@iasAivoTatedhatherwise or
unidlsé tHUdohRktNcleai) Ghiifthied oBeAadell &RCEe W shg@arahbiRr deastpe ako plural
ol the invention, there is provided a nethod for
Spraying a reactive fluid feedstock, the nethod
conprising providing a conduit having a first end and
[o@1p econd ireaudord#ires ME tohy @épéci dfl eHelitlienin ARere RLPOVIGRd P@I dpparatus -

foraﬁlgm%Psgré%x%q Bfo rle?ﬁftlve Il?:.hoz ?ee?ﬁoé(h%eegpg%ra{a% ctomgr‘iesmg S feedstock

cor‘ijgps@r fortaHgacggq:I@Hg feadgiogky fxepﬁtlp@m@qnséggng@qnafr@d:owrtﬁhoféhe feedstock
coft@Rett®a sipeRmiiodi e@pétatbRABDEsNgRRE hbSlbN@ndr@aGe@ifitsttend including

an Oﬁgmnl? )P%Hbcgﬁnegt%d r’Pogthe dee%&?nlr?ci%ht%ﬁy 3919 a‘@e&ﬂd %ng’ R%ﬂéeﬁtn efxn port for .

dﬁ@ﬂ@@c“??‘iﬁ@cglﬂéﬁﬁﬁ PRE dgyrDh? Rum@n%ﬁ"s Ef'ﬁ@'%?‘?fet %’aﬂhe openmg port to
crda%%ﬁd&ééﬂfcﬁon fBr&ﬁéfeB&tdiohﬂb ecdsthard@®, the eslshdedd rorReiglor associated

E wrtF rh e ﬁsc’zlzllre efor c&{%ua% tfl?\ﬁ o? QH% Hls%hatd;w 8 %c—%dgtg?ko %EIQIE nngeaRs(? rfgr Je?vering

fecpigadide B!el@orsﬂbﬁ asader 9@5@%@ charmees PEPSIAE K18 ORI @%@amber being in
corhtirida@h Wwithex %ht&ﬁbﬁ&uxlhé}? @ad 41 wite e shiosdtt feriemiringhd Jalﬁnltary gas

to Ei%a%x grtt gucg Eg) rﬁq ae s dl pogé)c{1 g,lél td {Rg corpd%}fl Bd \fh% (f‘hamber for

Supercri a eratu
hegting the é@égt?%l@wm dhreuge ﬂas@mﬂ{'té? pagias, the*a?r‘r'ﬂer F@jlﬁ?‘ﬁq"wgfaﬁqﬁ%of the
feeﬁsa@ﬂsérﬂq:lsrrﬁnﬂheéﬂa&n@us@dlat e \exi@ a&thﬁp@ﬁmgrseﬁ uéddbtﬁ%wfén & leaves
pray at the exit port
el SR g bl AlBRFeRb0 Y 5 [0030] The met hod nay
further conprise the step of introducing a spray of a
‘[oos21pp| emlntaarembmaﬂloaihe lifver@ioh, ke fBihdifomis 4 dhambe&asimovreling the
comapfay in order to produce a combi ned coat i ng
resul ti ng fromthe reactive feedstock and the
suppl enentary material. BRI EF DESCRI PTI ON OF THE"
[0ORFRAW NGIn [0 @dibbdilenti on deriteatbonhle slebe: fdeme mivliagy das is arranged

’ follow ng description in
Coamgﬁ eaﬂggén%g'lﬁnc\%){y %@yrﬁ%edﬁgogg\nmngs in vvlgn ch Fi gp 1is an
: overaII representati on of an enbodi nent of the RSDT
‘[oo2qppar at us ond eriit@imeny et dodduit iFiogned 2f & Suiba ofsdebresggiither diameter
fmraqhg%pg rﬁ@ﬁ’%'@&roné? di mrent of the apparatus, Fig. 3
vV

[ of yet anot her enbodlnent of the - -
apparatus,



Fig. 4 is a schematic representation of an exenplary
structure (Exanple 2) produced by the nethod of the

i nvention, _ Fig. 5 is a graph show ng the
ef fect of perpendicul ar quench ("air knife") on flane
tenperature, Fig. 6 illustrates the effect of quench
angles on flame tenperature, Fig. 7 illustrates SEM
[00253 I OSt I UG tatistieer GinbadiseiBihée EoRdID pemar dfaa (UBIDE) of interconnected

tugés 0? bl eax'kfm"er digmete eter TeqgHhe F”é@”"? Yot bk ?%ﬁbgﬁcgﬁy rat i on

ni cr ostruc rom a
solution at a high deposition rate, center (left

[odasRge) anclodgbodifb@the aa@eating means is arranged fot @hifolfBheating of
essénﬂ%@t =) Oengn%l Etwloml': Le%gstcgc? &ﬁrﬁ[ﬁ? of a pl atinum | a>lé|e£]

e i nventi on,
9b il ustrates TEM of a cross-section of t he same Pt
[obayer as Thé afpagatusIeay didoGompida gas cultaihiMdapddis@gediondistibuting a

cuﬂg\rg O?t ! Ho%!ﬂ% %gblg l ggé I t%l ca'l_L)fj %P oi%%@e‘#seglnm E%I%];'ﬁ oc? obu mma hfeedstock

d’%hﬁgﬁdrf@’"gth%%ﬁ'fd?wag‘ﬂﬂ‘a@?@lee of supported Pt thin film

wi th carbon and Nafion ED particl es, Fig.
{0012%1’ 3clt 3r %‘d‘llﬂ-%gﬁhén%p%aﬁa%s @%ﬁ&%dr@é‘ %{pleﬁ'ael‘;‘t?rty%ltﬂééﬁal e%é’tgrqt supply

magath BipRASe] ol Qedver Eﬁtﬁ%ﬂfﬂ:@fda '[??Cti”ﬁ " FFettARR intrthe BiEeam of the feedstock
: aﬂbﬂM%Bbeszscharged from the nozEik @nd nitdd. THe dalive G esadke @lace with the air

'cur[talrfj %Sgra a’p dpomct)f o%r]cgarng elive ?%W%{N Atl%glﬁ Hﬁcar%ﬁt%e

partlcles Fig. 12 i ll'ustrates

[Ow hgl e Sqlcﬁ% qg%@hl?%%oﬁher g#%gtl the i \[egtgolrjlct%ereqy provaged a method

forEpgyind 3 reastr\a figiddgaistiotk, Uetma‘tqdngmprlrmgppmvfdogmoﬁutd{av:ag a first
endEM £&kbndn8 IUGELEY ink DG T dpeSn P ortN8 arh Q)Mt%@ﬁ,'t%]stz_e of the exit
port beihg signifi cantly smaller than the size of the opening port, the second end forming or
. associated with a nozzle; providing a ¢hamber enclosing the condmt the chamber being in
communication with a source of an auxmary gas and with the exit port, pre-heating a reactwe
liquid feedstock to a supercritical temperature; passing the reactive feedstock under pressure
thl;ough the conduit from the opening port to the exit port and through the nozzle to create a
feedstock spray, paSs-ing a heated auxiliary gas through the chamber into the feedstock spray,
while heating the chamber and the conduit by inductive heating to maintain a supercﬁtibal
temperature of the feedstock and the auxiliary gas, and igniting the feedstock and the auxiliary

gas spray resulting in a reactive fluid flame spray at the exit port.



DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0032] As

represented schematically in Fig. 1, an exenplary

apparatus (systen) of the invention includes a
woHERess@h Precursor containers 100-wth f'°WCTRh§&ﬁmMJB

connect ed through a punp 110 to a spraying assenb

(al so terned "nozzl e assenbly”) 120. The assenbly 120

NCtiRN e ad I S l-&;:#F- u 4
{003‘% vagﬁnﬁlm xedh%ﬂ ﬁﬁm%nbéagl#h%n%ﬁs ngfa co ‘.ﬁ%aﬁsﬁéﬁ' of &
sum(lahemn)magarml into sheipah of ftheareaasivk ispmy iim grdes heprotiycegnsombined

130 a rce of 40 ach wth :
couti el dodt e Fecliys fotsRR 8 i dRm@nentiry eBBH ay ng
assenbly 120. Dependi ng on detailed struct ur al ‘
: : 1o f r figures, the product(s)
B@%ﬁ%é&%b%&ﬁod are either deposited
- on a substrate 150 or collected in a separate
contai ner 160. [0033] Turning nowto Fig. 2, the
[0033} o The inyeptionryl beydeseribed ingnorerdetaid by weayofithe folmeng description -
inco‘ﬂjlﬁeﬁﬁnsﬁﬁh?ﬁ bngy inkdudio! ds a quantity of ‘a
m xe

pr ecur sor Wth a solvent to provide a

f eedst JGE bislanoven)l rapescitaionefanymbodimeatofitee BRSDT apparatus of
the N HAG- metal lic, inorgano- netallic species, slurries

or polyneric species. The sol vent may be an aqueous

or orgdfiga salsmmmmwmndethmdmmdfmeWms

di ssol ved/ uefie as di.pet hyl

et her é’ﬁg g’b“@" ’tj’@gg'ﬁ’?fp g‘fad;‘i"e’? %H'gamy

i nst al IFig. D5 4 Rehedmiticaepresentefion b an keahslaryhfiutgre (Example 2)

Sui Bﬁ%g&r%gthe precursor to a supercritical 3
prod ¥ MATBFROC PHOSBIYME™ | qui d precursor feedstock

sol uti qfig 12l Shd W€ th gerieldictlgr QRAGAIBE knif
: 10 and p%rrplesd hr ough Irgne 16 by "a ‘punp 18“381@( e”) on
flame \epperatiiie.ed | i quid (fluid) exits the punp 18 and

enters I g*)m %&'F%’%ﬁpd 20

are |n§$§t]g%¥§$ea%ﬁ%&§%u ation %%P%g en the .

super c/ig.i ¢ dllugttatdsdSEM avicrosterctuie: of) 0z samriums dogstlyceria (SDC)

: elect%ﬁ)q The fluid is passed through an open-ended tube
t’hat has an' opening port 26 and an exit port 28. -
The di ﬁl@ﬂeﬁus(matesﬁmmicbrnsmmmee affa SOzl from railow concentration

ni I er.t at , of the ort
sotutl{3F Rhigf emRRbR e St (pB i Mt iy Bl PO
seal ed Fig SahtlusthabssDSEMIRickdstroctgie of 4 plaiinig 1adr produced by the
%?Oéﬁ%The ppen' - ended tube 24 can be manuf actured out
meth nal netallic material, or for

appl i dg ob Shkls @'EM@FJ%SS%&%'OTH@%@ PaP& as in Flg. 9a,
replaced with a suitable heat-resistant non-netalli

mat er i §&- Ja s s THMa photograph of imepitrastyted rplatinum deposited on &
NafiohGh¥ehat ures of the deposition medium It is not
necessary that the tube be of gradually decreasing

di anet Eig 10nistasiEM photographeshowinggragiiant sthatige of supported Pt thin
o &4 S 019 i nt erconnected tel escopi ng
ﬁlm‘?ih:bes n[aggﬁ]ﬁ? (%)é Fr%odl ment -illustrated, the
| ar ger Fig. rlietis Sscﬁa:)naﬂmﬁ@méuﬁmt 6ff a GfatalyRe istyuben'ﬁcﬂmwaﬁolmnn
15 mm The, smal | et side)

bout 0. 006’ | er
shapefl ﬁﬁ%irmarasrﬁef Sr%vsgarss'sawumhy ?"’Gﬂ‘fg e FYEnQDn gt h
of t heFiguhigb fik GMsEHethakib | i@predentatibe of Wnb@br WaRy@ha Amcture

[0038]An i nduction_heater 32 surrounds
Wlmgﬁgmré)@ teseith BY Gpaterd carbemputigletr e of |



. ——

" can be introd 6e63§ﬁ96@@H %ﬁ

the process streans via a feedback controller 34. The

tenperature of the tube 24 is controlled by a

tenperature controller 35. A conbination of pressure
 (supplied by the punp 18), optiona

di ssol ved/ | i quefied gas (added into container 10) and

heat input (via induction heating 32) aid in the
- formation of a uniform process stream 36 which can be

ei ther solid, Flg qaiimhstdted) ®-dihendiontl Xkidlye @hdiél@8Riuced by the
m p&ﬁeﬁmlﬁhh%n%%gean136 can ei t her be used dlrectly

or processin spra 9 W t hout conbusti ng)

inadhe p%foignqnge oquﬁ!ﬂ\épellgg)duced by
tht methad df@ed identiohe peri'phery of the exit port 28. ‘
[ 0039] The system may enpl oy of f-the-shel f conponents
readily available in the HPLC (high performance
i quid chronmat ography) and RESS (rapid expansi on of

DETAIEBTCDESGRILTION [OFaIHE INVENEONI es for storage and -

delivery of precursor solutions. [0040] The chanber 30

functions to prevent shorting of the induction coil -
[0982] and t 8= EepErsRRIPd sehematisplly I@Jge h @M EREIRAT PRRAGHS (Tysterm) of the
im@ation 4@Iuesd £ henbeh ef griargde tonBihetshT00 w@h flan ntexd, kebrdeyed through a-

pufﬁg %' s%rayﬁ%f a@%?nb‘ﬁ)(gsg te G#o%gp %Ese@ntbh@ {Z%p%eegssembly 120

e exi zzIe acts

' f“"ﬁ?i%‘é tetermige @ friidarequeser ?rri’m&t"é?ﬁ 288 ‘i"'!ﬂ'? ”B’Fedt"ﬂ‘@ CBW%@@‘SQES and a

cobhaitRg (Sheath)SRE A do0@e bY dfimbafingisha@Yg=e 130 iR HIduRa BT Bombustion

n_gag Xy B Qa%ﬂ \Di\% ﬁ(#ﬁ%or%%ll% LJ‘ ﬁscﬁhrﬂb?teg fto gcﬁg’ ér%wgéj tas&em%ly 120.

Depﬂrdwgwaﬂerayedfﬁtwctur?é aiﬂe}se@rrttr PwtciR PR otfes e Product(s) of the

asvoiblet Fpial MgtHos Rea bimer gaRsitd. on| HQdiklrite 158 oh@biReted MRk separate

comdlSec 6@t er 32 is placed such that it maintains the -
ée3|red tenperature of both the fluid feedstock 12

fl owi ng through the t ube 24, but -al so the gas 40..

"{00931942] Al Tihibg how he Flgor Mt iapparatfis &f Biglpe isC sHowh Glimofd titall. The

precuc‘rs&?oc%ontgﬁgre‘?@ %IXS faocgu\zﬂﬁf %1?" tﬂrQ&rrs‘M gﬁxéy\?/‘theg oR)gﬁ% provide a

a superc
feeé%%‘ikrsel?“?% r2, aT’?p REFFTE g ﬁeﬁntqrﬁﬁro metadig o fnorganoy mptaliigsgecies,
stuids @'a)ﬁlyrhend”bﬁétﬁ@dﬂﬁd)sogrerﬁteﬁ@be a® BpebErdr bigaeit sdhledi dhd may contain

| an drtg IEQSO% 't{u Q ucﬂ% ar%sﬁiﬁgm \étheJ C§M8Ihd!8)§(%es
o P Ohe SRR 88 s

eat er ntant eterrperatureo

the feedstock 12, {0043]The liquid droplets 36 are
[ooaﬁ] r ect eda hexrrid isingalied bn thie gbritaits 10,ftbeeheakdr bangd,ﬁutaﬁlere;l heat the

A idant line 50 and contai ner 52)
We afgﬁgaéﬁuste ﬁﬁ?% a flanme 54. The fuel and

OX|dant are directed by tubing to a pilot buner
[00¥ senbl W%Eqﬁhhﬁ'ééhr&tdﬂ epdasak seloidaug isa@pt UnO&4phdsEiire inthd @intainer

10 M;&E"ﬁt It C f{n dg'dtnﬂat B, %e & Qﬂh&’é}éﬁ Ig:l ﬁqﬁtﬁcﬁ%xrts tae pump 18

ar O
andesnigrt the, dpluery trr?r?&u Bﬂwe\m.“&eﬁ @W@d £ ere '%Hlafeemﬂa ar]t"m&?ten layer 22.

Thed itieeglipedriticdiTrRidpi2 @iterd thenesziassemby ¥20 The adid epassed through an

opeh QF](%Q rt@&e%ji theqthgs %h%g&ﬂ?/poﬂf26t£§ afl %%r?%o@t dﬂBZ Qré Qrﬁmé%roigp size, in

ar at
CaS?Pfé’OF'F%{'ﬁ%r '°5'4“qe§) fiopine=d ISa'ergar tB3e3t phipe P‘EIBZS W?F%!PPGT gncloses
the wb&IZ¥. T Mbe 24 i edakarto H8 chivalier eatmrcmgrt atived 31y be heat ed
by a heater 60.



[ 9045] The feedstock 12 for the system may consi st of
precursors that are dissolved in |iquefied gas and/or
an organic liquid mxture in the vessel 10. Liquefied
gases that have been successfully sprayed include '
propane, carbon di oxi de and di-nethyl ether.
Li quefi ed gases can be conbined with organi c solvents
that are chosen based oh their capacity to dissolve
[opse;c ur SOorthe adpdn-eftiet Neha 240 i@ ib6 ahanplactpred tdue 8f aTttheltuonal metailic
m%ﬁ%az eo(f\'g rta?)PIB: ohé Is?c%aaisnc%frﬁg de?oshlgr%rc%{] bgtr%tlieltc% 'tnvﬁlg a smtable heat-
resiptant| orrgeipdic meterael, sighh s gipphitede Blpwehighen lemppratuges of he deposition

m&liiﬁi)i 111°] natgteé’dégarﬁ thef g Qib BEPOGaMIaRy debreddify didhitdraldtead, its inner
SI% cap]'t:ha%%e hel -WlSea%d ? u%gé%!t%gonﬁgct éiQeIQslce M tﬁbut?re?rﬁlpyt .

Ur es.
150 C prior to |ntroduction into the nozzl e and nuch

[obs7gher i msind embdimmeno Masdtatetf thellaiget @@t sitd) imhemgidiiddriodfie tube 24
w%ﬂ atogut 0”)%6'58 (9 {}:dmmeﬁ'tne s?n%lﬂer (gtftéf%del):r hwa]rr!et/et wgp gbout 0 004 or 0.1

OSIt I'on te era ved precur
mip; ?ﬁeﬁegwwtethetﬂonfrivr@ﬂﬁetﬂémfethawﬁeewwabwtﬁ (ﬂ%en)t ube 24

Therefore, the nunber of solvents and speC|f|c

[o&‘rsic ur sof ‘ﬁ dtéﬁ&gn f‘lga{tergﬁ %ﬁrgcgu’ﬁgsr thé Er%%&%'té’ ntafn%w the temperature of

reased eratures an

thesreeess aifpams wi g desdbrrk spiolisr 3 e dampsiaBies @f e tekg 24 is controlled by
a fehpbrdtire §POAR] 85 ARBhbiediol ohbrRY&re tshﬁ:l;écﬁﬁjd kel HlEnpS18)adbtional -

d|s§<9ve%ﬂgue‘tle§gasgﬁ%a%8 m?o”éon?a?ne?ﬁ% aﬁg geaq 'inlbl(?ﬁ}g ? }hd ucttgr? heeﬁn 2) aid in

thet:fawatse" FIRapedmipecesrstrade 3o 'ah ?ﬁﬂzbzleéhea,aolf@' Higyid gcgas ogg mixture
of ﬂheé‘eJ;bHabéﬂiﬁﬂi stfe@fn 35t@n SfHeRYe F&edametty toﬁﬁiﬁc&émg T'aespraying without

cm%ﬁ!ﬂ anzl %a&rh%rlnt%%dﬂeg’th %z?gjg %eaz-ts otpo%Fn%%)Qé?ﬂ ?Ile l?tr Irhg%?n hery of

the exiPerte-f | ane into a turbul ent fIOM/reglne The gas

Is supplied froma reservoir 62 and heated by neans

a hea Lt : .-

[0035] ety tn‘?eIr sggtém 8, da@logpﬁf 5?:43 SR r;b r%%&:?%&ehllé’tﬁe in.the HPLC
(h'ai*ems@rrtane?t ligid ehHepmiegraphy) gnd BE$S rélP'd emangien pisagercyiical spray)
indidiGesIER Ak anCaitery SfgreclBOr doltiongol | ecti on of

nanoparticles. [0048] In Fig. 3, show ng another _ _

enbodi nent of the apparatus, sane elenents as in Fig;
[00307ar e i nHiccHeEEe W WNdiRRR I FPEEACENS Fhifiedndyction coil 32 and to
chdnh& ek sth §8s APthake®ragh.tThedaé o0 etk et 3hambd B4 réiyh an auxiliary

con%Qé?\S"F 4é Qang I gts tt?e chtapSelj e!t %@p&?e%rhggﬁe SHG9 Cﬂ%%o?z\{e %I acts to shape,

umto freez

accplgtHia ProkPseR i ntﬂraa%ofsthe PIRAESErSIreayy. (A eteamgtfptsaenpfecgﬁ on the -

strdam 3SR Hin@ihe tube 248y ihd PassnguT gas 4beoufins neAdlet 44 di tHERARSDEr G0, the

fOfC%thQ?lné Fbe(urgﬁlgﬁlg %pthggf%p nongdlLPIQWIﬂ'lttﬁ goﬂh’naﬁngqghreg h) &\s 40,

e properties as nor phol ogy and 'size.
the enbodi nent |IIustrated in Fig. 3, a nunber of air .
_[00&N]r eans laly BAGE thalithed Rextergd2isOpladea rspem diat Ul radidtying he desired
il 7 1S d
tem%%gtaﬁegoﬁg th ?‘{e éﬁ? ﬁ‘éeggtookf‘]ﬁ aﬂg\gh%ﬁpou {Sh{a g‘ﬁ% g@ % V\}ﬁ?ﬁo etllne ga‘sJ a6
creating a turbulent Mxing environnent. This
turbul ent m xing zone is used to evenly cool the
process stream and prevent the aggl oneration of
particles prior to deposition on the substrate.
Al ternatively, the air streans 72, supplied froma
source of conpressed air 74 through blowers 76 can be
directed tangentially to the flane spray stream
creating a so- called air horn, not illustrated. In
each case, the medium shoul d be directed transversely
to the flame spray. [0050] The positioning, flow
rate, velocity and shape of the quench stream affect
the adhesion and efficiency of the deposition. Fig. 5
and Fig. 6 show that the substrate tenperature is
dramatically reduced by the introduction of the
quench systentand dependent on both the guench



the uniform addition of supplenentary materials to
the deposition steam Due to the adjustable nature of
the quench system the supplenentary materials can
have a | ow nelting point or be otherw se tenperature
sensitive such as the iononmers used in PEMFC

el ectrodes. The co-deposition assenbly is shown in
Fig. 3 where 78 is a container of a slurry to be

sprayed and denotes nozzles for d Jver ng_str 8 ]
d042lhe addipusidfe QiR eavpsgf“mﬁﬁ@ RSy B g Sfon i

e etq!'ﬂprﬁerﬁ Sped B S tdsedwieae b aUnercrltidaléﬂuaUd fesireshfon spaeiiip deposition,
w?ss%i 16 and QJ%Q ?5 Lnll 9@ Hd%@ﬂ%r@ralt@%e&h@alfﬂ% 'Eﬁér't@ @nt@fng the nozzle

gl@ﬁefrlgb/elraqrwgg casey, gl?élgeﬁeﬁ % E;etisgq f orﬁamtgu\l\g ﬁ%ralﬁlré{ G the

wetidtockal | controll ed increnental steps br|ng|ng the
flame closer to the substrate allows: repeatable and

01 o gOTrHﬁ\ﬁig%(F gi\ég%ﬁtsﬁ]%mfgre i %%Harg %ht 5§ gﬁel lut‘é”z?e fuel
tehesien maebnasicantina it pnd @ntrined5%) end ae p@rébuswé! ante ﬁ@ame 54. The
ﬁl&%gf oﬁ%an Q@dl%@%ﬁ%b LbR§to aLﬂm&rbuﬁibF REHBRES vibreic) BRY combusted.
subs nperature, a valve is switched to change
to the solutlon cont ai ni ng di ssol ved precursors. This
Bb44pws t heThe bt buér astrmbiiSesngiston ablscklisngendeongentiprlly around

BB L Hof & B&l[ﬁfg & dgaEIHﬁt%oifEQﬁxro@Qhﬁﬁérﬁﬁe fuSliahd bddahdare thseted The pilot

b S e B B SR 8 s 1 o

(DO A sRiaalte Sugypalivgetiokr.STRGIAamS 2nis airr@qtﬁdt@@t gHbairate 56, which i
' ! (rGhy BethedRM@y Bingdierfd@er out put,
ﬁ%&#ﬁgggﬁgﬁ&%ﬁﬁﬂﬂﬁ#ggl ?@@ and hléh durability.

However, thls requires that SOFCs operate at | ower

[ogssper at uries fdedstanoi2dordbe sisteinamy opBE5E PrERersqrs hatare dsseived in

Iﬁ}h#@g g Igrgﬂor faﬂ\b‘?g%rnlcqaéldi RfktrS |ntt|‘i@vé7s'§é!0§|mqu@ﬁéd@%sdshﬁét have been

glgﬁaé#plurﬁp%?pelacie%;%géaé%a% o rd%lxrgé g%d;% hng{hgl%ther Liquefied gases can

isudbsbined with ctrg;mm%rvbrhj@thn@rgmﬁp i‘,ﬁqﬁeq:qr@helrpapapﬁéto dissolve precursors

Qﬂrtﬁéw?hy@iegl a;r@aemg ﬂfe rbacm RWpBtiEORClide K pecioe dmite to those

%ﬁ%‘%{ ttna?t@govf eﬁg%@ 0| (:Tg om? Q/{sgbs@’e ?eaft'ég@onoﬁt'&‘?%mmng 18

afnakstoragatcpmnon@ﬂtstﬁ@@@@é@?&ﬁ&ﬁh%ﬁqﬁ\?@d P"S?%’?@e%taﬁ"%e’dreme'y high

HERRLELS D dad bat Akl teMbérbiOis up té e30gT h?or kol ipgrodtiction etcethel ngzle and
racessl

R PR SR St RISyl B o s

et ween consecut
theagesprgpasition teperatie Of thre HissolPH PRSI {19 SOLHRN thpERure witin
tﬁé‘ Eilb@ rackhdigioleh ®e Gumibebef s@vambnandnspediioveaturanabsed for precursor

ssin
fures and the excellent solvation properties of
ﬂhgdgﬁﬁg%P@fg%g%?ﬁ8¥§%1emfhltlal deposi tions Prop
@ﬂﬁﬁﬁﬂ@$ned on a 17 nmdi aneter button cel
conposed of 8% doped yttriumstabilized zirconia. The

@%@m I on H@gi ﬂe@%b&%”ﬁlﬁésl%mﬁé ssrayoe.acc@n GRAbE aérhtﬁ.@ﬁed of used
an

he so vent
e AL FRFIbUEEH P RAOYET 8 el ot e oy e
dsB 6l nos b wathbteptsclsarcaimatpi feit the sprayde anthiarelddsdw
precursor netals. The precursor materials consisted
of- cerium 2 ethyl hexanoate (Ce-2eh) and samarium
acetyl acetonate (Smacac) mxed in nolar ratios of 10%
samari um and 90% cerium Precursors and liquid
organi ¢ solvents were added to an appropriate vesse
and then seal ed. Next, the vessel was filled wth
di -nmet hyl ether and the contents were m xed '
t horoughly. [00561The deposition tenperature was in
range of 960-1000 C on the edge of the substrate.



The deposition solution was 3 nl14 in SDC and the
deposition rate was approximately 0.280 um m n. The
niqrostructure i s somewhat col ummar and appears to be
“"cauliflower" in shape with each individual -structure
1-2 umin size at the edge of the slide and nostly <
lumin the center of the sanple, as seen in Figure 8.
conigﬁk/ﬁ%r Mﬁg‘ &Ih§ ASin L9 OPRd dambareh Rash wih o Hegtell aseAttha® lums the
plie 0 produce electrocatal ysts. In this
lamiparfiaertinto a hebulest fndegan e w6 immaipRis@ oM @ regpe/orr 62 and heated by
fal |l ow our steps: (1) punping a precursor
meaé’&oh hec?ﬂe%%t o an atom zer, (2) atom zing the
precursor solution, (3) conbustion of the process

f |
[oo%ﬁ ;fﬁg‘ t @gz%g} %%s?&grbe&pea rgcl:ffig pLo‘sqﬁcﬁE ga:]surt):ngt\%ge %é")for x fhin fim

depBfficnCRAhbY ANFig. GNOBEEanbief adee mtlemcmparahagsomainer a9 for collec’uon of
el ectrolyte nenbrane. During the first step, chem ca
nangpasilf®sor s such as.netal nitrate or netal organics
anong ot hers are dissolved in suitable solvents,
whi ch al so act as a fuel for conbusti

[0048A 16 Focd F0pH1Es HIOEELFEBRATSHg! BF SearAsIPRLPTRETTS 75 I Fig. 2 are
indiddBduSith 80k LRRAM RN ERefs $4bd ADbRIEIB! clarif00581The
m cr ol nages for the electrocatalyst | ayer and the
sdpported Pt produced in this trinmer are shown in
{ooﬁlg ure IP N FP 4 14199? b ELOLH Guehdrd %{r‘g fbn lﬂgnﬁgt@é’\’gas or liquid
spect r tUraI y engi neered filnms and
) mecmuptocfmmdhqo#eaanom mrtmmmqfar Water, @it opriloagere eah kecused & ihg medium to
st DY BR3P P Yl B I ot g rovets
suchbg MopHoibACMmdasea [nailhé @v@odlmentbblstrﬂed meEs 3 ranser rof aif streams
arratmhfgle{t) I)éb%gq?l% )9F ggr't){%glgﬂ%{[y sfaptlgefayg r%cthtlar?hl sto%%led air knives 72, is used fo

_querdBQrd A0S ARG GAIRBHVIIE b?ebﬁwgca)tmtbalemeﬁxmmemﬁmmment This turbulent
catal yst | ayer-can be S|$n|f|cant%¥ @ ¢ particles
mixipg Baneds Hspdfig evenpsee! thgPropass stregnya Fﬁ?ﬁef‘ QAPIMYAIDLLP

pnort ReebSitbn Oh e QubSRiE Atahstivili the aHEﬂrdéahﬁIMl B@hphdcgiiom a source of
performance. [0060] The process of

compregseidtaiie74 Hergh bloyee T bR d’fﬂf?@dd%fﬁsgtlal'x @nth%ﬁafr‘%ﬁerﬁg siream,
creaﬁﬂjﬂaaéon é;@%daang hafll fRtinkebldl B SdAN@sante RREDANSHoGH| R directed
) eposition' surface. This gradlent can be used
tmm$®mén@mwé@me§Méyelectrocatalyst | ayer to optinize the
cost and performance of the menbrane whil e addressing
the problens associated with nass transport and the ,
[0050hTa¢ peditioning, flonatateo Melodiy ankshanene thehaurich peappefechigje adhesion
rost ruet ur
andc%@(:éﬁ"y%t (L%ﬂ ?Ip? aﬁ P on gan% a%?sgaﬁj gﬁlogpgh%?%{engugbtsg%e pt%%%errature s
draraatidallyeedebd ey/md |r&meumtlm ofl tm/\mentroardamgsd dépepdanh bry Beth the quench
' posu@@tjagpgcy% S glplﬁd/ $ nsgr ‘F"B 6 ?év'tst?bg[c&t cé %# r?dz?lg assembly 120
can ®8lidcated Qﬂﬁﬁl-d:losér mw@kubamé thamini teaditiotal mmst iocredsing the efficiency of
_ manuf acture of a - ﬁ ge acco | i shed by ‘
deperiiopsyhip Mgintining tB%f"?SdE‘é ghogaen mgr?% ®onsi sting of a
thin engineered structure of platlnun1 foll owed by a
m xture_of carbon and

OS] 1 0n © BifcoiapoeRe SIARR P P BRI SE Ul P e dadtional

matmélstlrﬁ@mé Srackd dRamPr h@)ﬁué}fcﬁ SREMn 724 e 7d5isribd &0 i€ fhtended to cool |
| ayer has much better bondln%tstren gth and controlled -
f

the prpesposlierm svfireatly ad tamseate @ yhERERtN9Eonad? Aoty to
deposit a dense thin layer of platinum the inclusion
of an iononer can be signi ffhcantly reduced or
-elimnated altogether while still obtaining high
performance. [0062] Figure 13 shows the initia
performance obtained by a cell manufactured using the



RSDT process with platinumloading significantly |ess
than that prepared by conventi onal techni ques. Proton
Conducting Ceranics [0063] The RSDT is al so capabl e of
- depositing ceram c proton- conductlng films as PEMFC
el ectrol ytes, or producing.ceram c proton-conducting
nanopowders as doping materials of PEMFC
electrolytes. Both will enable PEMPCs to operate at

thé Aifdem %drﬁbnmfgbﬁﬂen{eﬂﬁ@erhﬁéﬁﬂs&o tﬁel”tle‘faod’ t%ﬁ@iébng@e #8Ne adjustable

ttec;hﬂ!.grcal b% tﬁ rngr:l aﬂr_?zc%r ‘1:9% ao OW [T} I}{F cint or b
PR Fo“ﬁ?x"c B4 %S'é"ﬁ&m AN MR AL ATE S QY g pomt or be
othereisartémmgratiee saniivpregeions denigamen geerentiiEMiéselecypdes. The co-
déﬂ))ééif dACHR Eenkbif rlsfshé‘«@{ inGy. @Nghehy 7 RILANBABISIESSIBMNo be sprayed and

chanical strength
Rg: sl POreaPS et B0 ot SRR e ot much
hi gher tenperature and pressure than those wth
[opsE yNer Ry apeple SDNNRERpdtionh@ing nﬁé)a&fﬁ]oh fbf carbon into the

Ex le 1 eposi tion..of wa Lried Qut,
degg%gﬁ ast?rﬁgrh aa?o\% ﬁ.ﬁ fjﬂmﬁf'%n dofS E?C%m,:rm coa%d on fpe S ocrkﬁrgh active
sufedardons wer e made. The first one was prepared with

0.46 g of sanariunracetylacetonate (Sm acac) and 4. 67

‘ [0%7’;?; ;e(r)lflrlfI ?:) 2atigrt1 aywarmmgegl gr%ﬁrla% \r\(igesm%ﬁ hc)nkél'e? %%ETE%@I s?epg brlnglng

uene
they flames closer 4e érecﬁwéstwéer e"oatel dengatelle e Prsgipr S9NYek oveD tharfemperature

'pr&fﬁbeof Ry BBR A @@ﬁtloﬁ ae %lesEolvddhﬁé%ur%&rg (d%srgné&fd as a blank) is used

o4 Pt SesoafE SorReba b nmRAC HABLaBhlbe sporuare. o
valyg istswifehet rrecr@owmtorthmsoﬂttbpmwta@@ﬂﬁerlﬁdr PrgcgePrs sglisalpwhthe start

of m%erﬁﬁﬁi@rﬂﬁ b%@l)rhg PALC, 9N d&&l:&ﬂ@@lp&ﬁt@@f&)%dﬁé&%m S@ﬂﬁriﬁ&hé feerse can
t hout..Sm acac and Ce-2eh and was

bec?@%?ﬂﬁhaetee' %dQBP%iiJﬂ( The bl ank was stored in a
separate container 10. The punp was set to a flow
AFRPRICATEIN dF mhE INVvENTESNIt he bl ank sol ution was passed

the n e. The frequency of the induction
LoHrnIIe{ngerag.E géH’.‘

was set to 271 kHz and the nozzle: _
tenperature 35 was set to 350 C. The oxidant 50 and
[odsge! gas Adfetdt @ﬂppbh@d SorQ eranmmrdalryemememmmmcts to have
" ne, respectiyv a
hlgE%év\\;\errog %t ISV?I C§St LI}rqn I'Xllabl-lr Jg %P]c§ p?’PJgﬂ%ﬂ% ﬁeweger\l\@n% rétfu res tﬁat%OFCs

' opeeteauowqrﬁemeﬁtwaﬁ@aa%ow@en in the: butter assenbly
were ignited by a spark. A 17 mmround substrate 56

[oogéy N O Y32 £8%.)Y. §t‘i@ﬁﬂr|d%? ﬁ@slgﬁi dgl l?ecc?eﬂa%%t‘\%f ?ﬁ@gﬁa‘j&fde fuel

- nd hel'd on a vacuum c
Ce'h%¢°ér elwtewtwassawarwow qepa (SRG) \pelo [Rapras §ef"TPh@1befate the SEM

belﬁQJQﬁiAhaﬂi Erg5ﬁ msapbﬁaﬁ@dnd MethQd oGhY inderdtibe ishdbetisd 16 Faciliite the
maﬁ:ﬁactrfrelcgrbl egentslé] & t uqbaﬁszsirugw(?ls g?]tbgede os?tncli/‘ oﬁotL glt uQSQrgrée The

her- asserbl
fabriggtien af rhewepwéaw %’ﬁtﬁ laygie cpn freccpaieipadn Bitb gheut @ lgaghy high
terrtperatulr‘ee pﬁﬂjéﬁdcés%tn@ §6p. i ThearempW) ropl thie tepadnoan divinhideurttiBurable

rea |ons EQW en con vgaxs%ﬁfoglt U)Qr}aﬁfueg%g %chgra rr?c‘l %Pr?nﬁ( V\%t aerrd c?ackrng

nperatureée o

ﬂﬁeﬁmbeh@@“@U“FWUeN@@ﬂPEFﬁ$@§6§$@@wSsoIutlon 12.

Deposition of SDC | asted for 70 m nutes. Upon

conpl etion of the deposition the feedstock sol ution

12 was sw tched back to blank and the flanme 54 was

noved away i nuenmentally to rninimn thermal shock to

the substrate 56. The sanple was then anal yzed by SEM

as seen in Fig. 8. Exanple 2
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[0066] In Exanple 2, a bilayer of Pt and Pt/carbon
for use in PEM fuel cells was deposited by RSDT
First, .75 g of Pt-acetylacetonate was dissolved in

-w%ﬁz%o*ﬁm%s?f toluene in a container 10. Next, P%%f(%zgn&fmm

propané was added and the contai ner was thoroug
"m xed. The solution 12 was heated to 350 C. The

- iSRRG it dcfmedon 4 I bl e Rhin LB P imhRd G doped
yttriumestabilized giptonial Theé scdutionFampdatedennsists of Bvibaincentati& of SDC,

10 5 30T 3Bl T St M e o odeeBE e ey and were

choseh based b tefisolvlation dhatactetistits farthé ehosendiredulisdr Rictals. The precursor

mae il poned o o e et G ARimiv foctifgsonste (S

acac) REBdSH 03610 tatiob 6f 1090 Whdrii £RABI094 ceridfn. PRCurbSrs drd lidtifl organic
and the nozzle tenperature 35 was set_to 200 C

C. T
solvents WeRaddrgl ta An apnrepriateessed and then sealed, Nexd, the eesas] wiag filled with

m.ﬁ%m&m&mmmuwmﬁmgmge l'y. The shaping gas
40"was set to a flowrate of 1.795 Umin and heated to

a tenperature of 350 C The nmethane 50 and oxygen 46
[0056h * t [dse idepasition senapendting Wos inerangmeiiN68-1600 € onghe edge af the substrate.

, 1.6 | C
- The RRSIR sBiytch Hgs VOIS SUE 38 WA R0l ) froxiBasey 0280
um/mins The micmginicturd isesomelvhatzbhamsir tahé appearscto tescaulifloweB5in shape
C .o mai.nt gi ned. the: fl . The f] 4 was intaine .
with PR R fennee £ i K e ol e 28 B oty 2 um in the
centétiof tilsb@plepdsaedirifeligurise t enperature of the substrate
- 56 was nmai ntai ned bel ow 140 C. A notion program was
set up so that the reaction plume would cover the 7 X
FE éﬁﬂgﬁBQPW§F€¥ The Pt sublayer (Fig 4) was deposited
-~ for 10 mnutes, and the substrate was renoved from
00571Ne TREAlctHBA oPlHd TverflorP bé ﬁe@%?ﬂoﬁﬁé@de&o&@ﬁl . In thi
[, gir shear nogzles:SQ.%as usé%ptp atom ze a s|Uﬁ¥§£%§ﬂms '
context, the mgthad cap kegamparizedir thesfolewingifaysteped1) proagngp precursor
I D y$ﬁﬁ?%$*@@§€&5&@° [ 1@%,
solw gﬂgggﬁr?gigﬁgﬂo slUtry 78 was %@ﬂ%#@*iegugeﬁﬁﬁ% coss
. streamuip fioryn cfalyst sawolusterdipai, and @) nuxing pf ¢atalys8 @apof phmei with
- K¢ . la.The Ll e _
carbch Rl Rl B0b Ty M oot B ool eyt smemprame.
Duringnthe figst ktep, dhymivalpreassoresuck g inetabaitratd of metahbdgadcsamong
the conpresse ir.line 81 ce th zzl e re
others 8% ARPRAEH SRt Ltvenll, whish 30 SR a s A or e o Water
solublepreqirids by 8o bd diksolved it Gatel htbllersinhed Wit RRsle fuel.
flame 54, air stream 72 and spray 82. The pressure on
slurry 78 was set to 5 psi. -This resulted in the
deposition of a layer consisting of Pt particles 93
[0058] € P OThé MitréitiagesFor 1O BleBPocathfistlayériafi® thefsupditeted Pt produced in
. deposition was, 15 mnutes. Industrial Applicability
this %ﬁmr@mgm WereddPB01713 100681Whi | e t he
invention has been identified in the specification as.
applicable in . the field of fuel cells and
[005% e cFigpeedip gnd blbshgwaespestiidly dechraliyimpemaesd fims ayd sppported
platinkifh BiRBp&E 1A (REdicR@ hodoRfing 10\E ink&itiol Ry mike mghz%taﬁlgggigh

to other fields where known thernmal spraying

surfaggrasea Hfenal| Cyeating @ struaBuramiAb a high surface area allowsfpeheitermass
@g@%ﬁg@iﬂa RSN cahggt B8 CA i Gordalifl Uharh GiH 5 A%krum

onprisin
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a feedstock container for a reactive liquid
f eedst ock; heating neans for heating the contents of
the feedstock container to a supercritical

vﬁg@ﬁgé&gre; an el ongat ed tubul ar Co%ij/émowoems

g a first end including an opening port
connected to the feedstock container and a second end
avi,ng, an ,exi ort for discharaing feedst,oc t .

confyfés B Pty 1o b fef e ST, dBEHIR B fmod 18 times, o
sigriifivanprdhdghderst of the filafedihle whilk hxwitaisiag high pexdomiagte. t he

feedstock to be discharged, the second end form.ng or

associated wth a nozzle for coIIinatinglrom/of t he
'[oadi] schey, ﬁi‘r&itio_ﬂ li:l"ﬂ’ex'ﬂ@&&m&@fo AR féeihk d&position of

f eedst-ock to_the conduit under pressure;

layerrrontgtingneredisnthyth Melanssad perpendicalag fothe depositipn gﬂfaﬁe This

: . . . : NS -~ ond i t h
gl-ﬂdt; e ethClQ%)%_{rat%gg%&c}gT?% ng tﬁ?égtlj;xdill lary g%%pi&lg t he .
performancgefithe membrane whilel addressg feeprobiemsessoniatel] withy mess transport
| ) dpi t '
and e et ol O o 23 B e BSBL Bl L and
increasing floer datal ystutilizatipre aralk iass trafisppitchighee powarchn bamdlieved even at
byr ner nean I Spose t he exit rt for ignifin
loweg Jpediies SEHTER BiRerT 2rocheabefial hows Row s a e gfttys ayer
couldbt Enchipdratedihtol sofisyl QHS. 2. The appar at us
according to claim1l wherein the inductive-heating

means is - disposed around both the conduit and the

10061 AN o PippBbiBinl FRADIS hd Bkt bea PERIFEIAS be and
the auxiliary gas - e apparat us accordi ng

. 3. Th
accomplighedibydepasitinganislaciacatal ytiayer Gogsighing.of g dhin segingerad siructure
136 m 070 A=Tal R K %&#’M“@ {, %ﬁ‘% i i T

Ofpappar at us aggor I ng E’g C é‘:‘%af& er ea%’r"]h,otwﬁemc% u??,%a'
Due totherdliin electeocatalyst layerdomard iy the rtadtive apriay groces.she RSDT prepared

. i : of L. '
toyethad §k R bel BERdiAF fBE Bl BicOnEhls. REMY, due o the
abilityon depdsitiasiefiserthia dayef ofplatinviog the inclusion of an ionomer can be
significantly reduced or eliminated altogether while still obtainin '_ g high performance.

[0062] Figure 13 shows the initial performance obtained by a cell manufactured using the
RSDT process with platinum loading significantly less than that prepared by conventional
techniques. : ‘ ' '

* Proton Conductiﬁg Ceramics :

[0063]  The RSDT is also capable of depositing ceramic proton-conducting films as
PEMFC electrolytes, or producing ceramic proton—conductixig nanopowders as doping
materials of PEMFC electrolytes. Both will enable PEMFCs to operate at 110 C or a higher
temperature, thus removing a key technical barrier to the commercialization of PEMFC
technology. ' |

[0064] In addition, RSDT can be used for preparing ceramic proton-conducting
membranes for hydrogen'pmiﬁcaﬁon and hy&rogen compression devices, which have much
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of interconnected tubes of decreasing inner dianeter
fromthe opening port to the exit port. " 6.
The apparatus according to claim1 further conprising
- gas curtain neans disposed for distributing a curtain
of a non-flammabl e gas transversely into a path of
bur ni ng feedstock dlscharged fromthe exit port and
hlghqrw@chm@l grength that tradifionatiechaolpay andiran gpcste @F gch bigher

el S o e Bl pEBIARE TER0° 2 or el

to claim1l1 further conprising supplenmentary materi al
EXAMMESY neans di sposed to deliver a spray stream of a
suppl enentary material into the stream of the
Exanfpiedst ock after. it has -been discharged fromthe
nozzl e and i gnited. 9. The apparatus

~ Joossjcc %Cﬂxﬁ&pfeq BgRiof of BDOWis STl i e W@é&aﬁmed in
' mat eri al nmeans di sposed to deliver :
Fig. ZsthD s@u mafe m@ﬁwmﬁp@pﬁ@é v@&lr(b‘}éﬂ@ﬁ
samatiu “"t‘ieﬁq %%ﬁ raﬁ&g‘s‘?f g Vﬁahﬁbate (Cer2¢h)
1 e to c a|n1 erern

0 appar tus a cor
dissolvertfintt 4 Abg héatuengmmtam@m&s 164 Sowis 2Lh.F gramg i ﬁmmne were added

o the 50N o B e ke e i, P A5 B0l wes

addedttb ¢hervohiainer ﬂﬂrfhdmoﬁghjg shaken. The @nGMed wagh&mﬁa 380 C so that the
ectivel

' a fir and secon re
SOt PTG SR EEA AT RO o TE SShans FoIiEnvaS Ghate ey dhosgme as
the fir6but #Rh&1E ISn-RAE bndCb26h BhDWhd a@@ahwaﬁm The blAAK whdi@ored

si ze of 'the opening port, the second end form ng or

ina seml@tfaoa‘ta@@r -t Thepumg, wasset fraofiow mﬁ@o ehmipend the blank
solutuﬁf‘\%s Lag itD fheGRRAHI Fhe fdif héa'ﬂer 5% Swag s to 271

n| catron wt a source of an aUXI

kHz awi thh noirie mﬁam 35 wps get e3G GigThe ¢xddant 553' @d Toglgad 46 for the
I

 bumer SO Fel SRR Sl Eeod BIP YR it R3804 s

. flow rite of 3 Lieinapé heaﬂgl tpc:rttmgamtukﬁeofe?s&()tc riﬂmtmamiwtahd oxiggen in the

burner dlnbRF Fe if:Pted b5 sk WCPF PG md BbBste 56 of NiO-YSZ (8% ¥

- stabilized) was placed onto-a holdgr 58 and held on a vacuum chuck. Additionally, the holder
58 was heated by resistive heaters. The substrate 56 was heated to 400 C via the holder 58.
A spark ignited the spray 36 while the blank solution was flowing in the tube 24 and the

burner assembly'55 méintained 'the.ﬂame'. The flame 54 was brought close to the substrate
56ina controlled manner by the use of linear motion system. Upon reaching a substrate 56
temperature of 960-1000 C the blank solution was switched to the regu]ar feedstock solution :
12. Deposition of SDC Iaste:d for 70 minutes. Upon completlon of the deposmon the
feedstock sohution 12 was switched back to blank and the flame 54 was moved away
incrementally to minimize thermal shock to the substrate 56. The saﬁ]ﬁle was then analyzed '

by SEM as seen in Fig. 8.

" Example2
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passing a heated auxiliary gas through the chanber
into the feedstock spray, while heating the chanber
and the conduit by inductive heating to nmaintain a
supercritical tenperature of the feedstock and the
auxiliary gas, and igniting the feedstock and the
auxiliary gas spray resulting in a reactive fluid
flame spray at the exit port. 12. A net hod
[0066E c oin Eikaneple: B a blaaraf BliandiFtedrirdifergseio REM 81ef ealls yas

deptgs?t I:L?}) Fggbﬁ p ot tﬁgjﬁg’gg ? é/%c& nattJWa d&smd‘ﬁpﬂﬁ% gté? toluen? in

ce a des reactron and to contro
a cohﬂaeerpt)o Nettbéeg obrbroqme wisarndad andpircadufeines we$ thpdeeghly mixed.

ct | 13 Th
e Sph i S BB caetPirian I ARt e
Natibredpemnbbhy. & (HioainpRes sdilodail ihiyes7 onas tusadrto odol the flame 54 so
-.non-fla bl e s into a of the feedstoc ay. -
tt i Subriae AR bRUTSAELE GO PP SRe ey PR
only 6O Eré=HEsa 70 biddelhe 51 Br fe mél@ypdaﬁona;f el PrEuBiEgRNbrad Yie
material into the path of the reactive spray i

d ,
N7 P BIER5%n TEAO TSI HEAT 6 Bt PIGOHOES PR I TeREensy of e

.ndu&%ﬁ'ﬁ&été/revaé 888537201z ARPnk REZRUNRICRRPOSHAAS BBbE00 8! The
The et hod according to claim 14 wherein the

0Xid%!]§$(h§l1ddfel a5 9B o e RErAPRASPRITDWeER O9/3en e MelBans EesPPRiEM he
. The 5?%3955 42480 3BL %Y 1o AR $td G315 Dmirahb h¥atddfto & ﬁﬁaperaturg \?\;)350 o

conbustible gas I1nto the reactive spray
~ The melbwe(ﬂﬂ@@@ ORGT AR 0BALOGTFEINNBSTRIQTRIAY épﬁﬂa resubsirate

56 omgﬂ? ggcéa% %q}%ﬁePésnRé&HﬁérﬁeJd@%ﬁ haamR R ggr: g

nozz reheat pres ze an
feedm Ha was:ﬁ:hving :rghmuumjzzr areldticl buenegasgenfilyhinmmaintaine thgdlame.

h I h
L DT L
substrate uardadee%s%rq;ﬁmtm opihe ﬁ&mrml 56 masanmrmdcbelowne@r: A

t r at ef ore _reachin
oSBT SR P JFLT PR AT BUR T B TR E 8l e o

The PtR@bisyef (FRiL4) e depoiitell e 10 eedet @akihe bstradamreinoved
relative to the inlet. A suppl enmentary collimating,

from die reqclion PiAg S 3’4 s supplied to the fl ow channel of
the feedstock-dud both the feedstock and the -
suppl enentary - %as are uni formy heated before

19062 A+ SetPhaiEshaRT BRI RSB e SPBEE DS EY (4 0GR AYHsen XC-

72R chBo\@%ehs8d ARE gl Blabdrd. | The SRy B8 WdlaRinize #d 4 Yraya2. THiee
properties of the Part icul ate fpr oducts of the
atomizgticndf HW gontwlled by the supply of pressurized air 74 tonozzles 80. The air

supply pressure was 25 psi. The flow rate was determined by the pressure on slurry 78, the
pressure contrblled by a pressufe regulator 79 installed on the compressed air fine 81. Once the -
nozzles wefé operaticnal, the éub'strate was moved back into the reaction plume that now contained
stream components: flame 54, air stream 72 and spray 82. The pressure on slurry 78 was setito &

psi. This resulted in the depos‘itibn of a layer consisting of Pt harti'c’ies 93 deposited onto carbon 95.

Total time of the deposition was 15 minuies.

industrial Applicabiiity
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217 317 -t787981 FIG 3 4/7 NEEDLE- QUENCH GAP
AND 5.7 cm PERPENDI CULAR QUENCH 15' 1200AI R FLOW
EFFECT ON FLAME TEMPERATURE

WO 2007/045089 PCTICA2ﬁ06I001713

[0068]  While the invention has been identified in the specification as applicable in the
field of fuel cells and specifically to produce fuel cell membranes, it will be appreciated that

| the invention may be applicable to other fields where known thermal spraying methods are -
typically used.
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CLAIMS
1. An apparatus for thermal :'spraying of a reactive liquid feedstock, the apparatus
comprising: ' -
a feedstock container for a reactive liquid feedstock;
heating means for heating the contents of the feedstock container to a supercritical

{emperature,
- an elongated tubular conduit havmg a first end including an opening port connected to

the feedstock container and a second end having an exit port for dlschargmg feedstock, the

" exit port having a substantially smaller size than the opening port to create a flow restriction

for the feedstock to b'e discharged, the second end forming or associated with a nozzle for
collimating flow of the discharged feedstock; |

pump means for delivering feedstock to the conduit under pressure;

a chamber enclosmg the conduit, the chamber being in communication with a source

' of auxiliary gas and with the exit port for delivering the auxiliary gas to the exit port;

:nductlve heating means disposed around the conduit and the chamber for heating the

feedstock flowing through the conduit to maintain the supercritical temperature of the

& feedstock; and

burner means d:sposed at the exr: port for igniting said feedstock when it ieaves the

exit port along with the auxiliary gas. . -

2. The apparatus according to claim 1 wherein the inductive heating means ‘is

- disposed around both the conduit and the chamber for simultaneously heating the feedstock

and the auxiliary gas.

3. The apparatus éccordihg to claim 2 wherein the chamber is arranged coaxially

"and concentrically around the conduit.

4. The apparatus according to claim 1 wherein the conduit is formed of a tube of

~ gradually decreasing inner diameter from the opéning port to the exit port.

5. - The apparatus according to clalm 1 wherein the conduif is formed of a number

of interconnected tubes of decreasing inner diameter from the openmg pori to the exit port.

18



AT

FIG 5 7cm NEEDLE- QUENCH GAP AND QUENCH Al R FLOW
800EFFECT ON FLAME TEMPERATURE A5.7 ANGLED 111- A8
ANGLED -a- A5.7 PERPENDI CULAR - - X- A8 PERPENDI CULAR

- FIG 6 Fig. 4 Fig. 7 Fig. 8

B, -T'he apparatus according to claim 1 further comprising gas curtain means

disposed for distributing a curtain of a non-flammable gas transversety lnto a path of burning

feedstock discharged from the exit port and the nozzle.

7. The apparatus according to claim 1 wherein the inductive heating means is an

RF induction heater.

8. The 'apparatus according to' claim 1 further comprising supplementary material
supply means d|sposed to deliver a spray stream of a supplementary matenat anto the stream

cf the feedstock after it has been dtscharged from the nozzle and lgnlted

9 The apparatus 'accordi_ng to claim 6 further compri‘sing supplementary material
supply means disposed to deliver a spray stream of a supplementary material into the stream

of the feedstock downstream of the gas curtain.

10. The apparaius according to claim 1 wherein the :nductlve heatlng means is

disposed for umform heattng of essentlally the entire feedstock conduit.

11.- A method for spraying a reactive ﬂuid_ feedstcck, the method comprising:
providing a conduit having a first end and a second end, respectively including an
opening port and an exit pcrt the size cf the exit port being significantly smaller than the size
of the opening port, the second end forming or associated with a nozzle,
providing a chamber enclosing the conduit, the chamber being in communication wnth
a source of an auxifiary gas and with the exit port,
pre-heating a reactive liquid feedstock to a supercritical temperature;
passing the reactive feedstock under pressuré through the conduit from the opening port to

the exit port and through the nozzle to create a feedstcck spray,
passing a heated aumltary gas through the chamber into the feedstock spray,

‘while heating the chamber and the conduit by inductive heating to maintain a supercritical

temperature of the feedstock and the auxiliary gas, and
igniting the feedstock and the auxthary gas spray resuitlng in a reactive fiuid ﬂame spray at

the-exit port.
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6/ 7 Fig. 10b Pt/C Fig. 1 aFig. 11b

12. A method according to claim ‘ 11, including controllably reducing the
temperature of the flame spray to produce a desired'de'gree of reaction and to control the -

properties of particulate products of the reactive spray.

13.  The method of claim 12 wherein the step of controllably reducing the

. femperature comprises blowing a curtain of non-flammable gas into a path of the feedstock

~ spray.

4. - The method according 1o claim 11 Wthl"I further comprises :ntroduclng a spray

of a supplementary material into the path of the reactive spray in order to produce a

| combined coating resulting from the reactive feedstock and the supplementary material. |

15.  The method according to claim 14 wherein the spray of supplementary

material is delivered into the reactive spray downstream of entry of the non-combustible gas

into the reactive spray.
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