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CATALYST FOR ELECTROCHEM CAL REDUCTI ON OF OXYGEN FI ELD
OF THE I NVENTI ON The invention relates to a catal yst,

w0 noopaotosTul ar to an el ectrocatal yst for oxygepPCT/EP2008/052061
reduction suitable for incorpdration in a
gas-diffusion el ectrode structure, and to a nmethod for
manuf acturing the sanme. BACKGROUND OF THE | NVENTI ON

CARR TS TRAR S ETRERHENT Kl BFBUETBN b offand ©

based on rhodi um and rut heni um sul phide are currently

i ncorporated in gas-diffusion electrode structures for

use as oxygen-reduci ng cathodes in highly aggressive
FIEID IOPTRENNS/EINVPEINaS i n the depol ari sed el ectrol ysis

of hydrochloric acid. Noble netal sul phide

el ectrocatal ysts of the prior art are for instance

r. [ 0 -
TOELFOBNEH DYRRLLE LSS DBIEL 1 T SRR AUENS or oryger
redigtioh | suitabehfarr indespdrationt s bagas difusibrs elezsredei stridture, and to a

6,149,782, entirely incorporated herein as reference,
’“WWWQRWUBaWH?@PWVQt%%sﬁnﬁhodiun1su|phide catal yst. The

synthesi s of noble netal sul phide catalysts with

hydr ogen sul phide in aqueous solutions is conveniently
BACKGREWMDIOF THEhINYENSKDNe of a conductive carrier,

in nost of the cases consisting of carbon particles.

In this way, the noble nmetal sul phide is selectively

NoBleeRichalt U1 SiKldes akd eviday deweeit thel el o iehs@rocatilydi§iein particular,
resulting product is a carbon-supported catalyst;

elegtiocatal ystphased ahahogiusuand bliibenum Beiphifdd aotyregnityedcorporated

n Rt SEPoR SHLATES 0h SR SRt b Tl B8fhodés in nigniy
ag§resbReAbRATENk, atkh assiHGRe depdidricad eléetrol dig 8nNhfearBeMloric acid.
rp./USA are particularly fit to the scope.

different procedure for the preparation of
- S e I
Nobf B SUBPRIGLE RN 8ol br L PRSI e prepared by
spagirgp hydragenesulphitie ia ssohqiecus sblutiomalflecoreésponding noble metal
pre&lryecursor alt, for instance a noble nmetal chlor

. | L de. .
S matURRA G0 Shl0PEe DO BISVRE 85aRiar R6Perinahla 6,145,782, entirely
incBASOrBRAS Refditts' RteldMER! wHidh 1S eBUdE R9eN rfediBR §9pRide catalyst.

The synthesis of noble metal sulphide catalysts with hydrogen sulphide in aqueous
solutions is conveniently carried out in the presence of a conductive carrier, in most
of the cases consisting of carbon particles. In this way, the noble metal sulphide is
selectively precipitated on the carbon particle surface, and the resulting product is a
carbon-supported catalyst, which is particularly suitable for being incorporated in gas-
diffusion electrode structures characterised by high efficiency at reduced noble metal
loadings. High surface carbon blacks, such as Vulcan XC-72 from Cabot Corp./USA

are particularly fit to the scope.
A different procedure for the preparation of carbon-supported noble metal sulphide

catalysts consists of an incipient wetness impregnation of the carbon carrier with a

solution of a noble metal precursor salt, for instance a noble metal chloride, followed
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anbi ent or higher tenperature, whereby the sul phide is
formed in a stable phase. This is for instance
walemshowesl i n US 2004/ 0242412, relating to a rethEPI00$052061
sul phide catalyst. A nore advanced manufacturing
process for noble nmetal sul phide catalysts is further
sed in US 6,967,1 85, entjrely jnc
by ORI S1ePPRIERRIL S hh 36 Eret T s deE Lk Piogen sulphide at

amBRdrf! orPRigREF %érh?é#attth‘rea W%r@b&@ﬁ@%%rdé‘ i forAtBERM S stable phase.
sol ution free 0 hide ions; inthis way, a

Thtsasdoymstmdenbsedlny L&@%&Y@«ﬂﬂﬂa réfatingéo afruti@nium sulphide
cat% % 9,782 is obtained avoiding the use of a highly
Q’ r dous and noxi ous reactant such as hydrogen
sul phide. Although the catalysts disclosed in the
above referenced docunents proved of utnost inportance
A mere adanngglorsseiactriBieniosrss fos1abim ”tﬂ‘ta|rﬁ}ﬂ@f@iéﬁlcéia|b§$t$ is further

dls?ll%'rsngg% ) %QJES\’?S 5 erﬁ#@} |ﬁ§drbbra%§?’rgpeﬁ 2 aberenge and consists of

atrons’'in errrs

reddtiag randble uhetal grevggsarssitty e tlerovcrdmmmm m@meqa&aouﬁ solution free of
applic Etf‘léﬁon and consi stin hydr ochl orj c aci d

ch
SU'QEIC‘ ; dBntE Y %l%?W?EéHBS'@HﬁﬁW Sagvaiprisk gy one of US
6,199 ﬁ{Z B‘tﬁﬂwg‘?}:é{ﬁﬁarngﬁ%erﬁé@ ‘E)%/ ﬁlﬁﬁly% la¥hdds ?Hteweo%ous reactant

precipitated ods 0
suq:h ashydrrdgearsmlrarhldeprepared by di screte reduction
stages producing a m xture of different crystalline
phases with different val ences and stoichionetry, sone

AltRbughitrB @étﬁ%@@ R ¢ QR ASBRIreRre@ddd \YokYnints proved of
none at al Mor eover, sone of the nobst active

utnﬂ@ﬁtnumaortanceofwr ¢he osucassahul y Cemmrraiatisaiign cof dammhlorlc acid

el Bhl<o P BT B S Do B TS RIS b ad b ¥igor savity o
theoﬂiérablmleﬂg aggresive SVTRIMMNGIS, tyﬁuuérbf@cﬁtaﬁmé&rorv\fan@ lRohsisting of a

| so very attractive in terns of cost, is the one
hyq{p%l%@e@ﬁ"ﬂ rﬁqyﬁl%gqmt@ﬂwﬂﬁl@'ﬂ%ﬂtIam@léfl‘t§|Qfgdléﬁowed chlorine and
@é}{)ogen sul phi de as reactant species. As concerns the
ability, the above nmentioned m xed-val ence systens
conpri sed of different crystalline phases typical of
cat e pr rt inevita sults
As regards tﬁe ac |V|ty, notb‘1 m%tal sulpahiées precrplta?eg by?he methoé)s of the prior
art are all prepared by discrete reduction stages producing a mixture of different
crystalline phases with different valences and stoichiometry, some of which present a
poor electrochemical activity or none at all. Moreover, some of the most active
formulation consist of ternary compounds which cannot be reliably prepared by the
environmentally friend method of US 6,967,185; the only viable process for obtaining
ternary compounds, such as RuxCo,S, which is also very attractive in terms of cost,
is the one disclosed in US 2004/0242412, still relying on hydrogen sulphide as

reactant species.

As concerns the stability, the above mentioned mixed-valence systems comprised of
different crystalline phases typical of the catalysts of the prior art inevitably results to
some extent in the formation of less stable phases such as zerovalent metals, metal
oxides and non-stoichiometric perovskites. Although rhodium and ruthenium

M/49021-PCT



10

15

20

25

30

sonme extent in the formation of |ess stable phases

such as zerovalent netals, netal oxides and
woensaesThi onetri c perovskites. Al though rhodPCIER2VIS/052061

rut heni um M 49021- PCTsul phi ded are nuch nore stable

than any other electrocatal yst for oxygen reduction of

t he art int hydr ochl orj c aci | ysis .
supeBRanich cofte SBakATanAMnoleE SRameaflyatipt Bxigen reduction
of @8 pebARKEIN ﬁw%oﬁ%d@ch)briﬁhﬁéldtaéct‘ﬁ&yéls' éﬂ\ﬁﬁé)‘h?ﬂéiﬁ"\@ofn‘ér Ieakage of

mai nt enance. S OF THE | NVENTT ON IS one obje
nolole metal isrsidlatatectablenespecialdly whenitoe cell m)&h;jlt down for malntenance

conposi tion of sul phide catalyst for el ectrocheni cal

reducti on of oxygen overcoming the limtations of the
OBYECTS @R THENNVENTIONar, it is an object of the

present invention to provide a nore active and stable

catal yst for cathodi c oxygen reduction in a process of

- 0 ' c I VEY IS L& -
It %%b‘?’(ehégj%?t; lsjg’hrfe }Dﬂevsé%m?%\{]e%ttléﬁ 18 ODIJO(/Id a%‘%h%g@?#@%ﬁ of sulphide
cately&d:tfométedtmbenme&treducwom@V&jxygenmrcommgofhe limitations of the

hi de cat al yst usef ul cat hode in a, process, of

p”‘élreﬂp <§1

&1 BrRarberIAg df i§a) ehieet gfi‘ah& RPgertigr§Rian to provide,gmore active
an&%@ét?@rca?ﬁg&cforcgatﬁ&ﬁ Sﬁ‘treﬂﬂ tﬁﬂllrpﬁ 6@0@%&9\5? ﬂ?lebchlorlc acid

nove d for nanu rlng su I de catalysts
eleetrelyssisochemi cal reductlon of oxygen. These and ot her

objects will be clarified by the follow ng

description, which shall not be understood as a

It i Qhétﬂbf%éﬁt &hehd PYESHnt GRveMitRs ¢o rbeide hSgas-diffusion electrode
excl u3|vely defined by the appended cl ai s.

INCOERCRYIFY RO Ve COMPOR NVEIDT Isaiphisiel eatady st usetul aspathode inea process

of YT S EFOEhHE ARl AsFPRS S nobi e metal sul phi de
supported as a single well-defined crystalline phase

on a conductive carbon; preferably, the noble neta
It isayel popther obiech Y dhei presest d“\éﬂrﬁ@ﬂetoclpj?%‘t'@?l&l rR9V9| method for

r
el & R on Ok SpPBLEARIIR Pl er loen.
Theweeeaﬂderb(ybjbbts witine alarified myl theRbi&@yingt desscription, which shall not
be understood as a limitation of the invention, whose extent is exclusively defined by
the appended claims.

DESCRIPTION OF THE INVENTION

Under a first aspect, the invention consists of a catalyst for electrochemical reduction
of oxygen comprising a noble metal sulphide supported as a single well-defined
crystalline phase on a conductive carbon; preferably, the noble metal catalyst of the
invention is a single crystalline phase of a binary or ternary rhodium or ruthenium
sulphide.

In the case of binary rhodium sulphides expressed by the general formula Rh,Sy, the

inventors have found that the manufacturing methods of the prior art invariably lead
to a mixed-valence system at least comprising the species Rh2Ss, Rh{;S15, and
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i nventors have found that the manufacturing nethods of

the prior art invariably lead to a m xed-val ence
weymBams: | east conprising the speci es Rh2Ss, PEITEP2008/052061

7Si 5, and M 49021- PCTRh3S4 wi th sonme anount of

metallic rhodi um (RhO) . O all these species, RhH 7Si

Rhghe Wbnsarne apaue’ of aimne radmdERAEDL ETTRGR Giebis. Rnis:s

ch&acterrReal hykcer S/Q%'f !Qttm?é‘%@rreswdlﬁ tth&hE qR- Bhf)%pace group is the
speci es presen little or no achtg and in some
a

moshsastiva, [fellyead dyapianaciinicR{L2/my) Rhsbabwbile nthe remaining species

pretbRhIFECSF b Ry AL ROTR et & e o i’ is unstable i

hy@Behticatid ERcaoRRIesRtioNS, AntRcBLAREDE &t @wck@st rhodlum leaks
6,149, 782 and US 6,967,1 85 for exanple, the ty

durfgeReratiomn I 7asiogrdance vith (tee hﬁ>@ﬁ@$$€t9naﬂi U§0/060?4Q H%Z and US
6, 9%‘7‘#8% %or eQ?mpﬁjéntﬁglt%b%earﬁM' ﬁ%hv |§ %Vlﬁpé ﬂgﬁeﬁ@%} 70% of the

sur prising a single crystalli
ovér‘émrﬁodluﬁ%hwm’lﬁldﬁ specast i ve carbon can be prepared by

suitably nodifying the environnental | yfriendly

manuf acturing process disclosed in US 6,967,1 85. The

Thé%%ﬁtb&g'h%véfé( bﬂ%kﬁ;@ﬁf&msﬁwdtgﬁ lé%?fg%‘e h&{/%ﬁh pﬁé’se of (Pm-3m)

mean a nore re cryst ase;’in t cases
RhefS1t ba a(dﬁna&a)*b@hbﬁﬁ’ﬁe Bepateal ly;sSuMiliyorrmbdr@lrtg:)thermwwonmentally-

fri%@&e%ém%]%ttﬁrﬂ%nario&gl egi:s%st l' 85@ %‘;‘Pe&bni%o @?m smé’le crystalline
ph@@éﬂéf@’é‘éd#ﬁér’@gftér & mghR Lmveé eldn WA%@%rﬁtaKﬁfﬁs@ﬂn the cases of
H 7S on active carbon conprises the steps :

ther (a%mtiirng I%h1p$ec@atsb'|st egrorditg ithdbe unyertan, |thSt81Iﬁ@@ crystal phase

onlieshin bk R SR WindREBEB RIS 57 Tup BB 26Tk rgfacturing 2
sing ety st theqbhaxensiyPin-3en ) RH,HS N draattivel &frboh lketnprises the steps of:
preci pitating an anorphous sul phi de species on the

carbon particles - recovering the slurry, preferably

by F%e’ Pﬁnd Bfécur%?%talttcifgﬁbalﬂgq thleiﬁsﬁ%&%ﬁglgi%y%sﬁ@hur source

i ner at” a erat'ure o
unt Slhcrobztsalanlthngsuiplaategloe thnqniﬁal s$peviephasthe presence of a strong

e MR R RE IR S ——

be gsRpbrdud SlliphiBESpecies on the carbon particles

- recovering the slurry, preferably by filtration

- heat treating the recovered slurry in inert atmosphere at a temperature of 500
to 1250°C until obtaining a single crystalline phase corresponding to (Pm-3m)
Rh17S1s.

Besides thiosulphates and thionates, other sulphur sources can be used to initiate
the metathesis step characterising the method of the invention: tetrathionates such
as NaxS40s . 2 HO and other similar thionate species such as dithionates,
trithionates, pentathionates and heptathionates are all fit for this purpose, and also
gaseous SO2 possesses both the reducing power and the sulphur availability to

produce amorphous M,S, moieties on a selected support.
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the netathesis step characterising the nethod of the

i nvention: tetrathionates such as Na S4Ce 2 H20 and
w@edwenows3ni | ar thi onate speci es such as dithi OPEIL/EB2008/052061

trithionates, pentathionates and heptathi onates are

all fit for thIS pur pose, and al so gaseous SO2

TESLPPaR TRy AR ICe BIFGe RS SHREge REra P B R between 200
an§ 800Ghed, §h@ﬂ%brefé4’ré@%%ém?§f3&ﬁn § GPRY FestMiRPModium sulphide on
particleés have preferab a surface area conprised

Car@@nm&@ﬂﬁmﬁedmt\&e@ﬁ ﬁQ/ajld Hitd. t he preferred specific
| oadi ng of the resulting rhodi um sul phide on carbon is
conpri sed between 12 and 18% The sequence of addition

Th@fs gb@nééétbaﬂﬂ'@nlcﬁ theirehctahtd 8 srhical o bb@irdeRI d€slred product: to
uct: to the solution containing the suspended

the(:ﬁ@'b‘ﬂﬂn ma‘@m@sthﬁanmdﬁﬁo@ﬁrgﬁﬂ Fﬂ&fﬂ@ﬁ§(ﬁn #& rhadigm precursor
sa|feﬂh%°§§80t%8'é{l“bﬂ rsé)c&lfr‘ég O(gcf%sfa%%?‘ﬁ ﬁ@pﬁb@aphmﬁé&eoépemes) is

I Onat e Sspeci e 1S a
ad@e@cmshaiamel mictatatsis [Boguss @anoniiaye. o$umu‘rtm@basleyl <yr immediately

af t endi on the specific reaction, a str
aft%o‘fﬁﬂ "gggé’ﬁ‘t H‘gedépﬁﬁ'éa r&gcﬁorépaﬁtwgmrewang @ﬂﬁplt’l ggfined as a
spé’ﬁé@%ﬂhaé GU&Wn Opdtan¥atb&ow! (?1 i ”isf]d'égihég in ?\Ia%ll—lz iquots. As

I quot s reduci ng agent, oro
redusing edgant e dsodiurh bormnydﬂdet ﬂlsiiaBHu)east pr&ferredplmdeother suitable

re Rl RS S A o Ve oy SIREC Bt & i algninium, zinc or
anmﬁghg_ed has a reduction potential bel ow the one of SO

couple: in this way, it can achieve the
i nst ant aneous netathesis of the netal ions and of the

T teORPHE Rien R edid et ) e PP h PR By ROt 52 52

copslgVvierthisngay,Necamaomiel @ thenstirisned s m@bmtassrmh@h@al ions and
which are the main factor controlling the yield an

of PRuEDsHRhAS Bty SHeshy falEids PraTEheUS i Hohige ssthe carbon
su;?_'—;%ﬁrb ?5‘5 !l‘?éjs Whll% o%/ﬁ?éﬁ{i'tﬁ)@ fGALRR %ﬁfsb?&e rgdﬁa?oonf states, which

uri1 ng ingle crystall'ine

arenaive emaiet zﬁdacteulqmmtrcbémg tm}:lyueld n@wmqjhasel yhstmbmlmndes the different
a sjngle nmetal (binary sul phides) but also of two or
SU'HBWI@ ’%@ieé'% (ternary sul phides and so on).

The method of the invention can be applied to the manufacturing of other single
crystalline phases of noble metal sulphides, including not only sulphides of a single
metal (binary sulphides) but also of two or more metals (ternary sulphides and so on).
This proves particularly useful in the case of ruthenium sulphides, because also in
this case the method of the invention gives rise to the most active and stable single

crystalline phase.

By applying the method of the invention, binary (RuS.) and ternary (RuxM.S,)
ruthenium sulphides, M being a transition metal preferably selected among W, Co,
Mo, Ir, Rh, Cu, Ag and Hg, precipitate in a single crystalline phase with lattice
parameters corresponding to a pyrite-type lattice (Pa 3 space group). The resulting
(Pa 3) RuS; or RuxM.S, catalysts turn out to be more active and more stable in the
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This proves particularly useful in the case of

rut heni um sul phi des, because also in this case the
woredoRaaiosd t he i nvention gi ves rise to the nosPCHEP1I00€052061

and stable single crystallinefphase. By applying the

met hod of the invention, binary (RUS2) and ternary

ngreHoFT BPEr SR S BRSPSl Bl e supice

syAEmaNt the, prir &t PiHeAbeféed o‘étd?@ét%dé@f&tI@bdin@eari?d"@él%cted carbon
wth lattice paraneters corresponding to a pyrite-t

pe
sunmrt i ake (ha Saspacapplyivgp)for THwdiws ulsuiphidg; Pal®) ReSanethod  of

A, SR toEA s 8t S Sl B Rk frPRfatures for the

theeﬂn@ctréaﬂméntsﬂgpmdﬂwr@ﬁadmt@m%m@d val ence rutheni um
sul phide systens of the prior art. The preferred

catal yst specific | oading and sel ected carbon support

Thé&, ?)ﬁ&ﬁ‘l?: r§§ QﬂhWangofftﬂé rﬁgtﬂgs cleie cfjpd ﬁ$ 'tgmee ﬁlggﬁg%)ll?%as the main

rranu?actu |ng 'S Su
adeartagé ougtersand adrl ¢hé espectainupetertiats bhehe haembet and the thionic

treat ment may vary from 150 to 12500C. The spec
MOILES: iRIRY ’%1/\/33? é’”@@”r@t%%@ eé%é%fﬁtﬁt'ﬁ@ %tétetshél"h'(’h are the main
fac't&veé&'ftr%rhngasthbh%/ Pﬁd‘é{%ﬁe ﬁé’sé ng HS%\ﬁor‘?n_o? héve selected

reduction potenti’a and ionic
chaloogernids npoietyess meagmtlohed fabowret Tluxm mﬁthdd Qtﬁth& mvention promotes the

nsEHeR AP EIEsls B 4 aeeEl i Sdos Bisi eett diordnstance, by
reéchﬁg&ﬁb%l&%é'?&h?%@%trﬁﬁsﬂ@h Th¥taRs siEN HsOMRAiFR OWRose aqueous
The " nmet hod of the invention pronotes the instantaneous

hydretysishedies afoH hetheeranga ond tend.5 éth Bedinnt teseathionatsr dihydrate

(NoRERERFGN Sl SPELIE R RBls NG SoEE &, plkssce of carbon, it is

poseldiedtby@irettlgi sypthesigdamorpisus RAGS, Sfipgorted dn @artw»rt MThe reaction
sodiumtetrathionate di hydrate ( I\Ia284 -2H20) an

is §@mm%@tdﬁyaha%ﬂpm ang Ganebprisdaned L pblaaa@rspot tests. At
colgbieBrP 358! Bhy! & dicfiegiehy oY ThoestofeTRY G RitHihent for 2

on c action 1S conduct éd at

sufficiepe rtambelrte amlcteamhéeeﬁoiré@mdglbyplpzhtamdo@pnt sutgstlde supported
the slurry is collected

| etion,
Catﬁ’LYéf fPeaf@We ArQGREkTe &N PEnHEST tPont@'%LﬁtP?"cutlé'?ﬁ"y and ternary
suIEmES‘“eﬁit\ﬁutrﬁ”s%b% érgétar BAHLE RFstEbNEARs. ARaé R2Ebs Mhe kinetics and

de support
yield of the reaction can be improved by adding catalytic amounts of metals such as

Al, Sn, Co and others.

The disclosed catalysts are suitable for being incorporated in gas-diffusion electrode

structures on electrically conductive webs as known in the art.

The manufacturing of rhodium and of ruthenium sulphide catalysts according to the
invention are disclosed in the following examples, which shall not be understood as
limiting the invention; suitable variations and modifications may be trivially applied by
one skilled in the art to manufacture other carbon supported-single crystalline phase
sulphide catalysts of different noble and transition metals relying on the method of
the invention without departing from the scope thereof.
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catal yst. The sane procedure can be used to obtain

ot her binary and ternary sul phides with specific
wa@eystialosphase di stributions. I n sonme cases, tPEI/EP2008/052061

ki netics and yield of the reaétion can be |nproved by

addi ng catal ytic anounts of nmetals such as A, Sn, Co

and others. The disclosed catal ysts are suitable for

bei ng i ncorporated in gas-diffusion el ectrode

BRILF SESCRIPPION AT HECRIdYREONdUCt | ve webs as known in
the art. The manufacturing of rhodi um and of ruthenium

sul phi de catal ysts according to the invention are

Fige® o SPeofn K& SR8 W dodhith "Lyt efthst preparea

acocrtingttoans nestdoseAlttid makhagys. may be trivially applied
by one skilled in the art to manufacture other carbon

supported-single crystalline phase sul phide catal ysts

f fierent noble and transition netals relying on
EX&MIQIFréeJhod of the invention w thout departing fromthe

scope t hereof. M 49021 PCTBRI EF DESCRI PTI ON OF THE

FI GURE Fi gure an X-Ray diff togram of a, ,
De?ﬁr@%@qﬁ Pp'ﬁl %iem% QI gpspr%@éiee@ ré@é'HFTHlSHEWQ? tSHlQ'? crystalline
phé‘?é Bﬂ‘jca?l‘f)oﬁ BRchrRiY rﬁ"éd e nfetfdd btk H%ﬁﬁdg?e&reegtﬁﬁ& r&actions of

to precipitate a rhodi um sul phi de l'e

otrmrymbﬁ me’lal ahabldeomatalastsocsuabm thengulpbideseofmetherduraf platinum,

nvent eci pi.tation reactions of oth noble, .
palfun§6 Mt o s rdREes i R die 8RSl derived by
oné@kméa'lrﬁlme @,ltatl num pal ladiumor iridiunm only

require mnor adjustnents that can be easily derived

by one skilled in the art. 7.62 g of RhCls-H20 were

7 Ced ¥ BTl ver SieSlRRLR S s Blonifh el 2By b abiuton wes

refmébon bl ack from Cabot Cor por ation were added to the
ution, and the m x was sonicated for 1 hour at

7 mgwcané%:gzola o8y iR aseaeato blagle omh CabohiCogporation were
adﬁi&ﬁ Lok h%esdoll\ﬁ‘@c;rﬁ nd%é?ﬁlx%s@mﬂcé’t@d%r 1 hour at 40°C.

8.64 g of (NH4).S203 were diluted in 60 ml of deionised water, after which a pH of
7.64 was determined (sulphur source).
4.14 g of NaBH4 were diluted into 60 ml of deionised water (reducing agent).

The rhodium/Vulcan solution was kept at room temperature and stirred vigorously
while monitoring the pH. In this case, the sulphur source and reducing agent
solutions were simultaneously added dropwise to the rhodium/Vulcan solution.
During the addition, pH, temperature and colour of the solution were monitored.
Constant control of the pH is essential in order to avoid the complete dissociation of
the thionic compound to elemental S°.

The kinetics of the reaction is very fast, therefore the overall precipitation of the
amorphous sulphide occurs within few minutes from the beginning of the reaction.
Cooling the reaction can help in slowing the kinetics if needed. The reaction was
monitored by checking the colour changes: the initial deep pink/orange colour of the

M/49021-PCT



10

15

20

25

30

7.64 was determ ned (sul phur source). 4.14 g of NaBH4

were diluted into 60 mM of deionised water (reducing
w@g®at)19ssThe rhodi um Vul can sol uti on was kept BCT/EPINS/052061

tenperature and stirred vigor8usly while nonitoring

the pH In this case, the sul phur source and reduci ng

age ol uti ons were si | t aneouys add ro +
R ER NIRRT RP U PBa R R Rty B0 G VERLGISi, of Rh™ to
Rht25mhediad) Lﬁrfd fHash wbﬁ%ssoﬁpéﬁ%oﬁﬁiléﬂdrpﬁf t\h%rr‘éaﬁﬁ’éh ttﬁD@Ci'ndlcatlng a

Const ant control of the pHis essential in ord

totalvalpsprptien @iﬁrﬂm @tr@dlmtsmcanbpﬁn Spiot tte@St\mr@nalso carrled out in this

oSSR DA, ShieE Wiy p STl BBtk s, Amifet aERRL (" Hes was

obéélﬁe@fmfeohﬁusmwﬂn@h i oeitibh Softhhcthnf @Wﬁﬁbl@g.t FRefpredipitate was
t he begi nning of the reaction. Coolin e reaction

alluied fie settien agd dhen diltered kihgetilirate MdﬂSn\ééﬁféQﬂ withe 1000 ml deionised
waE atSFrbﬁﬁ g a);%wetsgrrégggéft BECK Er E%I?e g%lgodbrllegﬂ%@%alr dried at

ein p prn rahge col our
1101G80&rhidhETr hodi un? Vul can sol uti on changes
dramatically to grey/green (reduction of Rh+3 to Rh+2
speci es) and then col ourl ess upon conpletion of the

Thé &R C@'&dgn Ws! II9%Ub{&té’d t@Haht %% eht AR 1 dd 9 argon for 2

pro car bon tests vverea so carrie

houns atii50°Gheasiltatg Meewel.ghtllosm‘m 15%a | ead acetate
paper; limted anount of H2S was observed due to a
m ni mal di ssoci ation of the thionic species. The

Th@Wé@ulﬁh% @b%dﬁﬁ%@dr%@bth@sﬁ%‘s|ﬂ$st3<ﬂﬂaré&%ﬂsédi ||ﬁ 8'Rfrosion test, to

rate was washed wi'th 1000 dei oni sed wat er

check iteaabiityaina bx@r@gbIqr@mel,ectrbb'ﬁISaem\lmqnmer&ake was
collected and air dried at 1100C overnight. The dried
product was finally subjected to heat treatnent under

Fof trwyvﬁug)o@égpartfdw[hézsam@r@wats He208Cto b@ifivg i ghidting-saturated HCI
| oss of 22.1 5% The resulting carbon su

ed
SO'E‘H@'&l ?gtthﬂla%am@r@ndéq'ﬁfsagisé‘*(?%d'n ﬁ@%?r%s@ OHp§§ST49 782. The
restéJlﬂén rgég)lptlbﬁ §N§SI BBILHEYs ! ﬁb@&bff%ﬂ&&ln@f e é’i%rgcterlstl? trace pink of

envi ronnent
thet finere amblesfonas dfehdeidnt sulpbidei ofdhé prier art
chlorine-saturated HCl solution, at the same
condi tions disclosed in Exanple 4 of US 6,149, 782. The

An X-ray diffractogram of the rhodium sulphide catalyst is shown in Figure 1. Rh,Sy
usually obtained by precipitation is characterised by a balanced phase mixture of at
least three Rh-S phases: orthorhombic (Pbcn) Rh2Ss, monoclinic (C2/m) RhsS4, and
primitive cubic (Pm-3m) Rh{;S15. The Rh2S3 phase is an electronic insulator built of
alternating RhSs octahedra. The average Rh-Rh bond distance of 3.208 A (compared
to 2.69 A in fcc Rh metal) thus removes any possibility of direct Rh-Rh bonding. In
contrast, the Rh{;S45 phase possesses semiconductor properties at room
temperature. In addition, Rh17S15s consists of Rhg octahedra with an average Rh-Rh
distance of 2.59 A. The Rh3S, phase, with its metallic Rhs octahedra eaves, is an
active site for O(H) adsorption. The left part of the figure shows the diffractogram on
top and the characteristic peaks of the different Rh-S phases below: the comparison
clearly shows how the Rhy;Sis phase is absolutely predominant (>95%) with a
characteristic set of 4 peaks at 26 = 37.38 — 40.68° representing the (104), (114),
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resulting solution was col ourl ess, not even show ng

the characteristic trace pink of the nore stable forns
w@booshedsiuim sul phi de of the prior art. An X-r agpCT/EP2008/052061

di ffractogram of the rhodi um 8ul phide catal yst is

shown in Figure 1. RhxSy usually obtained by

@25 Bl | GaierediSr: Ardchanngpinicest SEeRs, Roggiaé and 52.16°
ind(c%@iﬁﬁ)th&’fr@aad@‘?@f'%iré‘ﬂé‘ctif)ﬁg/") Rh3s4, and primtive
(Pm3m RhH 7

cubi € I 5. The Rh2S phase is an

el ectronic insulator built of alternating RhS

ct ahed he . r - n | st.ance 0O . 208 -
Bt s SvRETT e dReRfnet e TG Bhe. frogeracterstc
pediassi thiel Rt ySaf pritiseesre SdpeRbodeendithe XRD spestruast , t he
Rhi 7Si 5 phase possesses sem conductor properties at
roomtenperature. In addition, RhH 7Si5 consists of
)(RWP hedra with an average Rh-Rh di stance of 2.59
E A 'Ijho%tzaRhSM phase, with its netallic Rh6 octahedra
eaves, iIs an active site for Q' H adsorption. The |eft

rt of the figure shows the diffractogramon top and
A'JI?J e aEr r grﬂ?irbf Sh’é%hvd\geég”t)ﬁét%ﬁtf"é@%ﬁfeﬁﬂﬁe@ i [gag/BYlar manner
I . . .
asphag\gei&sfr%i)so” u?{e’It3ﬁ/8gﬂ@é&g%&%?ﬁtﬁ@@éwwlgﬁcg%bgél ishow part of
thec metalcibarsadwtian, dbus difie MmelattiesiaredPon GECUBS in-sH0.a@Bthe metal ion
.representing the ( 104), ( 1 14), M 49021-PCT(223),
Sit¢hd (024) reflections, and the high intensity peaks at
47.64 and 52.1 6 indicating the (333) and (044)
reflections. This is even nore evident in the right
7.62a9 of RuGlsHiO guere, digsrlved ihd |fareienieed sidter, pagkivedgolution was
reff hg Rhi 7Si 5 phase are superposed to the XRD
éjﬁ)( gtrum EXAMPLE 2 A ruthenium cobalt ternary

2.45U4 PRIGHET1£-BHIO Jwerat A1y sddedso RE PRI eshtamirky SoltitibArand refluxed as
manner as the one of Exanple 1, the difference being

ab@¥fat the thionic reagent is now part of the netal ion
an, _ . ti . : .

o 8! VL XGPI 7, At 58 o8B L A RO ERth o dton were
addiec sotheesblutior, andahe deixavassohivatedrfor andut be48W.ut i on

was r If\lhu gd . . o .
17.5¢ of? 45; 2Oz were diluted in 100 ml of deionised water, after which a pH of
7.72 was determined, then added to the catalyst/VVulcan solution (sulphur source).
6.54 g of NaBH,4 were diluted into 100 ml of deionised water (reducing agent).

The sulphur source solution containing ruthenium, cobalt and Vulcan carbon black
was kept at room temperature and stirred vigorously while monitoring the pH. Once
the reducing agent solution was prepared, it was added dropwise to the sulphur
source solution. During the addition of the reagents, pH, temperature and colour of
the solution were monitored. Constant control of the pH is essential in order to avoid
the complete dissociation of the thionic compound to elemental S°.

As for Example 1, also in this case the kinetics of the reaction is very fast therefore

the overall precipitation of the amorphous sulphide occurs within few minutes from
the beginning of the reaction. Cooling the reaction can help in slowing the kinetics if
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2.46 g of CoCl -XH20 were al so added to the Ru

containing solution and refl uxed as above. 8 g of
wo/osamoxC72- R hi gh surface area carbon bl ack PCDRP2008/052061

Cabot Corporation were added kb the solution, and the

m X was sonicated for 1 hour at 40C. 17.5 g of

neé‘q’l\%_%) SZCB ¥\§rr] g‘ﬁdsg'%‘%}??@}rf 100 %qihgggélgﬁr'h%;e@d%eﬁwq’ [itial deep
brdvﬂﬁoﬁa@ﬁ%' ¥ablVef @Wé‘ wﬁﬁél%él@ﬂor{ %Hbﬁ@é‘é FANBEE g & ediolrless upon

were diluted into 10 of dei oni sed wat er
corptedioni afgthegeacyion messudlpamg @otmtaieetﬁﬂrmltuorbnf the products on the

carf@l Rk S AR oueal Aok B e SO GRS RGS win  teac

aca¥aid papdnilibitedngmbiet ¢HH. SRR dihservedldaene saamitnal dissociation of
solution was prepared, it wgs added dropwi se to the

thes Lh"QWGr S@Qﬁje%el\/@cﬁ?@i\tqroﬂﬂo SO Gﬁ@etﬁHeWaadeSQﬁY\ed)f spotetest for such
paft%@%‘?%éta Wvg@%& ﬁh&&%@%éﬁ%‘ ]lﬂc;ft lﬁfe ttnaﬁnéﬁ’é BrdsHeties of Co®.

re noni ant co

Thespseolpltaﬂe was @lldekedt o sethé chnidhiheaditiadred; eth@| figatd atasomashed with
ound to el enental SO.

the thionjc co r ,
10@%&0@'0{“3%4 wter Q@ HPEQVEs8NY @(Cﬁﬁ%éﬁﬁagnt@f%?ﬂ@ filter cake was
collR&d hag a'lrsdr}é%fzyt fﬁb M@ﬁ@fhpr e the overal |l

precipitation o anor phious sul phi de occurs within
few mnutes fromthe beginning of the reaction,

Th ffiep FdpaUCtad i Bab biekeos e bpRufeRlisunies o ifogen for 2
hoﬁﬂéeﬁkadwct R Pra WRRIMIRSSs dff 5% tial deep
brown/ orange colour of the initial solution changes

dramatically to col ourl ess upon conpl etion of the

T FEGIEE calete rBEERfRdy et BuaBRRB b€ gefls ¢ffpion and

elegttbchémidal fespdafedireVidUs @xantdl&Bshowind idertieadreaors.at e
paper; limted anount of H2S was observed due to a

m ni mal di ssociation of the thionic speC| es. l\/breover,

Acf‘u%l Egﬂom@é§ln S9REY Sﬂd e?@ﬁtql%ﬁ§5f catd St prepared

cul'ar netal “i's very eca
acctdrdlrlgetgrtbe ln¢etpod|@lf ithed lnaentntﬁn é‘nﬁ méEhrporrat@d:lrpa gasdiffersion structure

aIIovvedtos e and . then filtered; the filtrate was
ON My e%o@ﬁ)krﬂﬁw'aé?m%kﬂ’%@ Qf‘t?cliéﬁove any

excess reagent, then a filter cake was coll ected and
air dried at 110 C overni ght.
EXAMPLE 3

Different samples of the catalysts of Examples 1 and 2 were prepared, mixed to a
PTFE dispersion and incorporated into conventional flow-through gas diffusion
electrode structures on carbon cloth. All the electrodes were compared to a standard
state-of-the-art supported Rh,Sy electrode for hydrochloric acid electrolysis,
according to the teaching of US Patent 6,149,782 and 6,967,185 (Sample 0). Such
electrodes were tested as oxygen-consuming cathodes in a 50 cm? active area
laboratory cell against a standard anode, making use of a by-product aqueous
hydrochloric acid solution from an isocyanate plant. The overall cell voltage was
recorded at two different current densities, namely 3 and 6 kA/m?, and the

corresponding values are reported in Table 1.
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The dried product was finally subjected to heat
treatnment under flowi ng nitrogen for 2 hours at 500 C,

WO e®al10i98y in a wei ght |oss of 32.5% The resuPCT/RB2008/052061
carbon supported catal yst wasllsubjected to the sane
corrosion and el ectrochem cal tests of the previous
exanpl e, show ng identical results. Actual
performances in hydrochloric acid electrolysis of the

EErApIEID %ﬁQ@é &3 3A%PE J&dh%gboattd"'@\/ﬁﬁi hod of the

i nventi on I Ncor pora i'n _a gas-di|f fusion
ﬁructure1o‘rﬁa conduct i J‘e46/eb as knovvr in the art were
Al en Arhodlkad EVAMRLE 21y ff oaroant oarwl es of the

heeat AMREE—3 Ferent—sany
;,Faﬁag‘@gﬁ >|)FOExaan es 1 E?ra 2 were prepared, mixed to
ﬁ)!'éh'f GZ SPefSion and i pcgpporated 1 nto conventi onal
dugh gas diffuslion el ectrode gtructures on
car bon cI oth. Al the electrodes were conpared to a

e R il Yt -
a sb)ﬁ§i%hé MSitRfe é&r@é&@Gﬁth@eéﬁ@ct@%@@%cﬁoaé%c%v&%d(vﬁm|rﬁod|um

. €l ectrodes were tested as oxygen-consum ng
sulphtdedzaéalysmfdhe@rmrta(samp& @).ea | aboratory cell
agai nst a standard anode, maki ng use of a by-product
aqueous hydrochloric acid solution froman isocyanate
Eqoivarint rdddusvanghide eatdlysts Mere @bidifed ek Biedsiag sodum
different current densities, nanely 3 and 6 kA/n2, and
t””ﬂ'ﬁ@a@@ﬁ&té%tbl@ﬁ‘éﬁgn@QBQ@h'QF‘éterFé’ﬁéHES@dS previeusieprepared according

to %}oﬁ&éﬂqﬁp ’[Aé gﬁg‘\ @1?1'90 ?ﬁ | VI segéélg/dcﬁrﬁ/%g@l t?fgﬁggmgd in the

artsRnslofbes colrbsiga ateceleesectvérhical espis tvere obtened also in these
el ectrode activated with a rhodi um sul phi de cat al yst
CayfdS-the prior art (sanple 0). Equival ent rhodium
sul phi de catal ysts were obtai ned al so by using sodi um
trithionate, tetrathionate and heptat hi onate
Thpra@oueslessrlmtmvsrmjlsrhqt her empderstbodcasolirditing the nhuemtmn which may

Do GrF EeP acaarding foarent SRR UL LERULese g Font the/scopes

theﬁ%ﬁﬂégh@m(‘é}lterﬁﬁ§ 'dbledy Héfr‘?edDB? H8PpS R élﬁmﬁé‘.ese

In the description and claims of the present application, the word “comprise” and its
variations such as “comprising” and “comprises” are not intended to exclude the

presence of other elements or additional components.
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The above description shall not be understood as
limting the invention, which nay be practised

wa@ewenaiony to different enbodi ments w t hout deper/EP19g8/052061

fromthe scopes thereof, ane whose extent is solely

defined by the appended clains. In the description and

clains of the present applkﬁgg the word "conprise"

and its variations such as h%?lSlng and

“conprises” are not intended to exclude the presence

of other elenents or additional conponents.

M. 480catalystT @ragipstrachemicat sgdustiohf @tygenr ewherisio@la noble metal

R S e T

car bon. . The catalyst of claim1l wherein said noble
net al suI phide is a rhodium or ruthenium sul phide. 3
heTbatcatglyst of claimi i whenedt saidl sable saigl sulphide is a rhodium or

Cryg{tﬁ&lhﬁfsﬁpﬁﬁig is (Pm3m Rhi 7Si5. 4 . The

cat al'yst arm 2 wherein said noble netal sul phide
is a sul phide of rutheniumand optionally of an
additional transitjon nmetal Mand said sin
crydhal ¢atalyshipAseaing 4 penespinRgall §iNOte) a0 3"ms phases is (Pm-3m)
catﬁly of claim4 wherein said additional transition
tal 19 sel ected fron1the group consisting of W Co,
Mo, Ir, Rh, Cu, Ag, . The catalyst of any one of

4 ThHee aez%&a?e%mc%@? %%w‘i%%d i RETEog0Phee R a sulphide of

| Oaﬂjtﬁgmgfn %ﬁtldo;ﬂ%bﬁy 'B?téﬁ aaéﬁlﬁhbldﬁaﬁéitléﬁ'rﬁietal M and said single
conductive carbon is . A gas diffusion

el ectystalinecphgsd isi(FQ 3)H%uszaoraRyd\{lea/f any one of the
previous clainms on a conductive web. 8 . A nethod for
manuf acturing the catal yst of any one of clains 1 to

6. ThRERatAVSRDIthEm aberélh said AE@EiIGbhAIGrahsRicRCMEsR s selected from
salt of a noble nmetal and optionally of at | east one
the group consisting of W, Co, Mo, Ir, Rh, Cu, Ag, Hg.

6. The catalyst of any one of claims 3 to 5 wherein said conductive carbon has a
surface area of 200 to 300 m?/g and the specific loading of said noble metal
sulphide on said conductive carbon is 12 to 18%.

7. A gas diffusion electrode comprising the catalyst of any one of the previous

claims on a conductive web.

8. A method for manufacturing the catalyst of any one of claims 1 to 6,
comprising the steps of:

- reacting a precursor salt of a noble metal and optionally of at least one
additional transition metal with a sulphur source in the presence of
conductive carbon particles in an aqueous solution

- precipitating said noble metal sulphide on said conductive carbon
particles by either simultaneously or subsequently adding a reducing

M/49021-PCT



10

15

20

additional transition netal with a sul phur source in
the presence of conductive carbon particles in an

w@oueau®ssol ution - precipitating said nobl e ne¢BEP2008/052061

sul phi de on said conductiva3carbon particles by either
si mul taneously or subsequently addi ng a reducing

0. 14 ) SPECTSRUNG eisbietien St below ELi, SR Bripid aueous

heat treggjupgnthe resulting slurry in inert atnosphere
until obtaining a single crystalline phase. 9 . The
met hod ofecovealing 8ndineaéiraating thestgspliing slanry oeinest atmosphere until
t hi osul ph te or _thignate sleci s. 10 . The net hod of
claim g 800 a e Ly NEE b3R8  al i s rhodi um
11. The nethod of claim8 or 9 wherein said noble netal
i s rutheniumand said at | east one additional netal is
$b| Ebee@ethsiwﬂ‘rréalm dupvhesaii saidngulphugysoasce N, a Ithiosulphate or
Rh Hﬁ%h i 12 . The nmethod of any one of clains 8
ﬁ%er I'n sald slurry Is recovered by filtering

and said heat treatnent is carried out at 150 to 1250

13 . The method of any one of clajns 8 to 12 wherein

1:9 dhe SorlPPA T Sl5EME PEY NAIBIERIN 9Aidioeble. Tpetel is rhodium.

11.The method of claim 8 or 9 wherein said noble metal is ruthenium and said at
least one additional metal is selected from the group consisting of W, Co, Mo,
Ir, Rh, Cu, Ag, Hg.

12.The method of any one of claims 8 to 11 wherein said slurry is recovered by
filtering and said heat treatment is carried out at 150 to 1250°C.

13.The method of any one of claims 8 to 12 wherein said reducing agent is
NaBHy.

M/49021-PCT



