WD 2008/ 101955PCT/ EP2008/ 052061 1 CATALYST FOR ELECTROCHEM CAL
REDUCTI ON OF OXYGEN FI ELD OF THE INVENTION 5 The invention relates to
a catal yst WO0$HIPcul ar to an el ectrocat al yst for oxyRSHER2eHISEI6DN
suitable for incorporation in a gas-di f flusi on el ectrode struct ure,
and to a method for manufacturing the sanme. 10 BACKGROUND OF THE

| NVENTI ON Nobl e ' netal sul phides are wdely known in the field of

el ect r ocat@AYALYST FORELECPROCHEMIEAL REHUAE VSN OFSRYGEN ' hodi um

and rut heni um sul phide are currently incorporated in gas-diffusion
el ectrode structures for use as oxygen-reduci ng cathodes in highly
15aggressi ve environnents, such as in the depolarised el ectrolysis of

hydr ochl or | Cl bl e netal sul phide electrocatal ysts of the prior
art are fo‘érlgi-ﬁscb'g;{&‘gow\@gr'@" by spargi ng hydrogen sul phide in an
aqueous; sol ution of a correspondi ng noble netal precursor, usually a
chloride, for instance as disclosed in US 6,149,782, entirely 20

i ncor por até® Hwealion delatast i @neatalvishi iohparsiculer 40 iane elestracathlyat fon oxygen

sul phi de (P s .of nabl.e_ng S S
W th hydr Gauaeeh syioh® RAHAREERBh T bBs SR Blort HoBhbas sFbAY Porky o
out in thengheddroceamifactudogthecsare. carrier, in nost of the cases

consi sting of carbon particles. In this way, the noble netal sul phide

is selectively precipitated on the carbon particle surface, and the

r esul t1ipng BXCKIGROUNSD DRIHEANYENHOpPort ed catal yst, which is
particularly suitable for being incorporated in gas-diffusion

el ectrode structures characterised by high efficiency at reduced

nobl e et ‘e i | I .
S e e AR oA ON ) R SRURBAN e

di f f er ent gipatosaiasts basachen Moslian andonthenileasbiphideuip sutredtinisisbeporated

b L e R R R e

pr ecurisor aggtdssive@nvirosmantsesachad inetheelepblacibéd elediolybisldf oyedchloric acid.
M 49021- PCT

Nobile metal sulphide electrocatalysts of the prior art are for instance prepared by

sparging hydrogen sulphide in an aqueous solution of a corresponding noble metal

precursor, usually a chloride, for instance as disclosed in US 6,149,782, entirely

20 incorporated herein as reference, which is relative to a rhodium sulphide 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

25  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.
30 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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WO 2008/ 101955PCT/ EP2008/ 052061 2 by sol vent evaporation and

gas- phase reaction under diluted hydrogen sul phide at anbi ent or

hi gher t enPpér208i08955wher eby the sul phide is fornmed i n PEYERDS/OEEE.
This is for instance disclosed in US 2004/ 0242412, relating to a

rut heni um sul phi de catalyst. 5 A nore advanced manufacturing process

for nobl e ELElefULRINofRichhd é§§ Phb§e s didR" rﬂe?%‘rlf?ﬁeﬁdw&f?o%&ssul hide, at

6, 967, 185, entrrely I'ncor por at erern as re erence I'S s of
reacting aamlmbhbomamler ;berapenawe wheteby mblmmdqz)wrfm‘merd iana stpbbo phase.

caui val ent T3 i TS CioeB360 ol Dio?tu0Po: R, 5o B s 7RG A s Tbie

of a hi ghlqatmggtardous and noxi ous reactant such as hydrogen sul phi de.
AIthou%h the catal ysts disclosed in the above referenced docunents
proved-“of utnost inportance for the successful commrercialisation of

hydr ochl org e0Ré€ elvdiee®l RshEREYRRY %roée@,@)forsﬁdﬂlé n@tﬁ%ﬁdé@é@l sts i further

limtations in terns of activity of stability to the particu

aggr essi vdigaieaedon e, Q6]p1&5apnbﬂelssrm@ﬂrp@p¢ied &@retorasaﬁ‘@r@mes asdmgsrefs of
a hydr 0Ch|r8%+tﬁ'rlga§rh9b!§%é‘c5f &%ﬁﬁf@%%‘i&@'&%@s&gﬂb%%e ] v y § ﬁ%[)qtlgn free of

di ssol ved ¢ i ne and 0OX regar
met al suI i pdhécke poresgiipi tlhaat edayb}a bbtalysetsmt»disanmali)t leguivaleot tartheaoree afl Us

prepar ete red ctio ages pr.odu xture

R TP ande, W14 760 & fuleliaioing 1iiRe B &G hatelotisr i Sbwious reactant
st oi chi On’%i,rt:[y{,asihtyﬂ'mg@h sMphede.present a poor el ectrochem cal acti vi ty
or none at all. Moreover, sonme of the nost active fornul ati on consi st

of ternary conmpounds whi ch cannot be reliably prepared by the 25
envir Onﬁe'ﬂltﬁbhgh fthe eoslaBish 8k ciBEed/Sh Gth%GZbéwgesrre%%c‘égoéfoéﬂrﬁﬁ’!@ proved of
zSy Ichis

process for obtaining térnary conpounds, such
al so veryua'norstaampoeame tfer ntheofsucesssfuli sormeeroiatisatiosclobskytroshloge acid

2004/ Q242 ;

200 T30 et 8B SN LAE YA, LS SR A RS 1
syst ens cdmppaiedady aggrfefservemvmmry'smﬂtyprnel qn‘rsausbeppqutroalandfcmbstmg of a
cat al ysts of or a |nevtablyre ults to so t he
For mat i on PapraeaEcB e, sBlipn SBUER Sa i hn S 7B bR Reetlptne and
oxi des an@xggm-r_st oi chionmetric perovskites. Alt hough r hodi um and

rut heni um 49021- PCT WO 2008/ 101955PCT/ EP2008/ 052061 3 sul phi des
are nmuch nore stable than any ot her el ectrocatal yst for oxygen

r edUCtzbonA%freéjé'r%sQﬁé 9 ti H’Lfla]"?){ﬂgrﬁ Br’e'chlt?féngﬁh %’rﬁéé@ bfthe prior

envi ronnent, Some 3 e netal 1S stl i
especi al | @rt\mr@nalﬂ rméer@ﬁre bysdenrﬁte dedwctior stageh tpeoduting 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

25  environmentally friend method of US 6,967,185; the only viable process for obtaining
ternary compounds, such as RuxCo.Sy 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.

30  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
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5 OBJECTS OF THE INVENTION It is one object of the present invention
to provide a novel conposition of sul phide catalyst for

el ect r ocheWOZ2498/10&¥0ct i on of oxygen overcom ng the |i mRGH/ERZAUS/06306t he
prior art; in particular, it is an obj ect of the present invention to
provide a nore active 10and stable catal yst for cathodi c oxygen

reduction d by 8&EFRIch mdre 98! 1RaA ‘én?%&l’%r%l@tﬁﬁ%ﬁ?@éi@ d%yighhirgﬁuction

anot her object of the present i1nvention to provi
el ect r ode afrtbergriorart iyt hpdrechlovapeid elestrolybissenviondent,asaxhy seakage of

useful as . of . depal ari sed. hydraochl oric acid

el ectrol ysqcoﬁ%]%%fali|sgst@|efert§§t§$1§e%é% Jlaglgﬁ'ﬁbe% tb%&%l‘%@&ﬁi qwrg\fghmamlie@%ice.
provi de a novel nethod for manufacturing sul phide catalysts for

el ectrqcheni e} en. These and other objects will be
ol arifiod E’f@égﬂ#ﬁ%'%ﬁwption, whi ch shal | not 20be
understood as a limtation of the invention, whose extent is

excl usi vel é defined by the appended clains. DESCRI PTION OF THE .

| NVENTI ON [DiSUpiRe pbigct PF Hie presest invemfion ieveievidena cenel earspesitien of sulphide
catal yst f RSO i o) SR |l : I

met al sul ;%Fadgét?éﬁ)gorteghg@cg@l ng 'gﬁ\}gl %@é%%&gcr'yét@kp?wgat%ﬁgscg the
on a conduycior ag; mapdrticylapitds enadiljgct of e prebert ine¢rtlondatpadyide achiotehactive

i nvent.j.on Jj ingl rystalline phase aof a binary or terna . :
r hodi Ufh o PuTARR et hicatodko e iedugen 5 A prcksy ¢dirdsporic acid
sul phi des efeqiobsied by the general formula RhxSy, the inventors have
found that the manufacturing nethods of the prior art invariably |ead
to a m xed-val ence system at |east conprising the species Rh2S3,

Rh17S15, ang WhdBBRbbiEel of the present invention to provide a gas-diffusion electrode
incorporating a novel composition of sulphide catalyst useful as cathode in a process
15  of depolarised hydrochloric acid electrolysis. .

It is yet another object of the present invention to provide a novel method for

manufacturing sulphide catalysts for electrochemical reduction of oxygen.

These and other objects will be clarified by the following description, which shall not
20 be understood as a limitation of the invention, whose extent is exclusively defined by

the appended claims.

DESCRIPTION OF THE INVENTION

25 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.

30
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 Rh;Ss, Rhy7S¢5, and
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WO 2008/ 101955PCT/ EP2008/ 052061 4 Rh3S4 with sone amount of nmetallic
rhodium (Rh). O all these species, Rh17S15 characterised by a
crystal | aWOi28&/1¢8p esponding to t he (Pm3m) space gr olRCTEP20US85296 t
active, followed by nmonoclinic (C21m 4283 whil e the remai ning
species present little or no activity and in sone cases a |esser

stability. Rtﬁ%ﬂxﬁltr{l@él‘n%bérﬁ?bﬁt oPridy4lli© o%rh‘r‘](R?-uoj Q’)Pbl‘?‘iﬁés%’ ¥|§éc?es Rh7S1s

condi ti ons, and account or the quic odi um | eaks
operati on. chlarecaermddlameecmstahlaﬁite mrc&sassémgdb tos (Bni-ag) ‘saaca'doup&s the

6, 967, 185 17S alittle

i gher ¢ ndnoSoTERRP RioddE ok PoRRb R e ol i Tefied species

kgveg;;)r s dresent dittepoF aormitylt%auddn st&teb aa&isn@H?Sbéﬂssétﬂlityl RR° ﬁlhgﬁﬁa@fﬁe in
m nal s nact e oncn e ar e uit noail

S e S R R R ARSI A s B R AR B A

6, 967, 185.4ufiR bﬁérﬁhérh ney %c%bbb%héé'dvm‘? tHBaén%cb§sé§3%$| lbsrgahwszt Snd . US

nmean a nore t 90% pure crystal phase; in the cases of (P

Rh17S15 c@t%ﬁ7y§$5 fr expEpiey thetypiral ameent ofdRN7Stids sl leig b%/tbﬁalm%astée
15 obt ai n%q, fﬁl rﬁQEﬁHfr] Qﬁpﬁlﬁ&%éﬁ‘ﬁ’béh no detectable Rh. The nethod for

manuf acturing a single cryst ne phase of (Pm 3m Rh17S15 on active
carbon conpri ses the steps of: reacting a precursor salt of rhodium

for inst Rh th h t hat
Lo ondPe 368 RS Brs Fhke it o0t B 2 $7hud Salitb e 20aRE B g am)
conduct i v@emﬁ@@n agme lcen‘t?h (iatrfb@ pidpeeddby amlﬁmy ARG Wﬁ@é?wﬁiﬂg}i&ﬁtéﬂ@
species o car rtclr Ccl es coverin e urr rerera

PPr e ati olreihs Fap PR tG RSt Tesatin TS pidh7; s Tk teft Rglsrgyalive
a tenper athpge &f usihereaiter to mean 4 thokd ¥n Qﬁ%%ré’?l?%tﬂgﬂgs@ i i Sses of

crystalline phase corresponding to (Pm 3m esi des
t hi osul ph#te{Panim} Rhorfas é@talbstrmcommg)mrth%onuvwgncm Bingles eeystah phase

initiate t t h
| nvent? on PORUTEE R dUSE. B Bite it A LBlechd Ry PG or iutaguying 2
t hi onat e singts eystaliok phasdiof (Froran)dEh,,S3MDt adtiveicanadresomprises the steps of:

pent at hi onates and heptathionates are all fit for this purpose, and
al so gaseous SO2 possesses both the reduci ng power and the sul phur

avai | abi |'i ty t edetingaqseouebpsatist dMBdyimTdbeins@Rice RHTIS aligrh €diphur source
support. such as a thiosulphate or thionate species in the presence of a strong
20 reducing agent and of conductive carbon particles, thus precipitating an
amorphous sulphide species 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)

25 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 NapxSs0s . 2 HO and other similar thionate species such as dithionates,

30 trithionates, pentathionates and heptathionates are all fit for this purpose, and also
gaseous SO possesses both the reducing power and the sulphur availability to
produce amorphous M,S, moieties on a selected support.

M/49021-PCT



M 49021- PCT WD 2008/ 101955PCT/ EP2008/ 052061 5 The support carbon
particles have preferably a surface area conprised between 200 and
300 nR/ g, WRRWHE1P ef erred specific qujdr ng of the redIHERBPSARWAEI um
sul phide on carbon is conprised between 12 and 18% 5The sequence of
addition of the reactants is critical to obtain the desired product:

to the soltfd Qip ﬁrﬁa"r‘béh PQrtrEfe% %Hﬁ@f&%l)ﬁérs@%c@%réd %ﬁérr?ébdbétﬁ%en 200

rhodi um precursor salt, the selected sul phur source (for iInstance a
ti osul phatando30 mP/gnane theppisifersyd srsecat‘mjleadlng of theatesuliag rrbo@rurre&ulehrde on

process ¢ &l ;, imediately after, depending
on the spgdc%lﬂlf)l o rcga trllsgérjt%t& r%éhér!e l{CI ng agent, defi ned as a 10

species with a reduction potential below 0.14 V/SHE, is added in

Il aliquots. As redu di.um bar drrde
oo er ed TBzecuteReh SEapv i &7 Histastires B oGaRA G (hh Ty ledes to
for nal deh!ﬁ@ safioABdontdihifig ahe udbeidied cBbofl pAHEESRIAY- thérhdBRm precursor
reduci ng agent as defined has a reduction potential bel ow the one of

S/ S-2 céap the ﬁ@tettﬁﬂsswetwr soureeaondstanse a Hesylpkaterirahiangée species) is
met at hesi sad%ﬂt tfﬁle r‘n@f‘a?h@féi g%cetsg atnhl'nﬁ%Etl PR A RaR8blsly O rr‘ﬁﬁte'd}’ately
form ng anor phou od| um sul e on t e carbon support parti

whi |l e prevdist.i d@oartdmg‘ onnthei emeqn‘fc tantioet 8 steahgc tédueing: agent, dsiinedh as a

the ailPr ereRpe8 St iRl Al SokhPhdenl iy % Reded LR RSy s
nobl ¢ et Z‘?‘“”‘””g'“gﬂé‘m"“r'ﬂd‘i“’“‘r°“%‘"§?*e Ay Sl by des o ‘o 91 nol e et
(b nary siranrusancite LBl Brcteinss, rpiohudtapad rrapn 9 B gni dbs or
and so onkntimdpy.This proves particularly useful in the case of

ruthenluntsulphldes because also in this case the nethod of the
|nvent|on gives rise to the nost active and stable single crystalline

phase. 5 @e%gjgagt w.neasﬁa{gg?nr S |Bk/|°pg7terﬁ|a'i‘%%¥6v& RiSghe YPE0 4 I §°

ternary ( rut eni um eing a transition net
pr ef er abl yogpleeottbig veay ifgcanyaabigveNbe msrtantmheommeta@hwﬂjoﬂ-lge metal ions and

e eEpond! M DL oE S BB BAB yATEL B caron
resul tings(ppor8paRiched whildprddeBbying aha yrptationusindiserbtel teduetion seates twiieh
and nore Satréle %g rlngint a%tol\g éc?r(t)t%]lllngc{he yreléogr% 1%%895 SngtTnjt)EtlaoznO%%/ 915281%rent

20  sulphide moieties.

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).
25 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 (RuSg) and ternary (RuM.S,)
30 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 RuM.S, catalysts turn out to be more active and more stable in the

M/i49021-PCT



6 hydrochloric acid electrolysis conditions than m xed-val ence

rut heni um sul phi de systens of the prior art. The preferred catal yst
speci fic | WRRAWPHIO0418 sel ect ed carbon support are the s AN /ERIPIS(IEG1
for rhodi um sul phide; also the nmethod of” manufacturing is
substantially the same, even though suitable tenperatures for the 5

thermal t reako@dridTidY letiblyRR %59d|§u9n313]5&p mikB§- V%%%bf f&hérﬁ@ﬁlt 50Bhide

pat hway of “‘the method according to the i nvention has th
advant age svystamg ef theneriasrart. Hder preiartacoeatplysiespsciflcdoading ha@drml@ntsd a&atbon

t he thioni e Sufar r f SET

st at es, &Jgﬁggr téalr hteh%rrgsl ﬁﬁglogk?pa\zﬁ @r%ogo%dd rlﬂl %&quhe ylge d Fri)e}'g“gd of
phase corrpnammfadnrmg id bebﬁammﬂyetdecshaaie:myenltdeugmseitablassempmattﬂeedor the
above. hgh qﬁ I(-)FfB the inve t| o H?%(ﬁ t he i nstant aneous

met at hdsi S84 &2 ‘?%tlm?%?ﬁ%ry part. For instance, by
reacting the chloride formof a tran5|t|on metal such as rhodi um

whose aqueous hydr ol ysi s gi ves ?H in the ra%e of 1 to 1.5 with
sodi um tet r%?rﬁ%ﬁ&tréaaﬁlqwmtawaypé he Mgt ogREoFEI0g tcamse iggentiam has the main

bor ohydri %véﬁ@?% inferlBi%e Wne%%)’:%giug d%rggfot?%}glalé bf 't L?bér‘?d %% thionic

directly synt I se anor phous on ca he reaction
is conductr@@ehes rmrenemtmgp@wafounathndf dizoreie recdndttowaﬂatby. whichraiestbetmaln

t est I an t-tre

nert Qnvitr e Rlind, s v Lo Pitpef chtest iRl ol i Selected
0.5, Pttt s oo, 1oyt e ronyrls e
roce

B Eh o bcifatEntERedis eifingss e Baral dnes ol 166 fhiSakoeart Py msiance, by
kinetics assctinigethe @ioddeeidreast bQFhr%ﬁ@nQﬂetdW&@éfﬁ@s ¥odit, Wwose 2aueous
catal ytic amounts of netals such A, Sn, Co and others.

di scl osed hygiolysis giveara PHumttQEIrénggrOfﬂefCh@ 5 N‘d@r%ﬁiﬂ%é@trﬁwlonate dlhydrate
gas- dif5T ugnafs 8. 20 o Lol bGonddcd REABIAAN! eGP BE HRRR, ASis

known in the art rranu act uring rut eni um
sul phi de @@B%ﬂb&esbsdle&cﬂmﬁdnmgsse mphoweﬁ?m%,nsmp@rtddsm carbdni Fhe heaction

foll ow ng. d f 0Qd 3 lim tin h
ovent | oui SRS AROER, ~hferale? ol (R TR Byt A higt el A
appl i ed 3yconm&]t©hl Ithedslurlmytllaecilretctetd) a:mdplbé@igt'remed ah hﬁfert](c:éhbllgl’]fhment for a
support ed-s crystal line phase sulphide catal ysts of different
oDl e i SHERE s, Y hrayids, BRy e SIRES ettse TR oS\ g Supiorted
W t houp depmilystNThET Sdihé Neross@Re EdiEROLsed 1494 P%e\‘\[blnary and ternary
2008/ 101955PCT/ EP2008/ 052061 7 BRI EF DESCRI PTI ON OF THE FI QURE

Figure 1 SHBWseswih mageitie crisial trhgsardigfibationsedn sameucasesdéhe ingliges and
prepared yield of the reaction can be improved by adding catalytic amounts of metals such as

Al, Sn, Co and others.

25 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

30  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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5according to the nmethod of the invention. EXAMPLE 1 Described herein
is a nethod to precipitate a rhodi um sul phide single crystalline 10
phase on cYWiOP8P/HE®drding to the net hOdréf t he i nvent i GHT/EP2008/052061
precipitation reactions of other noble tal sul phide catal ysts (such
as the sul phides of ruthenium platinum palladiumor iridiunm only
require mnor adjustnents that can be easily derived by one skilled
inthe art. 157.62 g of RhCl3. H20 were dissolved in 1 | of deionised
wat er, an®BRIkE BbSGRIGhIGMOR BAEREGYRE g of Vul can XC 72-R hi gh
surface area carbon bl ack from Cabot Corporation were added to the
solution, and the m x was sonicated for 1 hour at 40C. 8.64 g of
(NH4) 2S20F igeree! dBHomtsedn iX-Re) diffrazfogtemoni sechodiune rsuiptidee catdyst lprapandd

f 20 7.64 de h 4.14 g of NaBH4
G 1 uted | REGOBEGHo 57 Hanest LR KVABR(r cduci ng agent) | The

rhodi umNul can sol ution was kept at roomtenperature and stirred
vigorously while nonitoring the pH In this case, the sul phur source
and reducife™MBERt! 25 sol uti ons were sinul taneously added dropwise to
t he rhodi umNul can solution. During the addition, pH, tenperature and
col our of the solution were nonitored. Constant control of the pHis
essenti al Descibeherendsd dnathed (t@rm‘ee'p'éatdi & shediami amipbiﬁet?.ieglefﬂrgstbttine

tion. | qvery fast
Chor ordr o S SEHPon Frealibifiadhd MesfSy RL i GvRRBEL rEhmfadE et BRb of
wi t hin fewthmrrrwbees nfewrnwﬂstﬁdé)eﬁtanyl?tmgst@h éd1]§1daﬂ|§|ﬁ|ﬁ@§lof Emaémuntgn tplnaﬁlnum
reaction ca ow ng the kinetics if nee reacti on
noni t or ed P§ a‘é:'H@c“Rr HG'S MO glr@ﬁ'r'recWHH@e@gJUFW%eWt%thaqand@%ﬁas iy derived by
pi nk/ or angReGRledin He 4rhe M 49021-PCT WO
2008/ 101955PCT/ EP2008/ 052061

15 7.62 g of RhCl3'H20 were dissoived in 1 | of deionised water, and the solution was
refluxed.
7 g of Vulcan XC 72-R high surface area carbon black from Cabot Corporation were
added to the solution, and the mix was sonicated for 1 hour at 40°C.
8.64 g of (NH4)25:03 were diluted in 60 ml of deionised water, after which a pH of
20 7.64 was determined (sulphur source).
4.14 g of NaBH,4 were diluted into 60 ml of deionised water (reducing agent).

The rhodium/Vuican solution was kept at room temperature and stirred vigorously
while monitoring the pH. In this case, the sulphur source and reducing agent

25 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°.

30 The kinetics of the reaction is very fast, therefore the overall precipitation of the
amorphous suiphide 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
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8 rhodi um\ul can sol uti on changes dramatically to grey/green
(reduction of Rh+3 to Rh+2 species) and then col ourless upon
conpl et i onWOF20880819582act i on, thus indicatjng a total absRSITER260$/06306% he
products on carbon. Spot tests were al s& carried out in this phase at
various tinmes with a | ead acetate paper; |limted anount of H2S was 5

observed qHSd:hW‘@ulEéﬁ“ tiof! i’rt%ﬁ%ieétdr PaBtalyf PF&ﬂgﬂ"eB g&ﬂcﬁﬁn of¥&n*3 to

precipitate was allowed to s ean then’fi frate was
washed wi tRh'{Gpecias) e treinsealowntese upoo Oommmram/thexeasfsmr dageinticating a

then a fil I [ v

The ari ed DFEbABRS By By e el Bl et Sl 2ot Bl Shtiedbut i s
fl owi ng arghasefatr varidiautimest wib O£ lesd adetat@gpapera limetieg hdmbosts oPfH.S was
22.15%_ The res I(ildn carbon s orted c ‘tyal st .was fir .

char acter (OSEEH SH B PBIgRe, SEoCRtonFbke thinic paesied L 1he Fregiviate was
hydr ochl orjigwagitd s@ttﬁé?bh@ltuém $|[t€r@d* i ARAte wha WaShddvith pil@h@%?deiaﬁrsbd
of the sanple was heated oiling in a chlorine-saturat ed

sol uti on, watet isdesgye &E‘b{rﬁiﬁcﬁﬁ%@wﬂbéh@%éd ltehcakeayps solecied @J@d alr dried at
6, 149, 78211'5h@0(, ﬁwiﬁtl ng solution was colourless, not even show ng

the characterrstic Trace pink of the nore stable forns of rhodi um

sul phide of the prior art. 20 An X-ray diffractogram of t he rhodi um

| phi t J uaI I ai ned_b
oreor g0t at el RieBh B Par ol pebléSadiia REetpHEN HheBl PahgE ygtn for 2
| east threreu%ﬁao]ﬁas@u[tmgtiﬂﬂgr ||@35(61t22115§3h283 rmnocl inic (C2/m
Rhn3S4, and primtive cubic (Pm3 RhySis. The Rh253 phase is an

el ectronic insulator built of 25 al'ternating RhS6 octahedra. The

aver age RiThEhebafigy @é%ﬁ%p@ﬁe@ cg%sﬁm/a‘éqmﬁadh%gadt&ls%dﬁiﬁ PeorfodisFtdR to

metal ) thus renoves any possibility direct Rh-Rh bonding. In

cont rast, chhek %%@b&tmﬁ&@mgﬁé@d §@ﬁr@b’ﬁmﬁﬂvﬂﬂn@ﬁﬁbert i es at room
t enpen ture. In addition, RhySis consists of Rh6 octahedra with an
aver agé Rh-Rh di stance of 2.59 A The Rh3S4 phase, with its netallic
Rh6 oct ah&er thizpugpese| garbaf B@ saciple wasiheatddio B(lidg iadsmlqnﬁrieasnatuf‘éﬁed HCI

Lot Pt sBhubheal ¥ B Whoh 0 iR, 10 B AP o2 The
conpar i soresulting solution was colourless, not even showmg the characterlstlc trace pink of
the more stable forms of rhodium sulphide of the prior art.
20
An X-ray diffractogram of the rhodium sulphide catalyst is shown in Figure 1. Rh,S,
usuaily obtained by precipitation is characterised by a balanced phase mixture of at
least three Rh-S phases: orthorhombic {(Pbcn) RhaSs, monoclinic (C2/m) RhsS4, and
primitive cubic (Pm-3m) Rh47Sis. The RhyS; phase is an electronic insulator built of
25 alternating RhSg 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 Rh4;Si5 phase possesses semiconductor properties at room
temperature. In addition, Rhi7Ss consists of Rhg octahedra with an average Rh-Rh
distance of 2.59 A. The RhaS4 phase, with its metallic Rhg octahedra eaves, is an
30  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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clearly shows how the Rh17S16 phase is absolutely predom nant (>95%
with a characteristic set of 4 peaks at 28 = 37.38 - 40.68
representi W@ 200810(9504) , (114), M 49021-PCT WO PCT/EP2008/052061
2008/ 101955PCT/ EP2008/ 052061 9 (223), ard (024) reflections, and the
high intensity peaks at 47.64 and 52.16 indicating the (333) and

(044) refl ' "B - ' j P glat I °
of the f1dard) s (024, oMekhohs, SFREHigh RG] peBt R i1 B eRid2, 10
ar e super podieatingthe{83XRMds(0dd) railectid®SAMPLE 2 A rut heni um cobal t
ternary sul phide (3:1) catal yst was prepared in a simlar manner 10

as the one of Exanple 1, the difference being that the thionic

reagent i sTHiow paet rodret @ﬁd@fﬁt ial tthr:Tngﬂaﬁt odithe Higu&,t@@égﬁh@t?ﬁs@ﬁerisﬁc
reactign occurs_in-sity on the netal ion sites, : go

RUQ 3x 0 RiGKs OfINeSRvaes 1756 £r6 FUBRIPBRES BLhAeiRR SPEFHEIThe sol ut i on
was 15refluxed. 2.46 g of CoCl2.xH20 were al so added to the Ru
containing solution and refluxed as above. 8 g of Vul can XC72-R high
surface a%@MBLEé‘h bl ack from Cabot Corporation were added to the
solution, and the m x was sonicated for 1 hour at 40C. 2017.5 g of
(NH4) 25203 were diluted in 100 m of deionised water, after which a
pH of 7. 72 wndBerdemecatiatiddrnarheniphitige@: t)aatdpstoadsaprepiohed taa stoilartrhamer

(sul phyr source). 6.54 of BH4 were diluted . into 100 m of

ot o THE o SR Bhe, & eI o B Ghedtiiod clind et e i S brienbls now part of
cont ai ni nghé widiginionngol@Pkiiusaihé Mettigssis psbn a0l BBsisn KePmedd! ion
roomtenperature and stirred vigorously while nonitoring the pH Once

the reduci®i§S-agent sol ution was prepared, it was added dropwi se to
t he sul phur source solution. During the addition of the reagents, pH,

tenperature and col our of the solution were nonitored. Constant
control of”.Ghg PRUEs¥dLe meraldissalvedder! el deiaiised wateroamd dteesolution was
di ssoci'sat ir&ﬂ,lx%. the thionic conmpound to elenental S. 30

2.46 g of CoClyxH20 were also added to the Ru containing solution and refluxed as
above.
8 g of Vulcan XC72-R high surface area carbon black from Cabot Corporation were
added to the solution, and the mix was sonicated for 1 hour at 40°C.

20 17.5 g of (NH4)2S203 were diluted in 100 ml of deionised water, after which a pH of
7.72 was determined, then added to the catalyst/Vulcan solution (sulphur source).
6.54 g of NaBH, were diluted into 100 m! of deionised water (reducing agent).

The sulphur source solution containing ruthenium, cobalt and Vulcan carbon black
25 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°.
30
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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As for Exanple 1, also in this case the kinetics of the reaction is
very fast therefore the overall precipitation of the anorphous

sul phi de oWOWREB/AUISHI n f ew m nut es froméhe begi nni ng ACHER$008/052061

reaction. Cooling the reaction can help'fn slowing the kinetics if

M 49021- PCT WD 20081101955PCT/ EP2008/ 052061 10 needed. The reaction

was noni tq{e%‘aerTﬁé‘?%ﬂlﬂﬁ Wl HE b?QﬂBQIﬁﬁ% I@}Hé"@olb@r’ dHatlged Pllnltl:ial deep

br own/ or ange col our the Initia ut1on es dranatica
col our | esroywoiorangepteoionf dfe trhtml rseh.dmnmlnanghsusiramdi:maﬂmtngpcdourtmalupon

b ti he.c t te
eoeeT By odoRiniclh & BR et oS ifRRR o R abEPodalBY GeTrifusts on the
gaper i ma'ﬂmhf ESpmt A méstgfwéﬂ@%lms:aﬂbﬁemwl]éed tHBQJHaSeaatmamolIaltlmes with a lead
| SSOC| at| on e onl ¢ specli reover, was | |
Cbecrvay: Bite paber BHSBO TR A 5 WS RBsared B0 ds 3 IBrIaPLAESalioncDr

because ofing Hﬁloﬁ&gﬁﬁédlés pMBFHdV%F' 88 ©4° @ﬁetaﬁhﬁaQrcﬁ%'eWéoats%oY‘ﬁést for such
allowed to settle and then filtered; the filtrate was washed th

1000 m déesusasongial & V@rd steaightioraagd beeause cpfetagernagnetm:emroaneﬁle& e Co’.
cake was %%%Heﬁﬁt&% vale ﬂ{;%g&"tb %%ttl%t ré‘al%%nqueﬁ-éﬂ 9@5 fntﬁ}s Wid §lshed with
er oW ng

product was finally su eat eat nent un
ni t rogen ﬂ@ﬂOth@ieicm;mi BAGEC, tor emnbte @gyiexcassweeghent| dsen af filgd. ke Bas

The regul t] carbon.s ort talyst was subjected to the sane
cor rojﬁon CSE%%&@E& cdrf%% aﬁgt(g&’g n@jtt he previous exanpl e, showi ng
i dentical results. Actual performances in hydrochloric acid

electrolysis of the catalys repared according to the nethod of the
i nventi onsljgﬁtﬁrieﬁéﬁ?‘ﬂ}dﬁtﬁaé‘(f'ﬂaﬂgéu jgstedite Ngat @@ptg\e,nggﬂ@@ré‘lomng)ﬁlt@gen for 2

conduct i Vﬁoﬂ%bataﬁ)d“@()%ultﬂgtlﬁﬁ v@é@htweéseoﬁézsw,checked EXAMPLE 3
Different sanples of the catal ystS of Exanples 1 and 2 were prepared,

m xed to a 25PTFE di spersion and i ncorporated into conventi onal

fl j ALl
o HBr o493 aqud) LINohQNoRhAG EAdEeR o ChibaRy Rl pReLRD ool gLl sl
Rh, Sy el eetactrdehénoicahigdisauftihe previas ekeeipetshowry) Elenticat ogsliltsg t o the
teaching of US Patent 6,149,782 and 6,967,185 (Sanple 0). Such

el ectrodes were tested as oxygen-consunm ng cat hodes in a 50 cn®

active ar @at.30bahomedreey m?BK rogBiatio atidae|Sdtrnga of B edealydTpképigedise of
a by- product a%ueous hydrochl oric acid solution froman isgcyanate

plant. ThECERENSP e et eige inyeatipr ape dncerrarataron & 935cFIEHEIOR i pelHre
densi Qoescmraaaémdmcﬁ,@wsb@s&%w%,.nwa&%r@grsb%@ek% ng values are

reported in Table

EXAMPLE 3

Different samples of the catalysts of Examples 1 and 2 were prepared, mixed to a

25  PTFE dispersion and incorporated into conventional flow-through gas diffusion
electrode structures on carbon cioth. All the electrodes were compared to a standard
state-of-the-art supported Rh,S, 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 ¢m? active area

30 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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ML49021- PCT WD 2008/ 101955PCT/ EP2008/ 052061 11 Sanple ID voltage at
3 kA/n2 voltage at 6 kA/n2 0 1.16 1.45 Exanple 1 1.10 1.37 Exanple 2
1.11 1.41 WR200%%0195he t est ed el ectrode ﬁgrrpl es showed aPCERRR2OGI/0S2N61

catalytic activity, resulting in a sensi

| e voltage decrease with

respect to the electrode activated with a rhodi um 5sul phi de cat al yst
of the prior art (sanple 0).

10

15

20

Sample ID | voltage at 3 kA/m? | voltage at 6 kA/m?
0 1.16 1.45
Example 1(1.10 1.37
Example 2|1.11 1.41

All of the tested electrode samples showed an excellent catalytic activity, resulting in
a sensible voltage decrease with respect to the electrode activated with a rhodium

sulphide catalyst of the prior art (sample 0).

Equivalent rhodium sulphide catalysts were obtained also by using sodium
trithionate, tetrathionate and heptathionate precursors previously prepared according
to known procedures, with minor adjustments easily derivable by one skilled in the
art. Analogous corrosion and electrochemical results were obtained also in these

cases.

The above description shall not be understood as limiting the invention, which may
be practised according to different embodiments without departing from the scopes
thereof, and whose extent is solely defined by the appended claims.

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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Equi val ent rhodi um sul phi de catal ysts were obtained al so by using
sodiumtrithionate, tetrathionate and heptathi onate precursors
previously prepared according to known procedures, with m nor

adj ustnments easily derivable by one skilled in the 10art. Anal ogous
corrosion and el ectrochem cal resultsyere obtained also in these
cases. The above description shall not be understood as limting
the invention, which may be practised according to different

enbodi ments without departing from €Eh8IM8opes 15t hereof, and whose
extent is solely defined by the appended clainms. In the description

and cl ai ms of 1t QR RRAFLIRRRACARA Ak lFtIB ey GRIREBe” and its

vari ations such as ™“conprising conpri se intended to

excl ude the preddRble Betalt siphide simgier eraiallladctmasermjppomq)@neatcsmdlﬁwe
M 49021 PCT  12:60a, Wbichobl? rﬁaspéuz/ﬁ?ﬁ%ef m@rf,ﬂ}h;eﬂud&ﬂ Bl on of
oxygen conprising a noble netal e cr i'he phage

supported on a WseI0Mhendheaehsh metal aulah:deﬁa @Odratreaulpﬂudqothmngiecwgtaﬂme

rhodi um or r ut e %@M)dﬁtlagmrer&idﬁw“}&ﬁ H&IQ‘?P&L: gﬁé@% %@?@

i s rhodi um sul phi de, the si'n ase’'i s

and when the no?HlPEfCﬂ%P%ﬁml@lqwﬁtaJ@ei Fglaﬁaﬂaignuajmu@ubpnumsymdsi ngl e
crystal line phagesihgle CRatalinePhage Rbs 5@6&% m g%}ﬂ @BS single
t han 8 0 . 'ﬁ‘l

crystalline phase has a purlty of nor e catal yst of
Caim2l1 further conprising an additional transition netal M 3. The

catal yst of c2 adihecataNe6eCRIng @E&tf@?‘@!b&?ﬁ’é?ﬁ%oﬁ é&&iﬁdﬁat Qﬂ-ﬁﬂ%%ethr;hn Hy.

sel ected fromthe group consisting of
. 4. The cat al yst of any one of clains 1 to 3 vvherel n said conductl ve -

carbon has a4 cagﬁﬁgst%ﬁ‘e?@ 5{?5 w%%?er r&%a: %gd‘?gl.aq U%HQ&%‘ d??scéeléc? d from_

| oadi ng' of sal on sai Ve Carb I's
12 to .18% 5. le gasipdionsigligef W) €othlade Rhc Grphadigg the cat al yst of
any one of the previous clainms on a cOnductl ve web. "

4 The catalyst of any one of claums 1 to 3 wherem said conductive carbun 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%.

5. A gas diffusion electrode compnsmg the catalyst of any one of the prev:ous '
claims on a conductwe web.”

6. A method for manufactunng the catalyst of any one of claims 1 fo 4,
comprising the steps of: ’

- reacting a precursor salt of a noble metal and, opﬁona;lly 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 metéal sulphide on said conductive carbon
particles by either simultaneously or subsequently adding a reducing
agent having a reduction potential below 0.14 V/SHE to said aqugous

solution



6. A nethod for Manufacturing the catalyst of any one of clains 1 to
4, conprising the steps of: reacting a precursor salt of a noble

metal and optionally of at |east one additional transition nmetal wth
a sul phur source in the presence of conductive carbon particles in an
aqueous solution precipitating said noble nmetal sU phide on said
conductive carbon particles by either sinultaneously or subsequently;
addi ng a reduci'ng agent having a redugti on potential below 0.14 V/ SHE
to said aqueous solution 13 - recovering and heat treating the

resulting slurry in | -at i Al Dk ARG GRS :
crystal | i ne phase. ;&@ﬁéémgeét}ﬁg%%g;%ﬁ}% rg@\%@# g?‘ﬁ”éﬁ"ﬁ“?ﬂfﬁ?&? re untl
sourcé is a thiosul ppRiaingra singlesarstellippebiree. 8. The method of claim’
6 or 7 wherein said noble metal is rhodium 9. The nethod of claimé®6
or. 7 wherein_said noble nmetal is rutheniumand said -at , Ieash) one
addi ti onal mefalfhesmethodcelealaim Srivhprein salipspiy squreg) i@ Yijoserhaly, or
Ir, Rh, Cu, Ag, tlithatd 9peciée nethod of any. one of claims 6 to 9
wherein said slurry is recovered by filtering and said heat
teeatrrient is carried out at. 150 to 1250C,' 11 .The nethod of any

one of cl ai ms8.6The nikthotherdim Bai TwhadinaiaRinstgenietd & Maditn. 4.

9. The method of claim 8 or 7 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. o

10.The method of any pné of claims 6 to 9 wheréin said slurry is recovered by
filtering and said heat treatment is carried out at 150 to 1250°C.

11.The method o.f any one of claims 6 to 10 wherein said reducing agent is
NaBH.



