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A navel deaiga for  water alectrolyaia u s iw  a 
m l i d  polymer electrolyte l a  being developed by 
General Electric. Ruthroiu l a  one of the beat 
e lu t roca t a lysca  for the oxmen evolucior+ reaction. 
There are  p rob laa  c o ~ a c t e d  Vich the .Ignificmc 
loaa i n  electrocacalytic activicy with t h e .  Thi4 
perforunce  degradatiw la pra-bly due t o  the 
gradual f o m c i o a  of an Xu02 film. 

% have perforud eleccroehcPica1 uaau raenca  
on [1001 . Cll0J and 1111 oriencmd ainsle c r y s u l a  
of Ru02 in  order to a i ucidate the m c h a n i a  of the 
e lec t rocata ly t ic  proce~a. k r g e  aingla cryacala 
vere grown by the vapor trmaport  wthod. t k r  in- 
veatigrcion ha* revealed several intereeting dif- 
telencea for ~ h r  ~ i r i o u a  orlentatianz, t k i a  acudy 
indicacea that uuO3 u y  be .n 5mport8nt inter- 
redla te  species prior to q g a a  wolucioa and that  
the f o r ~ . t i o n  of the h1O3 i s  the race limiting 
process. S ln i lar  reeulta w r e  previously obtained 
for 1 r O 2 .  

I. Introduction 

be the present t l u  tbera i s  c w i d e r a b l e  in- 
te res t  in developing high efficiency and lw coat 
water elecrrolyzerr to  meet tha deuada of hydrogen 
required by the chemical industry a d  ae a fue l  i n  
fuel c e l l s  and gas turbines. The development of 
advanced technololy for water electrolysis l a  essen- 
t i a l  t o  miatoire the war  of hydrogen. The ef f l -  
ciency of vater eleccrolysla ayscma depend* cr i t -  
ica l ly  on the behavior of the oxynrn electrode. 
For oaygen ruolurion r e a c r i ~ g  (Om) on macalm or 
alloy8 ac conatant potenciala, the contlnuoua de- 
crease of current denairier vfch time i8  one of the 
more difficult problems in  vacer electrolyaia. The 
t h e  variation of currenc density ha. been pointed 
ouc by ~ c h u l t z e l  i n  tha anodic ~ o l u t i o n  of oxysen 
on placiniu. More recently, a fo i lar  behavior has 
beea obaerred on iridicn2 and on nicka13 anodes. 
Ic has beea suggested the= the current dmoy vfch 
time l a  coaaected with the continuoua grovrh of a 
poorly conducriug m i &  film, which recardm the 
electron cran f r or inhibit8 the radical  on the i S film surfaces * 0'. Baaed on e l aec roeha icd  and 
e l? lpamecr ic  methods Sriniveaan e t  a1 heve con- 
cluded chat cha p e r f o r ~ n c e  degradation for  oarygen 
evolucion on RuO, catalyac 1s preeumebly due to  the 
gradual ace-larlon of a f i b  on the surface 
of the RuOz particles by a dissolutionlprecipita- 
t ion process .' 

Zlm Om aly.ya takas placa on alectrodeb vhieh 
are  cwered h t h  on oxide layer. L i t t l e  is under- 
acood a h t  the properties of thm oxide p h a n  and. 
especially, a b w t  the  properties of the m i d t  
electrelyre in ter face  vkich are  required co achieve 
improved p e r f o ~ u n c a  i n  the OU, Evaluation of a 
ntnber of -tala and alloy* am elec t rocat~lyaca  for 
the q g e n  evolutioa reaction. lead. t o  nickel aa 4 
preferred anode u t e ~ i a l  f o r  the O M  i n  a l l u l ine  
ro lu t iow and t o  noble metals and chair a l loys  a r  
e l e c t r a a t d y a t s  f o r  the  OLR in acid solutions. 
Am- the noble metals. the perfomace of Xu. Ir 
end the l r  a l loys  n s  found to  be u c h  auparior to  
that  of m pure PC anode. Thua. the potantiat  a t  
which s aceady a a t e  oxygen evolution current dam- 
airy of 1 d ea" ( rea l )  l a  obtaioed on Pt a t  roe 
temperature is about 1.8 V vs. ME. while a t  a Ru 
or .n Ir anode chis  t en t i a l  l a  only abouc 1.49 
(Ru) or 1.9 ( I r ) . ~ . r  Lr i r  obvlrum. t h i r d o r a l  
Char a d y s i s  of the mrface  layer formed on Ru or 
Ir prior and d u r i a  the evolucion of oxygen. re- 
veel iw the relacionohip betwen propertlea of th i8  
layer end the perfomance of the Ru ( I r ) /  aqua- 
aolutioa in ter face  i n  the Om, may be en Importmt 
key t o  the ro l e  of oxide layers i n  elactroeatalysia.  
I a  addition thm vork of Srlaivaaen a t  a14 has &orm 
the aignificmee of our underatandlug the proper- 
t i a s  of luO2 m n d  IrO2. 

A norel d u i g n  f o r  water e l e s t r o l ~ a i s  l a  b e i q  
developed by the General El c t r i c  Company using 
eolid polymer e1actrolytea.5 In t h i s  type oC water 
e l e c t r o l ~ a i ~  c a l l  a eolid aheec of perfluorineced 
p o l p a r  (Nafion) u r v e a  a s  the clectrolyta.  The 
electrocatalyata a r c  p l a c i n u  on the cathode aid. 
and iridium. ruchen iu  o r  binary and ternary alloys 
uf chase matela v i th  c rmr i t i on  a ~ c a l e  on th r  anode 
aide. Hence there l a  coruidereble i n t e r e s t  f r a  a 
practical  point of v$.u i n  g a i a i a  a be t ter  undar- 
atandlag of xutura of ~leetroeatdy~c/elactrolyte 
interface f o r  thema particuler matariala. 

II."&verJlencal Results - 
Ye b e  perfonred cyclic volt-try and 

a t u d y  atore r a m r a u n t s  a oriented s ingle  cry- 
atala of Ru02. ?or emparlaoa we have a l so  acudied 
unoriantd min$la c r 7 s u l a  of t h i r  u t e r i a l  aad ae 
WLI. a* RU =ta l .  ~n the aingle cryatal  caa4 [loo] 019 and 0111 crystellographic faces vera inveati- 
gated. This vork oa oriented single crys ta l  u- 
te r i a l  o f f em the advantage of a l o r e  c lear ly  de- 
fined a leccrodc  w c h a n l a  coopared to  pr ior  atudiea 
on m u l t i m a t a l l i r u  ~ c e r i a l . ~ m ~  Fine *rained lu- 
t a r i a l  h.;-~ grain beundarias and 1n-a- cases 

-err *up orce y Brookhven ~~~~~~1 Laboratow incluaiona containins irpuriciaa.  ~t i a  a lso  an 
fon:raet P E C ~ ~ ~ C ~ O Z I S ~ O  and by HAIO. Lporcaot coatinuacioa of the wrt on ain$le 
a)  P e ~ n e n t  addreas: Feculte das Seiencea, Univer- C ~ a C a l  IrOZ a t  reetlrU.10 
a i ty  of Mans. Xons. Belglur. 
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Figure 3. Cvclic volt etry of single crystal 
L O ?  with aria surface in a N2 sat- 
urated solution of 1 N H2S04 for aever- 
a1 differant scan rataa. 

for the cathodic features Gveraging out the struc- 
ture in eacb cane). For the unorientad sample 
(Figure 4) no structure is seen on either the an- 
odic or cathodic peeks. In addition. the voltage 
difference between corresponding anodic and ca- 
thodic peaks is less than for che oriented sarpplea. 
Ye attribute the obaerved structure in the cyclic 
volcaamogr~s below 1.5 V vs RHT to the Ru203/Ru 
(lovest voltage anodic-cathodic pal?) and tha 
Ru2O3/RuOZ couple. 

I 

Recently several i n ~ e s t i ~ a t o r s ~ . ~  have studied 
the electrochemical properties of Ru02 including 
some wo k on oriented single crystals by Shafer 

, 

et a1.15 They also report structure in the spme 
general voltage tange vhere we have seen features 
(although chere arc aome differences in values) and 
elso attribute them to the above mentioned couples. 
However. our cyclic voltmnetr). peaks are much 
sharper and reveal more structure than those ob- 
served by other workers. 

Shaier ec a1 report that no obvious differences 
uere seen between l six different crystal faces 
that thzy ~tudied.~' Also their cyclic voltam- 
merry curves taken or individual faces were similar 
to those on themslly oxidired Ru-aeta1.1n con- 
trast we have seen some intereating differences for 
the different crystallographic orientations (Figs. 
1. 2 and 3). 

. . . . . . . . Scon Roles 

Figure 4. Cyclic volt-etq of an unoriented 
wingle c 9 s t a l  of Ru02 in s N2 saturated 
solution of 1 N H2SOg for weveral differ- 
ent scsn rates. 

At voltages above 1.5 1 r s  KLLL: there are also 
a w e  interesting relations betveen the four situa- 
tions ve have studied. For all'usea. including 
the unoriented sample, tbere is a well-defined 
anodic structure (-1.7 V 9 s  RUE) preceeding the 
onset of the OER. There is a corresponding ca- 
thodic peak for the [110], Cl111 and unoriented 
cases bur none is obeerved for tha [loo] face. 
Thine snodie fascurss occur nt the same voltage for 
the four samples but,for the cathodic peak there is . 
a small difference for the unoriented ample. 

A similar anodic process ha8 been observed in 
the case of single crystal IrOl (labelled A in 
Figure 2 of Ref. 10) and ha8 been aseoc:ated wlth 
.fie oxidation of Ir07 to the higher state I d 3 .  
Therefore, we attribute the feature at about 1.7 V 
vs RHE in our case to the oxidation of RuO2 to 
Ru03. 

In terms of the OER potential the [lll] face 
shows no dependence on aweep rate (see Fig. 3) 
while for the ocher cases there are shifts to high- 
er voltages vith decreasing scsn speed. We have 
also investigated cyclic voltammetry for Ru metal 
in a 1 X H2S04 aolution saturated vlth N2 for the 
same scan speeds used in the Xu02 canes. In the 
case ot the Ru metal the OER potentiil does not 
depend on wcan rate. similar to our obaervaciona 
for the [ill] face. Although we do not completely 
understand these differences it is interesting to 



ndtr S6.t .rt.r i l t . .L l i ! )  0 1  lc.n~*:lon ol rutllc (the 
cryatal structure of RUG:)  It in poaaible to havs 

. ': cryatal face free of oxygenr, 1 . a .  only metal 
atma. h u a  the b 1 9  cane may be cloaer to the 

I 
metallic altuatlon. 

In addition to the cyclic v o l t a m t r y  va have 
also studied the ateady-atacs electrochemical be- 
havior of the various oriented Ru02 namplea. The 
lo8 current density va potential curves. obtained 
by the ateady atate uasuremenca in tha anodic re- 
gion, uere linear betvrcn 1.55 and 1.8 V vs W E .  
A11 amplea shoved a alight decrease in alope at 
about 1.8 V va RHE. It la intereating to note 
that thia is the voltage of the feature thac we 
have attributed to the oxidation of RuO to RuOj. 
air neaaured Tafel slopes were w 100 aVfdec vith 
m u l l  differences betveen the orientationa. It 
appears that the [loo] Tafel slope la aomevhat 
larger than chose for the ocher t w  orientations 
although this is not coaclu?aive. Shafer et a1 have 
d.0 evaluated T d e l  slopes for vsrioua orients- 
cions.13 Although their general value. are in 
a8resPent vith oura they appear to find more of a 
diflerence for the various faces. 

111. Suunuaw of Results 

We have g r a m  large single crystals of,RuC2 
by the vapor transport method. Electrochemical 
inv~tigatlona have been carried our on various 
oriented surfaces of the single crystal material 
as vcll as on a a m p l e  of unorientcd single cryscgl 
aterial. A n ~ b e r  ot significant cimllariciea 
and differences have been observed between the 
varioua faces thac have been studied. Our results 
have revealed considerably more structure in the 
cyclic voltamxetry curves than reported by othar 
investigators. Thua our w r k  on oriented mingle 
crystal RuO? containa important information con- 
cerning the electrocatalytic process. 

IV. Future Work 

Ye plan to grov single crystala of Ir02 in 
order to further develop the vork reportea at last 
year'a meeting. 

Additional electrochemical studies will be 
performed on oriented single crystals of Ir02 and 
RuO?. This includea meaaurewnca using the rota- 
t l n g  disc mleotrde method to LC dorrs lu collabor- 
ation vith Brookhaven National Laboratory. 

Preliminary optical investigations (reflec- 
tivity and photoemission) have already been per- 
formed on mingle crystal Ir02. iie propose a much 
m r r  detailed study of this area on both Ira2 and - RuO? in order to gain information onccrning their 
fundamental electronic strucrure.lr The photc- 
emiaaion vork la being done in collaboration 4 t h  
the University of Mona. Hons. Belgium. 

Our ultimate gonl la to relate the observed 
electrochemical behavior of aingle crystal Ir02 
and RuO? vith the fundamental electronic atructure. 
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