
https://ntrs.nasa.gov/search.jsp?R=19710011028 2020-03-11T20:36:15+00:00Z



Surface oxidation of Pt electrodes has been studied i n  very  

pure solutions and various stages of the uptake of 0 by the surface 

have been resolved. The reversibil i ty with respec t  t o  various stages 

In the formation and reduction of the surface oxide layer has been 

investigated in relation to the activity of the surface for organic oxidation 

reactions. The stages of surface oxidation a r e  related to  the geometries 

of various sub-lat t ices of 0 on the P t  surface ra ther  than to  specific stoi- 

chiometr ie s of platinum- oxygen surface compounds. Work on s ingle 

c ry s t a l  Pt surfaces  i s  now being undertaken. 

Optical studies by means of el l ipsometry show that in pure 

solutions and with sensitive instrumentation there  is  no distinguish- 

ability, with respect  to  potential dependence, between the change of 

optical propert ies and the change of the surface coverage determined 

by surface coulometry. There  i s ,  in fact ,  a close corre la t ion down to 

the lowest coverages that can be detected a t  - ca. 0.8 V,  contrary  to  

what has  been reported in ea r l i e r  l i terature.  The present  resul ts  

agree  in this respect  with recent  conclusions f rom the work using the 

modulated reflectance technique. 

The experimental  procedure for investigating Pt surface 

oxidation up to  elevated temperatures  has now been developed further 

and in part icular ,  a sat isfactory special  type of autogenous H2 

electrode fo r  use in a closed bomb has been fabricated and tested. 
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I t  therefore  appears  thatithe r e  solutior? into three  ciistingnishable 

oxidation stages which i s  possible in sufficiently purified solutions i s ,  

in effect, connected with successive s tages of the oxidation of the 

surface and the se la ted  interactions between the 0 o r  OH spec ies  laid 

down w it11 increasing potential. The peak potentials a r e  summarized  

Table I 

Peak  designation Peak  potential EH, V. 

OAZ 

Broad region 

1. 05 

1. 2 V into 0 evolution region 2 

A further  indication of distinguishable species  upon the 

surface a t  pote~l t ia ls  higher than about 0. 8 V is  given by the fact  that  

var ious organic substances show charac ter i s t ic  Faradaic  peak 

cu r ren t s  corresponding to  the various regions of surface oxide formation 

shown in F igures  5 and 6. In Figure 7 i s  shown the typical behavior 

observed for formic acid oxidation a t  platinum in acid solution where  

th ree  ma in  Faradaic  oxidation peaks appear ;  the f i r s t  one indicated a s  

"FA 1" appears  in the double-layer region and is  not connected with the 

presence  of sitrface oxide formation, The f i r s t  peak in the oxide 



J, 

formation region "FA 3"'" appears  to  a r i s e  because of react ion with 

the oxide species  on platinum corresponding to  the regions OAO and OAl.. 

~nhib i t ion  of the cu r ren t  beyond a potential of about 1. 05 V s e e m s  to be 

connected with the development of the oxide in the 0A2  region. The 
10 theory of these effects has  been given previously . This  inhibition 

pe r s i s t s  up to  about 1. 2 V whereupon a third region of Faradaic  osidation 

indicated by "FA 4" in Figure 7 a r i s e s .  It seems that  this oxidation i s  

one connected with the broad region of surface oxide formation beyond 

about 1. 2 V. It i s  interesting to  note that the two main regions of oxidation 

typified by FA3 and FA4 for  h r m i c  acid a r e  also observed with other 

related substances such a s  methanol and formaldehyde, for example a s  
11 

discussed by Vielstich . The peak potentials and the potential range of 

the cu r ren t  minimum in Figure 7 a r e  summarized in Table 2. Another 

indication of the d~s t lngu l s l~a l l l l t y  of tlle f i rs t  two oxicie peaks on 

platinum f rom the region a t  higher potentials is given in Figure 8 which 

shows the behavior of platinum surface oxidation in the presence of 

acetonitri le.  The acetonitr  ile not only blocks the hydrogen region,  a s  

m a y  be expected, but exhibits a n  oxidation behavior in the double-layer 

region which, a s  shown elsewhere,  corresponds to a chemisorbed species  

on the surface.  In addition to these  effects,  and of in te res t  in the 

present  context, there  i s  an  important blocking of the formation of 

the surface oxide on platinum in the regions OAO and OAl; a t  higher 

potentials, in the 0A2 region, t he re  i s ,  however, some react ion between 

the acetonitri le and the oxide. The diminution of the oxide coverage can 

readily be seen on the reduction profiles in the OC region in the cathodic 

sweep. The effects a r e  quite appreciable,  

I(, ,* 

U n d e r  other conditions, a peak w e  designate as FA2 appears  but IL r s  
not cti scus sed fur ther  here, 



C u r r e n t  
Fa rada i c  peak designation FA1 FA3 min imum F A 4  

FKZ FK-j 

P e a k  potential  EH, V 0. 55 0. 94 1. 05-1.16 1. 53 0. 63 0.46 

Corresponding oxide peak - OAO* O A ~  broad  region 

In  o r d e r  t o  study the revers ib i l i ty  of format ion and reduct ion 

of the su r f ace  oxides and hence t o  gain some  fur ther  insight into t he i r  

react ivi ty  i n  oxygen reduct ion and in  fue l -ce l l  oxidation p r o c e s s e s ,  

pot-nt ial  7v.Treps \T~CI'P m-adp to  v a r l o u c  anodic  terminat ion po te~i t i a l s  a s  

shown in  F igure  9. Consider ing the behavior towards  p rog re s s ive ly  

increas ing  anodic potentials ,  it  i s  t o  be noted that i n  the init ial  s t ages  of 

su r f ace  oxidation towards  the reg ion  OA 0 (F igu re  9 ) ,  an  anodic sweep  

t e rmina t ed  a t  about 0. 85 V and r e v e r s e d  gives a n  immedia te  fa l l  of the 

c u r r e n t  and a  corresponding cathodic peak a t  the s a m e  potential  i n  the 

r e v e r s e  d i rec t ion  of sweep; th is  behavior i s  cha rac t e r i s t i c  of a lmos t  

r e v e r s i b l e  ox ida t io i~  and reduction.  P r o g r e s s i o n  t o  a  somewhat  higher  

anodic potential,  but s t i l l  in the OAO region,  r e s u l t s  i n  the second cu rve  

which shows again a n  immediate  d rop  of c u r r e n t  upon r e v e r s a l  of the  

sweep  with a peak formed in the  cathodic d i rec t ion  of the sweep; th i s  

peak a p p e a r s  a t  m o r e  anodic potentials than the f i r s t  one cor responding  

t o  a  g r e a t e r  an-iount of the spec ies  fo rmed  on the sur face ;  th is  i s  as  



expected,  F u r t h e r  p rog re s s ion  of the  anodic t e rmina t i on  potent ia l  in the 

r eg ion  of OAl r e s u l t s ,  however ,  in a  sl ightly d i f ferent  behavior  i n  which 

i r r e v e r s i b i l i t y  i s  beginning t o  b e  exhibited;  fo r  examp le ,  the  peak po ten t ia l '  

now r e t u r n s  t o  a somewhat  m o r e  cathodic  value and t h e r e  i s  a di f ferent  

shape of the cathodic  sweep  cu rve .  By the  t i m e  the four th  cu rve  is 

rea-ched a t  h igher  anodic potentials  again ,  a  g r e a t e r  i r r e v e r s i b i l i t y  i s  

exhibited and a  f u r t he r  p r o g r e s s i o n  of the cathodic peak t o  m o r e  negative 

potentials  i s  observed.  I t  is s e e n  tha t  i r r e v e r s i b i l i t y  i s  beginning t o  s e t  in  

be tween  the format ion and reduct ion of the  spec i e s  f o r m e d  up t o  a  

potential  of 0. 9 5  V. F o r  the  r ema in ing  c u r v e s  obtained f r o m  succes s ive ly  

h igher  polar iza t ions  t o  p rog re s s ive ly  m o r e  posit ive t e rmina t i on  potent ia ls ,  

it is s e e n  that  the i r r eve r s i b i l i t y  i n c r e a s e s  a s  indicated by the  h y s t e r e s i s  

between tbe anodic-going and cathodic-going c u r r e n t  prof i les .  

An in te res t ing  a s p e c t  of the  behavior  f o r  po la r iza t ions  at 

the  higher anodlc  potentials i s  t ha t  upon r e v e r s d l  of tne sweep  the  c u r r e n t  

does  not immedia te ly  become a  cathodic,  one a s  i t  doe s  in  the hydrogen 

o r  double- l aye r  r eg ions ,  but  a  r eg ion  of ' r emain ing  anodic c u r r e n t  

p e r s i s t s  in the  cathodic sweep un t i l  the  sweep  ha s  pa s sed  hack  t o  s ig-  

nificantly rnore  negative potentials .  I t  t h e r e fo r e  a p p e a r s  t ha t  anodic 

oxidation of the  su r f ace  continues dur ing  the  in i t ia l  s t age s  of cathodic 

sweeps  fo r  t e rmina t i on  potentials  h igher  than about 1. 0 V. In fac t ,  i t  

s e e m s  that  the  whole of the  cathodic-  going c u r r e n t -  potential  prof iie s  , 

a l m o s t  up t o  the  cathodic peak OC,  c a n  be r e p r e s e n t e d  a s  a  Fa r ada i c  

r e ac t i on  p r o c e s s  cor responding  s imp ly  t o  the diminut ion of amount  of 

su r f ace  oxide spec i e s  with i nc r ea s ing  cathodic potential  a s  f o r  example  

t r e a t e d  in r e f e r e n c e  3 ,  



Figure 9 a lso  slrows the iritegi*rated oxide charge ex- 

p res sed  a s  the r a t io  ao/aH a s  a function of anodic potential. I t  i s  of 

in te res t  that this ra t io  at ta ins  a value of unity a l ready a t  a potential 

of 1.12 V. The significance of this  important observation will be dis-  

cussed  fur ther  below. It is  a l so  seen f rom Figure  9 that beyond the 

c r i t i ca l  ra t io  Q,/Q, = 1, the slope of the i i ~ t  egra ted  charge- potential 

line becomes somewhat less .  The relation between the potentiodynamic 

cu r ren t  potential profile in Figure 9 and the integrated charge profile 

i l lustrates  a general  difficulty which a r i s e s  in interpretation of integral  

charge-potential  relations.  I t  is  readily seen  that the ao/bH line shows 

ve ry  little s t ruc tu re  in relat ion to  that indicated differentially by the 

cur rent -  potential profile itself. This  has an  important bearing on the 

choice of experimental  methods for study of surface oxide spec ies  

a s  mentioned in the I i~ t roduct io i~ ;  for example,  i t  i s  obviously un- 

desirable  to use a d i rec t  charging curve method such a s  has been 

employed by Schuldiner even if the solutions a r e  sufficiently pure that 

difficulties concerned with impurity oxidation or  blocking behavior a r e  
5 

avoided. Only by the differential  galvanostatic method can one hope 

to  see  ally s t ruc ture  in the charging curve,  o r  preferably by use of 

the potentiodynamic method one can see direct ly  the differential  charging 

behavior. Similar  considerations apply t o  the potential step charging 
13 

method recently investigated by Vrbach e t  a1 

We have referrediL above to  another aspect  of the 

oxidation kinetics a s  i l lustrated by the'behavior of the cu r ren t  potential 

profiles in Fi.gure 9 ,  par t icular ly those corresponding to high anodic 

termination potentials, It was seen that upon r e v e r s a l  of t h e  sweep to 

a cathodic direction, there is  a r e m a i n i n g  a-nodic: current- passing, 



This m u s t  correspond to a slow col~tinuing oxidation of the surface until 

a potential sufficiently f a r  removed in the cathodic direction f rom the 

p r e v i ~ u s  anodic terminat ion potential i s  attained that reduction of the 

oxide species formed a t  the highest anodic potentials can  commence. 

In Figure  10 i s  shown the effect of the anodic terminat ion 

potential E on the oxide reduction behavior in hvo ways: ( a )  the 
a 

dependence of the peak potential for  cathodic reduction on Ea ; and ( b )  

the relation of the cathodic peak potential to  the oxide coverage expressed 

in t e r m s  of the ra t io  Q ~ / Q ~  It i s  seen  that initially, in the range of 

poterltials where the oxide formation and reduction is almost  revers ib le  , 

that the cathodic peak potential becomes m o r e  positive with increasing 

anodic termination potential o r  amount of surface oxide formed; 

however, for Ea  ), 0.9 V, the cathodic peak potential begins to dec rease  

progressively until a potential of about 1. 04 V is reached in  the anodic 

fc;.mii?~fio.l poic17tial. A f f e r  t l ~ i z  rc.gio~j,as rccli i n  Figure 10, t h c r c  is 

a range of surface coverage over which the cathodic peak potential 

remains  almost  constant w jth increasing amount of oxide coverage,  up 

to  an anodic termination potential of about 1.17 V. Reductions of oxide 

formed to higher potentials then show cathodic peak potentials which 

become m o r e  negative with increasing oxide coverage in the manner  
3 previously repor ted  by Stonehart ,  Kozlowska and Conway . 

It i s  interesting to  speculate that the region where the 

cathodic peak potential remains  independent of the' amount of oxide 

coverage m a y  be related to  the fact  that two surfa-ce oxide phases a r e  

formed on the surface and there is  equilibrium between them, thus 

giving a potential independent of the amounts of e i ther  until one o r  the 
-4, 'I. 

othei- i s  completely relmoved f rom the surface,  Two possible explanat~ons  
----- - ---- 

r Othel expe,~-lrnents rn th~s laboi-a-tory have sllo'i'ivn that In the poicn-iral 
I - a l~ge  1, 08 4 E <  1, 2 V ,  d e r ~ r i t t s o ~ l i c d  0 I F  forrncd -v"ilri_.h c z l n  be d c t ~ c t e i i  hy 
i ts  ~nL'luei~ce orr forrnic a c ~ d  oxidation iri the double layer r eg lon ,  The 
region of constant peak potentla1 may hence correspond to en t ry  of some 
of the electrodeposited 0 into the Pt latt lce,  



may be given for the increasingly cathodic peak potential which a r i s e s  

with increasing amount of oxide coverage beyond that corresponding to  

a potential of - ca. 1.18 V. F i r s t  of a l l ,  this m a y  simply r ep resen t  pro- 

gressively increasing hys teres is3 '  corresponding to  lower potentials 

for reduction being requi red  for  that par t  of the oxide which i s  laid down 

a t  higher anodic potentials. This s o r t  of effect could a r i s e ,  for 

example, on account of rear rangement  of the surface oxide species.  

A second possibility, connected simply with the amount of substance 

formed,  may  be suggested in relation to the cathodic current-potent ial  

curves  for  reduction of oxide formed a t  the m o s t  anodic potentials shown 

in  Figure 9. ~ e i - e  it appears  that there  is  a m o r e  o r  l e s s  common 

cathodic reduction current-pote-ntial  curve and this is  simply able to  

pers i s t  to  m o r e  cathodic potentials when the re  is a grea ter  amount of 

reducible oxide present.  This then gives a peak which is  observed a t  

m o r e  cathodic potentials the g rea te r  the amount of substance formed in 

tlie anodic direction. F o r  example,  the cathodic current-potent ial  

curve will  pe r s i s t  until soinething like half coverage of the oxide r emains  

and then of course  the cu r ren t s  m u s t  dec rease  again even though the 

cathodic driving potential i s  progressively increasing during the cathodic 

sweep. 

In considering the resu l t s  of F igure  10 in relation to 

those of Figure 9 ,  it should be noted that the relat ion between the 

cathodic peak potential and the anodic terminat ion potential plotted on 

the upper axis of absc issae  is  shown on a non-linear scale  in o rde r  to  

r ep resen t  the appearance of the various peaks a t  the corresponding 

coverages  sflown in  t e rms  of Q,/Q on the lower  axis of abscissae, IT 



Swees r a t e  effects in relation to reversibi l j tv  

The reversibi l i ty  of the formation and reduction of the 

surface oxide spec ies  on platinum has  been indicated in F igures  9 and 10 

in  t e r m s  of the cathodic peak potential in relation to the various anodic 

peak potentia1.s for the formation of successive s ta tes  of the surface.  

Another aspect  of the reversibi l i ty  can  be indicated by studying the 

dependence of the cathodic peak potential upon cathodic sweep rate9.  F o r  
- c d  

a n  activation control;process, it may  be anticipated that the peak cu r ren t ,  
/ 

which must  increase  for a surface reduction process  with the sweep 

r a t e ,  will  cause an  increasing polarization in the cathodic direction with 

increasing cathodic cu r ren t  passed i f  the process  is i r r eve r s ib l e ,  One 

may  thus anticipate that there  is  a cathodic polarization shift dependent 

upon the log of the sweep rate .  This was shown in e a r l i e r  studies of 

9 cathodic reduction of platinurn surface oxides by Gilroy and Conway , 

In the present  work,  we have investigated this  ma t t e r  fur ther  by 

examining the dependence of cathodic peak potential upon logari thm of 

the sweep ra t e  for var ious amounts of oxide formed,  that i s  corresponding 

to  var ious anodic terminat ion potentials. The resu l t s  a r e  shown in 

Figures11 and 12. It i s  seen  that the initial species laid down in the 

anodic direction i s  reduced, in t e r m s  of this  c r i te r ion ,  in a m o r e  or  l e s s  

revers ib le  way; for example , there i s  no dependence of cathodic peak 

potential on sweep rate .  However beyond about 0, 9 3  V in the anodic 

formation of the surface oxide species ,  cathodic reduction r e su l t s  in a 

sweep-dependent peak potential E having a slope d E / d log s which 
P P 

increases  with increasing amount of surface oxide, a s  formed,  for  

exarnpl.e, up to progressively higher anodic potentials, In a l l  c a s e s ,  

there  seems to  he  s qti-ite sat isfactory l inear logarithrrlic relationship,  

"cast is a Ta,feL type relat ion,  between t h e  ca.tl-rodjc peak lrrotential atid 

log of the sweep rate .  In Figure 12, the resu l t s  of Figure I1 a r e  shown 

a s  Tafe l  slopes d E /log s a s  a function of the anodic terminat ion potential, 
P 



It is  seen  that t he re  is  a progress ive  inc-rease of the Tafel  slope with 

increasing anodic terminat ion potential and it i s  evident, within the 

uncertainties of the measuremen t s  a t  low coverage s ,  that the' formation 

and reduction of the s u r f a c e  oxide i s  effectively revers ib le  up to  about 

0.93 V in t e r m s  of the observed kinetic behavior. This  is a l s o  seen  i n  

the init ial  curves  of Figure 10. 

A m o r e  accura te  indication of the dependence of Tafe l  

slope for  the reduction process  is  given by the resu l t s  of Figure 13. 

In Figure 12, the relation between cathodic peak potential and anodic 

terminat ion potential had been obtained in multisweep exper irnents in 

which both the anodic and cathodic sweep r a t e s  had been changed unibrrnly. 

Owing to t ime effects in ' the oxide formation, the amounts of oxide formed 

a t  var ious anodic t e r i ~ ~ i n a t i o n  depend upon the anodic sweep 

rate .  The data in Figure 13 w e r e  obtained by using a constant anodic 

sweep r a t e  of 1 V per sec.  but with a varying cathodic sweep rate .  The 

data  shown indicate that the Tafel  slope expressed  by the dependence of 

the cathodic peak potentials on log of sweep ra t e  now inc reases  pro- 

gressively up to  a value of 25 mV with increasing anodlc terminat ion 

potential to  a l imit  of Ea  = - ca. 1.18 V. At potentials m o r e  anodic than 

this  terminat ion potential, namely up to  about 1.6 V, the Tafel slope 

remains  constant a t  the value of 25 mV, despite the fact  that the amount 

of oxide formed up to these progressively increasing potentials itself is  

continuously increasing. 



Slowness in the oxidation and reduction processes :  the r e su l t  of holding 
the potential pr ior  to cathodic or  anodic sweeps 

A number of experiments  were  conducted in  which cycling 

between various ranges of potential was conducted. Figure 14a shows 

the behavior for  repetit ive cycling between a succession of cathodic 

potentials up to an anodic terminat ion potential of about 1, 27  V. F r o m  

curve c to  curve g there is  little effect of cycling t ime. However, i f  

the cycling is c a r r i e d  on within the region of formation and reduction of 

the oxide (curves  h and i )  there  is a progressive decrease  of the anodic 

formation charge Qo and the cathodic reduction charge with increasing 

t ime of cycling. In the case  of curve i with cycling f rom 0 .9  V to  1. 27  V,  . 

hardly any anodic o r  cathodic charge is  indicated and the curve  

a.pproximates simply to  that for  double-layer charging. In fact,  this 

approach can  give an indication of the double-layer capacity for  the 

oxide covered surface.  It i s  evident that both the slowness of the anodic 

oxide formation p rocess  and the correspotiding reduction process  leads 

to  a progressively diminishing available ( f r o m  an  electrochenlical point 

of view) ainount of oxide on the surface.  Thus, the oxide r emains  on the 

surface within this region and indeed i ts  reduction i s  indicated only if a 

sweep back into m o r e  cathodic regions of the potential i s  made f r o m  the 

highest anodic termination potential af ter  the cycling procedure,  I t  

sjmply becomes inactive within the potential range cycled in the c a s e s  of 

cu rves  11 and i. Slowness of the cathodic reduction of the oxide is  a l s o  

indicated by the fact that even a t  the cathodic end of the cathodic sweep, 

when the direction of sweep i s  r eve r sed  a cathodic cu r ren t  s t i l l  continues 
,J 

to  pass  over a smal l  range of potentials in the anodic sweep, 111 Figure 14b, 



repetit ive cycle experiments  a r e  shown Srom three  potentials in the 

m o r e  cathodic region to  1. 2 7  V and it i s  evident that in the oxide 

formation and reduction regions the charge remains  constant during 

successive cycles.  However, the commencement of slowness of 

reduction of the surface oxide remaining a t  0. 55 V i s  a l ready indicated 

in curve  c. Extension of the range of cathodic reduction to  + 0. 01 V 

causes  no fur ther  influence on the oxidation- reduction behavior of the 

oxide. 

The effects of holding the potential anodically for var ious  

t imes  and then applying single cathodic sweeps to  exanline the reduction 

behavior of the oxide previously formed,  a r e  shown for three  anodic 

potentials in ~ i ~ u ' r e s  15a, b and c. In reduction curves  obtained f r o m  

an anodic t e r m i n a t i ~ n  potential o f  0. 9 V ,  it is  seen that there  i s  a n  

initial, fa i r ly  revers ib le  peak but the peak potential gradually becomes 

progressively m o r e  cathodic with increasing time of l~oldilig up t o  30 

minutes.  In Figure 15b, with anodic holding a t  0. 9 5 V ,  there  is again 

a fa i r ly  revers ib le  peak but the peak potential progressively moves 

cathodically with t ime and, fu r the rmore ,  the total  amount of charge  

( a s  a l so  probably in Figure 16a), increases  appreciably with t ime  of 

anodic holding, again up to  3 0  minutes.  In the case  of anodic holding a t  

1.0 V; Figure 15c shows the behavior where the re  i s  a l ready some 

i r revers ib i l i ty  between the anodic formation process  and the cathodic 

reduction and again there  i s  a progress ive  moveinent of the cathodic 

peak potential with t ime of an-odic holding and there  is a l so  appreciable  

growth of the amount of oxide a s  measured  by the charge under the 

reduction curve,  I t  i s  of in te res t  to note f rom Figure 15c that the shift 



of cathodic reduction peak -potential with quantity of surface oxide 

formed,  and hence with t ime,  is  substantially l e s s  than in the c a s e s  

of Figure 15a and 15b where the amounts of oxide formed a r e  smal le r .  

This ,  however, corresponds with the behavior shown in F igure  10 

where the cathodic peal; potential for  var ious s tages in the sur face  

oxide formation was related to  the in tegra l  charge  on the surface ex- 

p res sed  a s  Qo/QH. In fact,  the behavior in Figure 15c is  approaching 

that corresponding to  the plateau in Figure 10 where the cathodic 

peak potential is  about 0. 8 V.  It i s  evident, for example in F igures  

i5a and 15b, that although only the init ial  s tages of surface oxidation of 

the platinum a r e  involved, there  i s  neve.rthele s s  an appreciable t i ine 

effect with r ega rd  to  continuing growth and/or rear rangement  of the 

surface species  formiiig the oxide film. It may  be suggested, a s  has  

been noted in our  ea r l i e r  publications, that the possibility ex is t s  that 

nucleation processes  a r e  involved in these t ime effects; thus,  is lands 

of m o r e  consolidated surface oxide m a y  eventually be formed whidi 

requi re  m o r e  cathodic potentials for  their  reductiun, determined by 

the grea ter  amount of substance eventually produced in these is lands 

with increasing t ime ,  corresponding to  the anodic lioldiiig period. It 

i s  evident upon comparing Figures  15c with 15b and 15a that the shift 

of cathodic peak potential i s  not solely connected with the -- amount of 

.species concerned. For  example,  a s  we have remarked above, it i s  

evident that the initial -- species  laid down, indicated in F igures  15a and 

15b, exhibit a grea ter  progressive change of the peak potential fo r  

their  cathodic reduction than does the l a rge r  amount of substance 

produced s t  the higher potential (l. 0 V )  (F igu re  15c). This again lends 



sGpport t o  the view taken in this reportiand mentioned ea r l i e r? tha t  

t he re  a r e  distinguishable species  upon the surface each exhibiting i t s  

own charac ter i s t ic  behavior. 

The resu l t s  of the holding experiments  a t  var ious  anodic 

terminat ion potentials on the behavior of the cathodic reduction peak 

a r e  i l lustrated in another way in Figure 16 where the peak potential has  

been plotkd against  the surface oxide coverage expressed  in t e r m s  of 

the rat io  Q ~ / Q ~  over var ious regions. F o r  low anodic terminat ion 

potentials of 0. 9 and 1. 0 V, the cathodic peak potential shows a pro- 

g s s i v e  diminution with increasing sur face  oxidation corresponding to  
. . 

increasing t imes  of anodic holding. For  a potential of 1.1 V in  the 

anodic holding, tile cathode peak potential exhibks, however, a fair ly  

constant region a s  the degree of surface oxidation increases  with t ime.  

This constancy is a l so  indicated by the lower coverage resu l t s  for  

polarizations up to  1. 2 V. However, the data for  longer t imes  and 

correspondingly l a rge r  coverages for  this potential of 1. 2 V, and a l l  the 

data for  holding experiments  a t  1.4 V ,  show a fur ther  progress ive  

change of E to  m o r e  cathodicpotentials wi.tll t ime a t  the higher coverages.  
P 

The la t ter  effect i s  s imi lar  to  that observed in the prevj.ously published 

work of Stonehart ,  Kozlowska and conway3 and a s  a l so  indicated in 

Figure 10 for the cyclic sweep experiments  without anodic holding. 

Again, the plateau in the intermediate region is  suggestive of the joint 

effect of two types of s u  d a c e  oxide species  which show charac ter i s t ica l ly  

different dependencies of the cathodic peak reduction potentials with 

respec t  t o  the amounts of the species  present  on the-sur face ;  that i s ,  

there  i s  e i ther  a mixed potential involved or a situation where two surface 

pliases coexist. over a cer ta in  range of covera-ges and corl-esponding 

potentia-1.s; T h i s  rna..y eo r r e spo !~d  to ' iOHR:l '  a-nd "OP i r f '  as discussed 

below. 



Relation between behavior in acid and alkaline solution 

In previous repor ts  we have indicated the behavior in 

alkaline solutions and r e fe r red  to  the fact  that t he re  a r e  again th ree  

distinguishable oxide formation regions on platinized platinum, 

together with a new region which appears  in the anodic sweep in the 

double-layer region, that  is about 0.65 V. The significance of this  

peak is s t i l l  under investigation using specially purified solutions and 

a Teflon cell .  The behavior has ,  however,  been reproducible and 

leads to  the question whether there i s  not, in fact ,  a new initial s ta te  

of surface oxidation on the platinum electrode in alkaline solutions 

which does not appear in acid solutions over corresponding ranges  of 

potential. The general  behavior in F igure  17, expressed a s  the integral  

charge QO/QH, shows simply that a given potential the surface talces a 

grea ter  degree of oxidation in alkaline than in acid solutions; for 

example,  significant commencemeilt of surface oxidation i s  a l ready 

detectable a t  0. 6 V in alkaline solutions whereas  it i s  only detectable 

in acid solutions a t  about 0. 75 V,  It is of in te res t  that in the present  

work the commencement of the surface oxidation a s  determined 

by charging measurements  based on the potential sweep method compares  

c1osel.y with indications of the appearance of surface oxide measured  

by means of ell ipsometry.  There  i s  evidently - no contracliction between 

the behavior observed coulombically and optically a s  has  been claimed 

in ea r l i e r  worlc by Bockris and ~ e n s h a y ~ ' ~  and in polemics with 

~ r e e f ' ~  and others ,  



e for distinct s tages  of the oxidation of tile PL surface 

At this s tage of the r epor t  it wil l  be useful to  sulnmarize 

the evidence for 'distinct spec ies ,  e lectrochemisorbed a t  oxidized P t  

sur faces  in cont ras t  simply to  heterogeneity of the surf ace.  The potentio- 

dynamic i - V curves  a r e  differential  charging curves  insofar a s  the c u r r e n t  

dqv 
passing a t  any potential in a sweep is iv = - 

d t 
= s dqv/dv, i. e. the 

cu r ren t  i s  proportional to  the differential  pseudo-capacitance where  s i s  

the sweep rate .  Inflections in a charging curve appear  a s  maxima os 

minima in  the potentiodynamic curve which therefore  r ep resen t  inflections 

in the electrochemical  i so therm for potential dependence of coverage by 

the ad-species ,  The question a r i s e s  whether these inflections a r e  due to 

adsorption on different types of me ta l  s i tes  ( intr insic  heterogeneity),  

wi le ther  they c u r  T C ~ ~ O L L ~  i u  p r o g r c  s b ; t  i l y  C1il.i~~ i' lit S ~ L ~ C  6 of oxidatioil 

of otherwise s imi lar  a toms in the m e t a l  surface or whe t l~e r  the effects 

a r i s e  because various sub-lat t ices  of 0 - spec ie s  a r e  formed in two 

dimensions on the electrode surface a s  indicated by LEED studies in the 

case  of 0 adsorbed f rom the gas phase,  e .  g. on to Ni. Changing in ter -  

actions will  a l so  be connected with the types of two-dimensional surface 

latt ices se t  up a s  the coverage increases ,  e. g. due to  dipole-dipole 

interactions and the "induced heterogeneity" effects descr ibed by 

Bourdart  which a r i s e  because changes of surface-  potential modify the 

electronic  work function of the m e t a l  and hence cause  the energy of 

chemisorption of 0 species  to  be dependent on coverage. 



A r e a l  differeilce of of species  ( in  distinction to 
.*, 

intrinsic heterogeneityT* due to c rys t a l  face exposures  a s  the potential 

of Pt i s  made m o r e  anodic seems  to  be indicated by the resu l t s  

presented above, e.  g. with respec t  t o  ( a )  reversibi l i ty;  (b )  shifts of 

cathodic reduction peak potentials; ( c )  the distinct potential range s 

in which simple organic substances a r e  oxidized o r  in which this  

oxidation is  inhibited. 

The problem of accommod&ion of charge passed in var ious s tages  of 
P t  surface oxidation 

If the above conclusioils a r e  accepted, there  r ema ins  the ' 

problem of describing various possible s ta tes  of oxidation of the P t  

surface in t e r ins  of appropriate chemical  oxygen species  in relat ion to  

the charge passed in the anodic sweep up to  var ious potentials. The 

f i r s t  principal peak OAl, a l ready appears  a t  a potential where Q ~ / Q  H 
< 0, 5 and i t  is  tempting to  ascr ibe  it to  oxidation of the surface by 

chemisorbed OH species .  Even a t  the peak of the 0 A 2  region, l e s s  

than 1 e per P t  a tom has been passed, This situation is  ve ry  difficult 

to  account for in t e r m s  of two separate  and independent s tages of 

surface oxidation of Pt such a s  

followed by 

.*, ,,- 
F u r t l ~ e r  experiments  a r e  in progress  concernitig intrillsic hetero-  

geneity effec t s ,  using sing le  c rys t a l  Pt electrodes kindly loaned to us  
by D r ,  F, Will of the G e n e ~ a l  Electrrc Company, 



where  the quotation m a r k s  s t r e s s  that the species  indicated do not 

necessar i ly  correspond to  any r e a l  bull.; substances of such stoichiometry.  

In  o rde r  to  account for  two ma in  peaks close together with the maximum 

in the f i r s t  peak corresponding to  ao/aH 6 0.35 we suggest that the 

initial stage of surface oxidation i s  indeed I but that coverage by  'OH' 

species  does not proceed to  coimpletion owing to occurrence  of another 

react ion which causes  fur ther  oxidation of the surface yet  inhibits 

continuing oxidation by the 'OH' species  produced in I. Such a react ion 

on the incompletely covered surface could be  

PtOH 4- P t  -+ 

Pt\ 
0 1- e 4- H' 

P t  

which corresponds to a continuing oxidation yet will  provide a kinetic 

peak, a s  well  a s  inhibiting I,  since the kinetics of 111 m a y  be wr i t ten  

i3 = F k3 €IoH( 1- €IoH ) exp ~ V E / K T  

When the surface is  lfcompletely" covered in t e r m s  of a n  0)2Pt  a r r ange -  

ment ,  1 e per P t  wil l  have been passed,  i. e. Q,/Q, = 1. This a l so  

corresponds to  kinetic blocking of organic oxidation react ions in this  

range of potentials (1. 0 - 1. 2 V) .  Fur ther  oxidation of the surf ace  may  

then proceed in the broad oxidation region ( -dl. 5 V )  where  the 0 : P t  

ra t io  progressively increases  and place exchange between surface 0 

atoms and Pt  can  lead to  growth of a n  incipient phase oxide. 

Recent sensit ive el l ipsometr ic  observations in this 

laboratory have shown that t he re  is  no bas i s  for distinction between 

oxygen species  that a r e  detectable by surface coulometry yet a r e  not 

seen  optically by means of e l l ipsometry,  For  exan?ple, it has  been 



strongly argued by Bockr is  and  ensh haw'^ (cf. 15) that the supposed 

optical distinction of such species  indicates an  initial chemisorption 

of 0 or  OH species  (detectable only in charging curve exper iments )  

followed by phase oxide formation (which then i s  optically detectable).  

Our recent  data16 indicate, however, a c lose correspondence between 

the optical signal f rom the surface and the charge passed in oxidizing 

it. In sufficiently pure solutions, using the potentiodynamic method, 

and.with sensit ive el l ipsometry based on off-balance intensity measure -  

men t s ,  the optical and electrochemical  behavior can  be  shown to be  

closely related.  Figure 18 (obtained by Dr. Laliberte in this laboratory)  

i l lustrates  the resu l t s  obtained and should provide evidence which can 

sett le the disputed l5 relation between optical and electrochemical 

behavior of P t  surfaces.  While our present  e lectrochemical  resu l t s  

i n d i c ~ t ~ :  thzt val- 'ous s t n t c - z  o f  t l ~ c  o~:ic?izccl Pt surf2ce car ,  b c  distin- 

guished, it is important to  note that this conclusion evidently cannot be  

based on the comparison of e l l ipsometr ic  and electrochemical  charging 

experiments  in the initial s tages  of P t  surface oxidation. F igure  18 does 

show , however,  that a t  r a the r  higher anodic potentials, t he re  is  - a r e a l  

discontinuity in the relation between changes of A and changes of charge 

required for progressive oxidation of the surface.  This  m a y  be the 

potential corresponding to  onset of phase oxide formation by place 

exchange since he re  there  is a r e a l  change of optical propert ies  of the 

surface.  The discontinuity in the A - Q ~ / Q ,  relation a lso  occurs  d o s e  to  

the discont;inuity in the relation between ao/aH and potential, and 

corresponds to  end of the OA2 peak. 



Now that the study of the behavior of oxidized P t  sur faces  

has been  studied in considerable detail  at  room tempera ture ,  i t  is  

planned to extend the experiments  to  higher tempera tures  by means  of 

the technique that has  been built up in paral le l  with the work  repor ted  

above, i. e .  the employment of the ce l l  in a high tempera ture  bomb 

together with the in s i tu  H reference  electrode sys tem recent ly developed 
2 

and descr ibed above. 

Reversibil i ty,  distinction of var ious s ta tes  of sur face  

oxidation of the electrodes,  etc. wil l  be investigated a t  elevated t emper -  

a tu re  with P t  e lectrodes and then with Rh and Ir ,  The relation between the 

initial s tages of noble me ta l  surface oxidation and intermediates  in the 0 2 

reduction react ion will be  examined. 

Para l le l  theoret ical  work is  in proqress  with r ega rd  to  

computer simulation (cf,  ref. ') of the oxidation curves  a t  P t  for  room 

tempera ture  in r e  lation to  the single cathodic reduction peak that  i s  

usually observed in the cathodic direction of sweep. The principal 

question he re  i s  whether this peak a r i s e s  f rom rea r rangement  of the 

surface oxide initially laid down ( intr insic  hys te res i s )  or vi~hether it a r i s e s  

kinetically because of a rate-controll ing mechanism in reduction which is  - 
different f rom that in oxidation of the surface,  This is  possible for  a 

highly i r r eve r s ib l e  react ion and, under these conditions, would not 

cont rave i~e  the principle of microscopic reversibil i ty.  Thus, in a two- 

stage oxidation process  with the f i r s t  s tep a t  quasi-equilibrium and the 

second s tep  r a t e -  controlling, the kinetic behavior will  he different f r o m  

that when the react ion i s  r eve r sed  since there  would then be no quasi-  

equilibriuni process p r i o r  'to 'the rate- c o ~ ~ t r o t l i n g  step, 



Curren t  theore t ica l  work on th is  project  i s  addressed 

to investigation of the consequences of considering the oxidation of 

the surface  lattice in t e r m s  of building up sub-lat t ices of OH and 0 

species on the Pt surface  depending on the coordination of the OH and 

0 species ,  e m  g.. in groups of 4 P t  per  OH, 2 P t  pe r  OH, 2 Pt pe r  0 

etc. It s e e m s  that the s t ruc tu re  in the differential  charging curve ,  

viz,  the appearance of peaks in the  vol tammetr ic  cu rve ,  can b e  

explained by means  of this  approach,  The recognition of sub- la t t ices  

in the ad- layer  i s  a l s o  consistent  with LEED observations on 0 

adsorption a t  low and intermediate coverages  a t  var ious  m e t a l s ,  e ,  g. 

N i ,  f r o m  the gas  phase. 

Finally, work i s  in p r o g r e s s  on the surface  oxidation 

of the  110, 100 and 111 single c r y s t a l  f aces  of P t  in  o r d e r  t o  es tabl i sh  

how the s t ruc tu re  of the  oxidation c u r v e s  depends on the atomic 

spacing and a r rangement ,  in re la t ion  t o  sub-lat t ice format ion  in  the 

ad- l aye r  of OH and 0 species.  
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Effect of tempera ture  on behavior of Giner type reference electrode. 

3 6 4 O ~  298OK 

A X HZ bubbled through reference ce l l  

a 0 H2 not bubbled ( this  work)  

@ @ Hz not bubbled ( G i n e r t s  data)  





Figu re  2 

Effect  of diffusing oxygen on potential  of Giner  type r e f e r e n c e  

cathode at r o o m  t e m p e r a t u r e  

Anode and cathode in Anode and cathode s epa ra t ed  
s a m e  compar tmen t  

H2 bubbled 

X A HZ not bubbled ( th i s  work )  

.@ Hydrogen not bubbled (Giner  ' s  r e s u l t )  

(Po in t s  on left- hand s ide  a r e  not s teady va lues )  



Celt current (ma 



Figu re  3 

Effect  of t empe ra tu r e  on potential  of the  new t h r e e  e l ec t rode  

r e f e r e n c e  s y s t e m  

8 Points  f o r  3 0 2 ~ ~  

3 Band for  s p r e a d  of potential  data  a t  368O1<. 
(Po in t s  to the left  are unsteady va lues )  





Figure 4 

P t  surface oxidation behavior over a range of tempera tures  





Fim!re 5 
-Li- 

Compar i son  of potentiodynarnic sur face  oxidation and reduction 

behavior of P t  in 1 N K2S04 and 1 N HCIOq. (Note slightly different 

reduction of c u r r e n t  profiles in the anodic direct ion of potential 

sweep)  





Figure 6 

Potentiodynalnic cur  rent  - potential profile for  surface oxidation 

and reduction a t  platinized Pt indicating the various regions of H 

oxidation, surface oxide formation and reduction and H r e -  

deposition. (1  h4 HZSOq, ZSOC, sweep r a t e  = 0.1. V. sec-') 





Fipure  7 

Porentiodynanlic cur ren t -po ten t ia l  prof i les  fo r  su r f ace  oxidation of 

P t  and for  Fa rada i c  oxidation of HCOOH on the s a m e  e lec t rode  

showing re la t ion between the regions  of oxidation of I-TCOOH and the  

s ta te  of oxidation of the  P t  surface.  Scale  for HCOOH c u r r e n t s  is 

10 x s m a l l e r  than  for  su r f ace  oxidation cu r r en t s .  

- - - - - - - - - - -  1 M aq. HZS04 

1 M aq. HZS04 t 0 . 5  M HCOOH 





Figu re  8 

.Effects of acetoni t r i le  on potentiodynamcc cu r r en t -  potential. 

profi le fo r  s u r f a c e  oxidation of P t  ( s  = 0.10 V. s ec - l ;  1 N a q  HZSOq) 

- - - - -  z e r o  concentra t ion of CH3CN . 

(Note: effects  of CH3CN a r e  s imi l a r  t o  those of typical  impuri t ies  

in unpurified solut ions)  





Figure  9 

Potentiodynarnic cu r  rent-  potential profiles for  format ion and reduct ion 

of sur face  oxide spec ies  on p l a t in j zed  Pt in  I h4 aq. HZSO, f rom 0 , 4 5  V (EH) 
-A 

- 1 
to  var ious  anodic terminat ion potentials EA. s = 0.10 V. s e c  , Also 

shown i s  in tegra l  charge  for sur face  oxidation expressed  as the ra t io  

QO'Q* 
a s  a function of potential. 

Note changing degree  of s e v e r  sibil i ty of format ion and reduction p roces ses  

with increasing EA andinflectionin ao/aH ra t io  a t  E = 1. 12 V. 





Figu re  10 

~ e ~ e n d e n c e  of cathodic peak potential  E on extent  of s 'urface 
P1 c 

oxidation Q /Q and on cor responding  potential  * 
0 H 





F i g u r e  11 

Relation betsveen cathodic peak potential  on sweep  rate s f o r  

reduct ion of s u r f a c e  oxides a t  P t  f o rmed  up t o  va r ious  anodic 

t e rmina t i on  potentials  EA 





Figure  12 

T a f e l s 1 o p e s e x p r e s s e d a s d . E  / d l o g s f o r r e d u c t i o n o f P t s u r f a c e  PI  c 
oxide formed a t  var ious  anodic t e  rniination potentials. 

6 multisweeps up to  var ious  EA 

X f r o m  reduction sweep a i t e r  anodic holding a.t; EA = 1.19 V 
for  1 min.  

4- f r o m  reduction sweep a f te r  anodic holding a t  E = 1.45 V 
for  20 min. 

A 





Figure 13 

Ta.fel slopes expressed  a s  d E /d log sc  for cathodic sweeps a t  
P1 c 

var ious r a t e s  sc  but for constsilt anodic sweep ra te  s, = 1. 0 V. sec -  1 





Fjgure 1.2 (a) 

C u r r e n t -  potent ia l  p ro f i l e s  f o r  m u l t i s w e e p s  at p la t in ized  Pt o v e r  

p r o g r e s s i v e l y  s h o r t e r  r a n g e s  of p ~ t e n t i a l .  In  c u r v e  h ,  oxidat ion - 

r e d u c t i o n  c u r r e n t  envelope  p r o g r e s s i v e l y  d i m i n i s h e s  wi th  t i m e  L\[ 

cycling.  

( b )  

A s  in 14a bu t  f o r  p r o g r e s s i v e l y  changing ca thodic  t e r ln ina t ion  

potent ia ls  in  m u l t i s w e e p  e x p e r i m e n t s  . 







F i g u r e  15 

(a1 

T i m e  e f fec t s  in cathodic sweeps  fo r  reduc t ion  of s u r f a c e  oxide a t  

p la t in ised Pt a f t e r  v a r i o u s  per iods  of anodic holding at EA = 0. 89 V 

( s  = 0.10 V. see-').  Cu rve  a ,  rnult isweep; b , ,  0. 5 rn; c ,  1 m; d 5 m  ; 

e ,  10 m ;  f ,  30 m. holding t ime .  

(b 1 
A s  in 15a but  f o r  anodic hdd ing  at EA = 0.94 V ( s  = 0.10 V. s e c - I ) .  

Cu rve  a ,  mul t i sweep ;  b ,  0. 5 rn; c ,  I. m ;  d ,  5 In; e ,  10 m; f ,  30 m. 

holding t ime .  

( c  1 
A s  in  15a but  fo r  anodic holding a t  EA 2 1. 0 V ( s  = 0.10 V. s e c - l ) .  

Cu rve  a ,  rnultisweep; b,  0. 5 m ;  c ,  1 .m ;  d ,  5m;  e ,  10 m. holding 

t ime .  









Figu re  16 

Relation between cathodic peak potential  E and deg ree  of 
P, c 

su r f ace  oxidation Q ~ / Q ~  for su r f ace  oxide fo rmed  a t  va r ious  anodic 

t e rmina t i on  potentials EA for  va r ious  per iods  of anodic holding a s  

in F igs .  15a-c. 





Figure  17 

Cornpar ison of potential dependence of integral  charges  for surface 

oxidation of platinieed platinum in  1 M KOH and 1 M H ~ S O ~  a t  2 5 O ~ .  

Relation of peak potentials for  acid and alkaline solutions is shown on 

upper sca le  s . 
X Data for  KOH solutions 

0 Data for  %SO4 solutions 





Figure 18 

Relation between $A,  the change of e l l ipsometr ic  parameter  A, the 

phase shift, and the degree  of sur face  oxidation of P t  and the c o r r e s -  

ponding potential. Note consistency of changes of A with degree  of 

surface oxidation a l l  the way down to  Q ~ / Q ~  = 0 and inflection in  the 

A relat ion a t  ca. 1.1 V. - 
Upper line i s  based on horizontal  base- l ine for A a s  f(E); lower line 

i s 'based  on curved base-line for  A a s  f(E);  (the la t ter  base  line i s  

the c o r r e c t  one on which changes of A a r e  to  be evaluated). 






