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INTRODUCTION 

The ove r -a l l  aim of t h e  present series of papers i s  t o  
provide the basic s c i e n t i f i c  understanding of  t h e  f’unctioning of 
a noble metal hydrocarbon anode. To t h i s  end, a study has been 
reported of the  chemisorption of C 3 H 8  from 13M H3P04 so lu t ions  onto 
smooth P t  electrodes’. I n  t h a t  work, measurements were reported for 
experiments made mainly a t  80’C but some da ta  were a l so  taken 
a t  l l O ° C .  I n  the  present  work, t h e  previous experiments have 
been extended t o  1 4 O o C ,  which i s  close t o  t h e  region of e f f ec t ive  
operation of a hydrocarbon f ie1  ce l l2 .  
t h e  conclusions of t he  previous work can be ca r r i ed  over t o  the  
higher temperature region although some modification of t he  views on the  
s t ruc tu re  of t h e  res idues  which are adsorbed i s  obtained from t he  
experiments presented here .  

A s  w i l l  be seen, most of 

11. EXPERIMENTAL 

p r e v i ~ u s l y ~ ’ ~ ’ ~ ’ ~  and only t he  e s s e n t i a l  p a r t s  w i l l  be described 
here. 

( + O . S ° C )  us ing e l e c t r o l y t e  so lu t ions  of 13M H3P04 pu r i f i ed  with 
3 ~ 0 2 ~  sa tura ted  w i t h  N2 or C Z H 8 ,  a s  required.  The electrodes were 
P t  wir.;s sealed i n  s o f t  g l a s s  or, i n  experiments where very good 
approximation of semi- inf in i te  l i n e a r  diff’usion was required,  they 
were small f la t  f l ags .  The e lec t rodes  were heated i n  an oxidizing 
gas flame, before use,  t o  minimize surface roughening i n  the  
concentrated acid’. 
autogeneous H2 re ference  e lec t rode  described by Giner‘ and converted 
t o  the  revers ib le  hydrogen e lec t rode  i n  1 3 M  H3P04 a t  each temperature 

Most of  t h e  experimental procedures have been described 

Experiments w e r e  ca r r i ed  out at llOo, 130°, and 140’ 

Poten t i a l s  were measured against  t h e  

( R . H . E .  ) .  

Unless otherwise s t a t e d  ( c f .  Glossary of Symbols) , our 
r e s u l t s  a r e  expressed i n  terms of ‘ r e a l  em”! A r e a l  cm2 i s  defined 
i n  terms of  t he  maximum cathodic galvanostat ic  charge for deposit ing 
H atoms on a c lean  e lec t rode  p r i o r  t o  H2 evolution. It i s  assumed 
t h a t  t h i s  quantity,  after correct ion for double l a y e r  e f f e c t s ,  i s  
210 c1 coulomb/cm2 ( s e e  reference ( 4 )  for a discussion of t h i s  po in t ) .  
This value of 210 p coulomb/cm2 i s  taken a s  the  reference xalue of 
€$ at each temperature ( c f .  r e f .  (1) ) . A “clean electrode i s  defined 
a one which has  r ecen t ly  been anodized according t o  the  procedure 
described below. 



\ 

1 - 9 7 -  

The bas i c  experimental technique used i n  t h i s  study, as 
before l ,  involves the rap id  sequent ia l  manipulation of the  e lec t rode '  s 
po ten t i a l  so a s  t o  br ing i t s  surface,  and t h e  so lu t ion  i n  i t s  
v i c i n i t y ,  i n t o  a reproducible and well-defined condition. This 
method has been used extensively by Gilman7 and t h e  majcr departure 
from h i s  procedure i s  the  use of  a ga lvanos ta t ic  pulse  r a t h e r  than a 
l i n e a r  po ten t i a l  sweep t o  sample the  surface.  P r io r  t o  each 
measurement the  e lec t rode  po ten t i a l  w a s  r a i sed  t o  1.35~. This allows 
t h e  oxidation and desorption o f  adsorbed impuri t ies  and r e s u l t s  i n  
the  formation of a passive oxide layer .  During the  f i r s t  Pa r t  of 
t h i s  treatment (1/2 min. ) ,  the so lu t ion  i n  t h e  v i c i n i t y  of the electrode 
i s  vigorously gas - s t i r r ed  t o  sweep away any desorbed impurit ies.  
Then the  so lu t ion  i s  allowed t o  become quiescent t o  e s t a b l i s h  the  
bulk concentration of C3H8 a t  t h e  e lec t rode  ( i t s  reac t ion  r a t e  at 
1.35~ i s  very low). 
and, s ince no C3H8 i s  adsorbed a t  0.lv (see l a t e r ) ,  t h i s  brings the 
e lec t rode  in to  a c lean and reproducible surface condition. The 
e lec t rode  i s  then brought t o  the  po ten t i a l  o f  i n t e r e s t ,  E, for a 
t b e  TE. Then an anodic or cathodic ga lvanos ta t ic  pulse  i s  
appl ied t o  sample t h e  surface.  This po ten t i a l  sequence i s  shown 
i n  Fig. 1. 

To assist t h e  presenta t ion  and discussion o f  t he  data,  t h e  
symbols used i n  t h i s  paper a re  summarized i n  Table I. 

) 

', 
The oxide i s  reduced a t  0 . lv  for 1 0  - 1 0 0  msec. 
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111. RESULTS AND DISCUSSION 

Anodic Chargiw Curves 

I n  s i t u  anodic s t r ipp ing  i s  one of t h e  most d i r e c t  and 
obvious methods of a t tempting t o  measure adsorption on a s o l i d  
e lec t rode  and i t  has been used widely i n  the  study of adsorption of 
o r  an ic  substances on P t  (see,  f o r  example, references ( 3 ) - ( 5 )  and 
('77-(12)). A considerable  problem f o r  smooth P t  e lec t rodes  i s  t h a t  
at anodization rates which a r e  f a s t  enough t o  prevent s ign i f i can t  
readsorption during t h e  pulse t h e  oxidat ion of t h e  adsorbate i s  
usua l ly  pushed i n t o  t h e  re ion of e lec t rode  oxidation. This 
complicetes t he  in t e rp re t a f ion  of t he  charges obtained with anodic 
pulse  methods. 
of t h e  electrode,  some charge, Qdl, a l s o  flows i n t o  t h e  double 
l aye r .  Charge may a l s o  be consumed i n  oxidizing mater ia l  which 

d i f fuses  up t o  t h e  e lec t rode  during the pulse,&diff . 
anodic charge under C3H8 i n  t h e  poten t ia l  region p r i o r  t o  02-evolution 

I n  add i t ion  t o  a charge, Qelectrode, due t o  oxidation 

c 3H8 
The t o t a l  

c 3H8 c3H8 t o t a l  ) C 3 &  = 
( &anodic &ads + 'electrode + %iff  + %l 

The quant i ty  o f  i n t e r e s t  i s  t h e  charge passed i n  oxidizing previously 

adsorbed C3H8, QadS , and it i s  c l ea r  t h a t  t o  determine it w e  must 
measure o r  e l iminate  t h e  o ther  quan t i t i e s  i n  equation (1). 

C3H8 

C3He &diff i s  s m a l l  o r  negl ig ib le  s ince w e  f i n d  that i f  T~~~ i s  
shor t ,  v iz .  < 5 msec, so t h a t  a n  in s ign i f i can t  amount of C3& i s  
adsoi-bed, )c3H8 is  the same a s  (Qanodic t o t a l  )N2 . Evidently, even ( &anodic 
at elevated temperatures which are c lose  t o  those obtained i n  a 
hydrocarbon fue l  cell ' ,  C3He must be adsorbed before  it can be 
oxidized and, as w i l l  be seen, t h e r e  i s  no adsorption i n  the  
po ten t i a l  region of t h e  anodic pulses ( c f .  Figs.  2 and 8 ) .  

Since &dl i s  l i k e l y  t o  be r e l a t i v e l y  minor t h e  major 
problem i s  the e l imina t ion  o f  Qelectrode. 
a method o f  doing t h i s ,  C3& was adsorbed f o r  1 0  see.  a t  0.3  v at 
130°c and (Qtotal )C3H8 was measured as a funct ion of the current 
densi ty ,  ia. 

corresponding measurements made a t  1 0  msec at  0.3 v under N2.  It 
i s  seen t h a t  although both quant i t ies  depend s t rongly on ia, t h e i r  
d i f fe rence  i s  independent of ia over more than two orders of magnitude. 
The simplest  way t o  account f o r  t h i s  behavior i s  t o  assume t h a t  
Qelectrode i- Qdl are t h e  same i n  N2 and C3HB. 

I n  order  t o  inves t iga te  

anodic 
This var ia t ion ,  is  shown i n  Fig. 3 together  with 

Then, as before  (l), 

I 
I 

I 
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The independence of the above d i f fe rence  on i a  could a l s o  be 
explained by assuming that (&electrode + &dl) var i e s  w i t h  ia 
but t ha t  previously adsorbed propane i s  desorbed during the 
measurement a l s o  as a funct ion of ia. 
then have t o  be assumed t o  cancel when ia i s  var ied.  T h i s  i s  

) most unl ikely as the k ine t i c s  of these processes should vary 
rather d i f f e r e n t l y  w i t h  temperature and the  non-dependence of 

61adS on ia i s  known t o  occur a t  least  from 80' t o  130'. It 
seems c l e a r  then that the  anodic charging method does give an 
accurate  measure of the  amount of oxidizable,  adsorbed material. 

100-200 mA/cm2 as w a s  convenient. 

These two e f f e c t s  would 
! 

I 

I C3H8 
\ 

\ 
( Subsequent measurements were made i n  the range of currents  from 

'1 

Adsorption Kinet ics  at l 3 O o C  from Anodic Charging Curves 
C3H8 

t o t a l  )C3H8 t o t a l  )N2 = C3H8 
(&anodic - (%nodie . %ds ' 

po ten t i a l  and, as a-c 8ooc (l), t h i s  suggests that the i n i t i a l  
adsorption onto a clean electrode i s  l imited by d i f fus ion  i n  
solut ion.  i. 

! 

' , The cver -a l l  reac t ion  of C3H8 t o  COa has been shown t o  be l4  

C3H8 + 6H20 - 3 C O ~  + 20 H+ + 20 e- (4) 
and n should therefoye be 20. There i s  convincing evidence, both 
from ear l ier  results and from those given below, t h a t  n i s  17 
r a the r  than 20. This assumes tha t  the i n i t i a l l y  adsorbed material 
i s  propane which has l o s t  about t h ree  H atoms upon adsorpt ion and 
which i s  oxidized t o  C 0 2  at high pos i t ive  po ten t i a l s .  T h i s  
argument a l s o  assumes that there i s  no turnover of adsorbed 

molecules, i . e .  no desorption. 
moles/cm3 15, and s ince  the measured e lec t rode  roughness 

, 
\ 

Then taking CCSH8 l3O0 as 6.8 x 



-100 -  

I 
I 

I 

I 

was 2.0, we may use t h e  i n i t i a l  slopes of Fig. 4 t o  ca l cu la t e  

was 1.47 x lo-' cm2/sec. Using Walden's rule,  these predict  
as 5.0 x cm'/sec. The value previously found at 8OoC c&8 

11.8 x cm'/sec. and 9.3 x cm2/sec f o r  D ~ ~ ~ 8  i n  H20, 1 

1 respect ively.  These are reasonable values for D250 and i n  

reasonable agreement w i t h  one another and they subs t an t i a t e  the 
conclusion that d i f f u s i o n  l i m i t s  t h e  i n i t i a l  adsorption on 
clean P t .  

A s  before, t h e  rate of accumulation of adsorbed 
material on the e l ec t rode  soon departs from d i f fus iona l  

0 .4  see at 0.22, 0 .3  and 0.4 v respect ively and takes  place ~ 

f a s t e r  t h a n  at 8ooc where the e f f e c t  a t  corresponding potent ia ls  
i s  s i g n i f i c a n t  after - 20-30 see, - 10 see and - 3 see respect ively.  

C 3Ha 

i 
/ 

l i m i t a t i o n  (Fig.  4 ) .  T h i s  occurs a f t e r  about 6 see, 2 sec and i 

A s  can be seen from Fig. 4, the concentration of 

i n  Fig. 8 were thus taken a f t e r  2 min. of adsorption. 

oxidizable material becomes constant within 2 min. The values of I 

&ads C3H8 I/ 

Adsorption Kinet ics  a t  130' from Cathodic Charging 

The purpose of cathodic charging curves i s  t o  examine ; 
the  electrode surface f o r  the presence of i r r e v e r s i b l y  adsorbed 
residues.  Since most of the  present s tud ies  of C3H8 adsorption 
were carr ied out a t  po ten t i a l s  i n  or close t o  the region of H-atom 
adsorption an a d d i t i o n a l  po ten t i a l  step (1 - 10 msec at 0.5 v)  w a s  
i n t e rpo la t ed  i n  the potential-t ime sequence j u s t  before measming 
a charging curve. The purpcse of this s t e p w a s  t o  displace any 
H-atoms, which might have been on the electrode a t  the lower 
poten t ia l s ,  p r i o r  t o  deposi t ing H-atoms on the bare par t  of the 
e l ec t rode  w i t h  the cathodic pulse. The duration of this s t e p  

l3O0 w i t h  was shown n o t  t o  a l t e r  OH or $ds . The va r i a t ion  of OH 

t i m e  of adsorption and w i t h  po ten t i a l  i s  shown i n  Fig. 5. 

T ~ C  a t  e s s e n t i a l l y  the same r a t e  a t  each poten t ia l .  
i nd ica t e s ,  as  d i d  the  anodic measurements, that adsorption i s  
i n i t i a l l y  i t e d  by d i f fus ion  i n  solut ion.  Data at 0 .2  v a l s o  

C& i s  a 
su f f i c i en t ly  complex molecule tha t  i t s  mode of adsorption 
cannot be assigned a p r i o r i .  Thus, each molecule of the  adsorbed 
material could occupy one, two, three,  or more P t  atoms on the  
surface.  In  order t o  discuss these p o s s i b i l i t i e s ,  we ca l cu la t e  
t h e  diffusion-limited,  adsorption r a t e s  for each mode o f  attachment. 

t c&8 

t A t  1 3 O o C ,  and at 0 .3  v and 0 . 4  v, ClH decreases w i t h  
T h i s  

follow a T iP r e l a t i o n  but w i t h  a d i f f e r e n t  slope. 
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The observed rate of accumulation of C3H8 i s  1.42 x lo-* coul/cm"&ec 1/2 
If ue take n as 17, t h i s  i s  equivalent t o  5 .2  x 1013  molecules/cm /see 
Since 1 cm2 i s  equivalent t o  1.3 x l o x 5  atoms P t ,  t h i s  corresponds 

. i ; ~  0 .040 S ei300/sec1/2, where S i s  the  nwiiber of Pt sur face  atoms 
occupied by each adsorbed C3H8 molecule. ( S t r i c t l y ,  this should be 

17 0.040 S s ince  n .is a s l i g h t  funct ion of S, c f .  equation ( 5 ) .  ) 
The da ta  a t  0 . 3 ~  and 0 . 4 ~  a r e  wel l  f i t t e d  by this equation f o r  s = 3. 
A t  0 . 2  v, the  da ta  f o l l o i ~  the  equation f o r  1 s i t e  adsorption. It 
seems then that the  previous conclusions regarding the  mode of 
adsorption as a func t ion  o f  po ten t i a l  are v a l i d  a t  1 3 O o C .  The 

l i n e a r i t y  of the  
apparent e f f e c t  from sur face  blocking, i . e .  the absence of a (1-0 tern), 
is ex l a ined  i n  terms of a long l i ved  mobile adsorption-precursor 
s t a t e  . The main adsorpt ion process appears t o  be chemisorption 
but  the  precursor may involve a small quant i ty  of physical ly  adsorbed 
material. 

. 

s. r i g  p lo t s  over wide ranges of e with no 

!? 

t Departure from l i n e a r i t y  of t he  OH vs. r112 p lo t s  occurs 
after much longer times of adsorption than do the  equivalent  
departures of the  anodic charging data .  Thus, as 0.4 v, 0 .3  v, and 
0 .2  v, respect ive1 , s i g n i f i c a n t  deviat ions occur a t  - 10  see,  - 30 
,see, .and (probablyy 100 see  as aga ins t  - 0.4, 2, and 6 see  for the 
anodic data. A s  long as the adsorption follows the l i n e s  i n  Fig.  5, 
t he  rate of adsorptlon of C& molecules i s  e s s e n t i a l l y  equal t o  
t h e i r  r a t e  of a r r i v a l  a t  t he  surface,  and t h e  d i s t r i b u t i o n  of t he  
adsorbed molecules i s  as described above. However, when deviat ions 
from the l i n e a r i t y  of the cathodic data are found, t he  surface i s  
becoining covered wi th  the  equilibrium, or at l e a s t  s teady s t a t e ,  
concentration o f  C3H8 or r e l a t e d  species  a t  t h e  p a r t i c u l a r  po ten t ia l  
o f  neasurement. That t h i s  occurs la ter  than the  time required t o  

reach sa tu ra t ion  as judged by the Qads vs.  rads 'I2 curves c l ea r ly  
ind ica tes  t h a t  t h e  anodic and cathodic methods do not measure the  
same property of t he  adsorbate.  This was noted previously and i s  
a l s c  ciiscussed beloJ>J. 

ads 

C3H8 

Zxperiments w i t h  C1- t o  Inves t iga te  Var ia t ion  i n  Mode of 
Ad.s c rp t ion  iaith Po ten t i a l  

A s  noted above, there i s  a dramatic change i n  the mode 
o f  aLtachment of C3H8 t o  a P t  e lectrode as the  po ten t i a l  i s  ra i sed  
frcrn C . 2  v t o  C.3 v.  Thus, a t  a l l  temperatures, each C3Hs molecule 
adscrbed a t  0 . 2  v occupies one Pt surface atom and, a t  higher 
poten t ia l s ,  more than one. A t  8OoC and a t  0.25 v, the  adsorbate 
uhich i s  i n i t i a l l y  a t tached t o  one s i t e  per molecule, appears t o  
chmge over t o  t h e  3-s i te  species'.  
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I n  order  t o  account f o r  the  persistence of the singly- 
bonded species a t  0.2 v, it i s  tempting t o  consider that the initial 
adsorption occurs v i a  a primary carbon atom of the C3H8 since this 
would be r e l a t i v e l y  un l ike ly  t o  y i e l d  a 3-s i te  adsorbate. 
the adsorption a t  0.3 v and above might be assumed t o  occur v i a  the 
secondary carbon atom. The va r i a t ion  of the mode of attachment of 
CaHa w i t h  po ten t i a l  can then be seen as e s s e n t i a l l y  the attempt by 
the electrode t o  a c t  as an e l e c t r o p h i l i c  subs t i t uen t  t o  the C3H8. 
This explanation would ga in  i n  force i f  the  p o t e n t i a l  of zero charge 
were i n  the v i c i n i t y  of the changeover between the two kinds of 
ads orpt  i on. 

A n  a l t e r n a t i v e  explanation t o  account f o r  the observations 
i s  t o  suggest that i n i t i a l  (1-site) chemisorption always occurs v i a  
the  more react ive secondary carbon atom but that f u r t h e r  (multi-site) 
adsorption requires  t h e  presence of high-energy adsorption s i t e s  on 
the P t  surface.  A t  0 .2  v, most of t hese  a r e  s t i l l  covered with 
H-atoms, a t  l e a s t  i n i t i a l l y .  Thus, extensive 1 - s i t e  adsorption 
occurs. Due t o  this 1-site adsorption, H-atoms would be displaced 
and, indeed, this i s  observed. However, by t h e  time t h a t  this 
occurs there  i s  so  much c3H8 on the electrode that i t  i s  physically 
impossible for the  singly-bound material t o  r eve r t  t o  the t r i p l y -  
bonded species. A t  0 .3  v, according t o  this explanation, almost 
a l l  of the  required deep energy wells a r e  avai lable  ahd the progress 
from t h e  1-point attachment t o  the 3-point attachment can proceed. 

Similarly,  

I n  order-to t e s t  these explanations, an experiment w a s  
devised i n  which C1 i o n  i n  so lu t ion  w a s  allowed t o  compete f o r  
the  electrode w i t h  C3R8. The s p e c i f i c  adsorption of C 1  on P t  
i s  well  k r ~ o w n ’ ~ ’ ~ ~  and this adsorption p re fe ren t i a l ly  occupies 
the  deep energy wells on the surface.  Thus, the  c h a r a c t e r i s t i c  
H-atom adsorption region i s  depressed t o  lowr potentials”.  On 
this r a t h e r  oversimplified model one would expect that at, say 
0.3 v, where the s t rong ly  adsorbed C 1  successful ly  competes f o r  
the  deep wells w i t h  the  C3&, no deep wells w i l l  be avai lable .  
If the second theory above i s  correct ,  this should lead t o  1-site 
adsorption of c3& at a l l  poten t ia l s .  
adsorption of C 1  c l e a r l y  moves the po ten t i a l  of zero charge t o  
more negative p o t e n t i a l s  and even a t  0 . 2  v the electrode w i l l  be 
anodic t o  the point  o f  zero charge. Then on the basis of the 
PirsT; theory suggested above, the adsorption of C3H8 w i l l  occur 
on 3 s i t e s  even a t  0.2 v. 

The r e s u l t s  of th i s  experiment a r e  shown i n  Fig. 6 f o r  
the  adsorption of C3HB a t  0 .3  v and l l O ° C .  Evidently, the normal 
3 - s i t e  adsorption i s  progressively inh ib i t ed  as more HC1 i s  added 
t o  the H3P04. Also, the onset of chemisorption i s  considerably 
retarded and, as expected, the f i n a l  adsorption of the C3H8 i s  
less than usual. I n  addi t ion,  it was found that a t  0.2 v i n  the 
presence of 0.17 mM HC1 t he re  was no change i n  the adsorption 
k i n e t i c s .  The r e s u l t s  thus ind ica t e  that t h e  second theory  
above i s  c loses t  t o  t h e  explanation of t h e  va r i a t ion  of the  mode 
of adsorption w i t h  p o t e n t i a l .  However, the s i t u a t i o n  i s  somewhat 
more complex-than i s  suggested by the above theories  of the 
e f f e c t  of C l  , Thus, assuming that a l l  the  added HC1 i s  
dissociated (which i s  h a r d l y  reasonable) and that, following 

On the other  hand the 
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Gilman18, the  r a t e  of Cl-_adsorption i s  l imi ted  by so lu t ion  d i f fus ion  
and t h a t  each adsorbed C 1  ion  occupies 1 Pt  sg face  s i te ,  w e  can 
ca l cu la t e  t he  times a t  which a monolayer of C 1  should be present 
on the  surface of t he  P t .  T h i s  i s  shown i n  Fig. 6 for DC1- = 2 DC3H8, 

which i s  based on t h e  r a t i o  of t h e  known value of DC1- at 25OC i n  
d i l u t e  solution13 and the  value for DCZH8 '5' given previously.  We 
see that p a r t i c u l a r l y  for t h e  concentrated so lu t ions  of HC1 the 
sur face  should be covered wi th  C 1  before almost any C3H8 has 
been adsorbed. 
concentration a t  this s t age  should make any difference.  The 
answer probably l i es  i n  the f a c t  that i n  the presence of C3Hs the  
C 1  does not have t h e  e lec t rode  a l l  t o  i t se l f  and the C3H8 can 
e f f ec t ive ly  compete at least for some of t he  s i t e s .  It i s  apparent 
that when some C 1 -  i s  adsorbed some C3H8 i s  adsorbed on - s i t e s  as 
before and some on fewer s i t e s .  Thus the  slope of the O i l c  T ~ L :  l i n e  i s  decreased although the  accumulation of  C atoms on t h e  
surface i s  s t i l l  governed by d i f fus ion  of C3H8. 

model which i s  favored by the experiment i s  the one based on the 
ac t ive  s i t e s '  occupancy with H atoms as a funct ion of po ten t ia l  
and, t en t a t ive ly ,  w e  can conclude that adsorption involving 3-s i tes  
OCCVTS w i t h  g r ea t e r  d i f f i c u l t y  than the  i n i t i a l  adsorpt ion on 1-site. 
From t h e  point of view of operat ing a f u e l  c e l l ,  it i s  not  known 
uhich of t he  two species ,  1-site or mult i - s i te ,  i s  the more reac t ive  
bu t  it i s  c l e a r  that w e  can modify t h e  mode of attachment of the 
C3H8 b y  adding small quan t i t i e s  or rppropriate  anions t o  the  
e l e c t r o l y t e  ~ o - ~ : i t L  1 1 .  

Thus it i s  d i f f i c u l t  t o  see why increas ing  the  C1- 

vs. 

Despite these  d i f f i c u l t i e s ,  i t  i s  quit'e c l ea r  t h a t  the 

Extent of Adsorption as a Fmci ion  of Tempem?urlt.= and Potent ia l  

I n  Fig. 7 w e  show the  coverage of P t  w i t h  i r r eve r s ib ly  
adsorbed material i n  C3H8-saturated so lu t ions  as a f w c t i o a  of 
po ten t i a l  a-d temperature. 
The da ta  a t  0.25 v or grea te r  r e f e r  t o  the  steady state but at 
lo?rsr po ten t i a l s  t he  m a x i m u m  adsorption has not  been reached. T h i s  
i s  because ( c f .  Fig.  5)  the accumulation of C atoms i s  very slow 
(1 - s i t e )  a t  low po ten t i a l s .  No attempt w a s  made t o  obta in  the 
l imi t ing  coverage a t  these p a t e n t i d s  s i n e s  it was thought t h a t  
in te r fe rsnce  from adsorpt ion of impuri t ies  would be considerable 
a t  t h e  long times that would be involved. For this reason, the 
adsorpt ion-potent ia l  curve has been rspresented by a dot ted l i n e  
i n  this p c t e n t i a l  ragion. It i s  evident t h a t  C3H8 adsorption 
occurs between 0 . 1  v and 0.7 v, w i t h  a m a x i m u m  at about 0.3 v. 
The e f fec t  of t e m p r a t u r e  i s  small and within the experimental 
e r r a r .  

(Data a t  80' and 110' are froin r e f .  (l).) 
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The v a r i a t i o n  of the anodic charge wi th  p o t e n t i a l  and 
temperature i s  shown i n  Fig. 8. The values were taken after 2 
min of adsorption. Here, the data a r e  i n  the steady state and 
it i s  evident that the  adsonption increases  rapidly from 0.1 t o  - 0.2 v and then slowly decl ines ,  becoming small or  neg l ig ib l e  
a t  - 0.7 v. A s  before, the  e f f e c t  of temperature i s  small. 

It w i l l  be seen i n  t h e  next sect ion that the co r re l a t ion  
between the anodic and cathodic data i s  f a i r l y  good but we have not 
attempted t o  express t h e  above adsorption data  i n  the  form of  an 
isotherm re l a t ed  t o  CCZH8 s ince it w i l l  be made c l e a r  that the 
ma te r i a l  which i s  f i n a l l y  adsorbed on t h e  electrode i s  not C3F& 
as such. 

Final  Structure  of "Adsorbed Propane" 
It w a s  seen e a r l i e r  that  the anodic and cathodic adsorbate 

vs. ~iiz curves dev ia t e  from l i n e a r i t y  after dif'ferent times of 
adsorption. 
anodic charge vs. &E l i n e s  curve off first while t h e  cathodic 

curves ind ica t e  that i n  f a c t  adsorption i s  continuing at the 
same r a t e .  Previously' i t  w a s  suggested that this results from 
the partial oxidation i n  the adsorbed s t a t e  of the o r i g i n a l l y  
adsorbed material. Thus, l e s s  charge w i l l  be found i n  the 
ultimate oxidative measurement of the amount of  adsorption w i t h  
the  anodic current pulse.  T h i s  explanation f i t s  a l l  the  
observations which w e  present ly  have; f o r  example, i t  accounts 
f o r  the  f a c t  that t h e  anodic charge t a i l s  off sooner a t  more 
anodic po ten t i a l s  and at higher temperatures. It a l s o  c l e a r l y  
demonstrates the dangers of attempting t o  character ize  the 
adsorption i n  a complex system of this kind s o l e l y  w i t h  anodic 
s t r ipp ing .  

In  ever 9 case, at a l l  temperatures and poten t ia l s ,  the  

If we take t h e  l i m i t i n g  values of <e and '3; , a t  each 
poten t ia l ,  w e  can est imate  the  average oxidation s t a t e  of the  
tdsorbed mater;al. 

i s  then  (l-ek) and, when expressed i n  terms of the 
charge which would be involved i n  t h e  oxidation of H atoms i f  they 
were on these (1-ek) s i t e s ,  this corresponds t o  (l-eh) 210 p Coul/Cm2. 
Since the oxidation of each H atom involves a s i n g l e  e lectron,  the 

r a t i o  o f  the l i m i t i n g  values of giF and (1 - 6;) 210 y i e lds  the 
average number, [ e l ,  o f  e l ec t rons  involved i n  the ultimate, high- 
p o t e n t i a l  oxidation of the adsorbed mterial per P t  surface atom 
which it covers. T h i s  quant i ty  i s  shown as a funct ion of o t e n t i a l  
and temperature i n  Fig.  9 and we see that f o r  E 2 0.3 v Le? i s  
between 2 and 3 i n d e p n d e n t  of temperatTe. 
considerable as the  l i m i t i n g  values of OH a r e  diff icul t  t o  estimate. 
Below 0 .3  v, the adsorbed ma te r i a l  i s  i n  a l e s s  oxidized condition. 
It may be r eca l l ed  that t h e  adsorption process is s t i l l  continuing 
at these po ten t i a l s  so that the data shown i n  the f i g u r e  w i l l  be 
somewhat higher than t h e  values corresponding t o  the adsorbate 
at l imitingly-long adsorption times. Consequently, the remaining 
discussion refers t o  data obtained a t  0.3 v and above. 

The f r a c t i o n  of  the H atom s i t e s  occupied by 
adsorbed C3H8 

The s c a t t e r  i s  

fl 

,i 
i 

li 

I 
i 
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c3H8 g i s soc ia t ive ly  adsorbed on 3-sites per molecule 
and re leas ing  3H ions  and 3 e lec t rons  (cf.  equation ( 5 ) )  should 
y i e l d  a material for which [el  i s  5.67. Therefore, the residue 
found Cannot be C3H8 i t se l f  unless each adsorbed C atom i s  
at tached t o  about 2.8 P t  atoms (for [e3 = 2 ) .  However, w e  can 
show tha t  t h i s  i s  not  l i k e l y  f o r  we observe i n  Fig. 5 that a t  
these poten t ia l s  t h e  rate of accumulation o f  C atoms i s  j u s t  that, 
given by t h e  assumption $ha t  each C atom occupies 1 P t  surrace 
atom (3-site adsorpt ion) .  This process coritinues even when the 
adsorbate i s  being oxidized and unless  i t  i s  assumed that the C 
atoms re -or ien t  on the sur face  some time l a t e r ,  when both  

OH and Q$'F have become constant,  w e  may sa fe ly  conclude that 
the  adsorbed C atoms on1 occupy 1 P t  atom apiece.  Then t h e  
observed f i n a l  value of f e l  plus  the observation that [el decreases 
during t h e  process of adsorption suggest s t rongly that the  
adsorbate i s  gradual ly  oxidized w h i l e  it i s  on the  e lec t rode .  The 
observation that  [e l  i s  approximately constant over a range of 
po ten t ia l s  and temperatures suggests a l s o  t h a t  this residue i s  j u s t  
a s ing le  species  whose oxidat ion a t  higher po ten t i a l s  involves 
between 2 and 3 e lec t rons  per C atom. Such a hypothesis would 
agree v i t h  the results of Giner" and the  value 2 f o r  [el would 
r e c a l l  sug e s t ions  that the f i n a l  res idue i s  something l i k e  CO 
(see ref. 721) for discussion of this suggestion f o r  a similar 
system). However experiments we have ca r r i ed  out show that the 
composition of the adsorbate va r i e s  markedly w i t h  t he  po ten t i a l  
of adsorption. T h i s  i s  t o t a l l y  unexpected from the data shown 
i n  Fig. 9. 

I n  order  t o  t r a c e  the  ro l e  played by the adsorbed 
intermediates i n  the over-al l  process an attempt was made t o  
study t h e i r  oxidation k ine t i c s .  The experiment cons i s t s  of 
adsorbing mater ia l  a t  a low po ten t i a l  and then d isp lac ing  the  
poten t ia l  so as t o  oxidize or disp lace  t h e  adsorbed material. 
A comenient  po ten t i a l  f o r  t h e  l a t t e r  purpose i s  0.7 v, where 
there  is i n s ign i f i can t  oxide on the e lec t rode  t o  complicate the  
aiialysis. Both and OH were followed as  a funct ion of  t i m e  
a t  0.7 v and w e  f i n d  that the amount of adsorbate dec l ines  qu i t e  
rapidly,  becoming almost zero within 1 0  see.  The unexpected 
f ea tu re  i s  7;he observation that Q:g8 does not follow (1-eH) 
l i n e a r l y  with a slope corresponding t o  - 2 e lec t rons  per  covered 
P t  atom. T h i s  i s  shown i n  Fig. 1 0  f o r  adsorption at 130°C. Here, 

i s  highest  t o  the r i g h t  of the  f i g u r e  and this corresponds OC3H8 
t o  the condition of t h e  adsorbate at 0.3 v. The removal of the 
adsorbed mater ia l  i s  followed by t r ac ing  down the l i n e s  s t a r t i n g  
from the top  r i g h t  hand corner  of Fig. 10.  W e  see that most of 
the occupied P t  atoms are covered by a species  f o r  which [el  
i s  - 1. However, t h e  l a s t  p a r t  of the adsorbate t o  be removed, ard 
hence the m a t  d i f f i c u l t  t o  oxidize,  has a much higher value of [e l .  
The exact value of [e l  i n  t h i s  region cannot be estimated very 
accurately a t  t h i s  time and f u r t h e r  experiments are i n  progress. 

t 

t 

t 
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However, i t  i s  c l e a r  that a f r a c t i o n  of the  C atms ( f o r  100 sec 
at 0.3 v, these cover - 5% of the  t o t a l  surface of t h e  electrode)  
are i n  a considerably reduced state. Because of  the high 9tate of 
reduction of t hese  species  they contr ibute  a l a rge  f r a c t i o n  of 

$e. W e  cannot discr iminate  whether more than one such species 
i s  involved i n  this region, but i t  seems safe t o  hypothesize that 
we do not have a l k y l  r a d i c a l s  s ince these are presumably involved 
i n  the i n i t i a l  ( rap id)  adsorption and are then e a s i l y  oxidized 
f u r t h e r .  More l i k e l y ,  we  have extensively dehydrogenerated materials.  
For s t a b i l i z a t i o n ,  t hese  might involve attachment t o  more than 1 P t  
s i t e  per C atom but  t h i s  i s  not incompatible w i t h  the  observations 
s ince  only a small f r a c t i o n  of  the C atoms would be involved. 

Similar experiments on the adsorbate from 0.35 t o  0.4 v 
(Fig. 10 )  show d i f f e r e n t  e f f e c t s .  A t  0.4 v, v i r t u a l l y  a31 the  
adsorbed C atoms involve j u s t  about 2 e l ec t rons  f o r  t h e i r  
oxidation but  at 0.35 v some of the C atoms a r e  i n  a more reduced 
state. 
harder-to-oxidize) res idue w i t h  increasingly cathodic po ten t i a l  i s  
expected . 

I 

/ 

The increase i n  the amount of the more reduced (and yet  

These e x p r i m e n t s  demonstrate c l e a r l y  the complexity 
of the  species adsorbed on a Pt hydrocarbon anode and ind ica t e  that 
a ca re fu l  and thoughtful approach must be used if w e  a r e  t o  e lucidate  
the  path of the ove r -a l l  r eac t ion  from c&8 t o  0 2 .  
we can suggest the following sequence f o r  the adsorption-oxidation 
process : 

Tentatively,  

slow step C H (physical1 
diffuses ' adsorbedr 

C3H8 (solution) 

Higher potentials (5) 
where adsorption occurs 

C3H7 (Pt) + Hf + e C3H5 (3 pt) + 3H++ 3e- 

or similar 
material 

dehydrogenated and/ or + oxygenated . oxygenated 
oxygenated species (C) species (B) species (A) 

. (7) s l o w  slow 

- 2 e- per 
C atom k - 1 e- pe r  

C atom 

c02 

I - > 6 e- per - C atom 
\L 

c o 2  

slaw I 
c02 
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A t  this time it appears from the,,number of e lectrons 
involved i n  react ion (7) that (A) may be a CO-like" species,  (B) 
a species similar t o  the  formate r a d i c a l  and ( C )  i s  very l i k e l y  
a dehydrogenated species and may- i n  f a c t  a r i s e  from a small 
contribution, even a t  the higher poten t ia l s ,  f rom singly-bonded 
C atoms. 

i s  found not at the highest  po ten t i a l s  of adsorption but a t  an 
intermediate po ten t i a l  (0 .3  v ) .  

demonstrably a funct ion of po ten t r a l  and probably depends a l s o  
on t ernperature and a c i d  concentration. The descr ipt ion of the 
ro les  of these species i n  the  over-al l  r eac t ion  i s  a f i r s t  
requirement i n  the understanding of the C3H8 oxidation mechanism 
and f u r t h e r  s tud ies  on t h e i r  oxidation k i n e t i c s  w i l l  be reported 
subsequently. 

It i s  curious that the most highly oxidized'residue (B) 

The d i s t r i b u t i o n  of these species  on t h e  electrode i s  

IV.  CONCLUSIONS 

The r e s u l t s  of the  work reported here f o r  c3H8 adsorption 
a t  130  and 14OoC l a r g e l y  confirm the previous r e s u l t s  at  80 and 
l l O ° C 1  but some modification of the  ideas presented e a r l i e r  i s  

(see (5) below). The main conclusions are summarized 

Anodic s t r ipp ing  y i e l d s  a quan t i t a t ive  estimate of the 
amount of oxidizable ma te r i a l  pre-adsorbed on the 
electrode.  

The rate of adsorption i s  l imi t ed  by d i f fus ion  i n  
solut ion.  

A t  0 .2  v, adsorption involves 1 surface s i t e  f o r  each 
adsorbed molecule but a t  higher po ten t i a l s  3 s i t e s  are  
used. Experiments w i t h  the  add i t ion  of C1- i nd ica t e  
that this difference i s  related t o  t h e  need f o r  deep 
energy adsorption wells t o  convert ( i n i t i a l )  1-site 
adsorbate t o  3 - s i t e  attachment. It i s  suggested that 
these a r e  covered w i t h  H atoms a t  0.2 v and that this 
prevents s i g n i f i c a n t  3-s i te  adsorption. 

The adsorbate i s  oxidized on the electrode and, thus, 
subsequent anodic s t r ipp ing  f i n d s  less mater ia l  than 
expected. However, during thLs oxidation process, 
adsorption continues at  the same r a t e  and v i r t u a l l y  
none of the adsorbed and oxidizing C-atom centers i s  
removed. 
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(5) Because of this oxidation, residues whose find oxidation 
to C o g  is slow accumulate on the electrode surface. The 
oxidation of these residues may be the rate limiting step 
in the conversion of C3HB to COE and, at potentials more 
anodic than 0.3 v, appears to involve about 2 electrons 
per covered Pt atom independently of potential and 
temperature. This suggests that the same species is 
involved under all conditions. Desorption experiments 
show clearly that this is not the case and that the 
composition of the residue depends on the potential of 
adsorption. 
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Table ?.-GLOSSARY OF SYMBOLS 

Concentration of C3Hs a t  t ° C .  (moles/cm3). CtC3H8 

t 
Unless otherwise s ta ted ,  o r  i n  connection with CC3& 

o r  DC3&, refers t o  real a rea  which i s  defined as 

equivalent t o  210 

cm2 
t 

t coulomb f o r  QH. 

Diff i s iona l  coe f f i c i en t .  of C3& a t  t ° C (  cm'/sec). ' t  
%3H8 

E Po ten t i a l  (v .  vs. revers ib le  H+/H2 (R.H.E. ). ) ,  

I: e l  The average number of e lec t rons  involved i n  the  high poten t ia l  
oxidation of  the  adsorbate per P t  atom t h a t  i t  covers. 

F The Faraday. 

geom cm2 Geometric a rea  o f  the electrode.  

Anodic current  densi ty  ( amp/cm2). ia 

n Number of e lec t rons  involved i n  oxidation of adsorbed species,  
see equation ( 3 ) .  
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Q Charge ( u  coulomb/cm*) 

Charge aue t o  double l aye r  charging during anodic galvanostat ic  
t r ans i en t .  d l  

c Charge due t o  e lec t rode  oxidation during anodic 
ga lvanos ta t i c  t r ans i en t .  

Maximum cathodic H atom charge on a c lean electrode at t ° C .  . L  

‘H 1 

( ) N2 Charge passed during anodic ga lvanos ta t ic  t r ans i en t  i n  N2- 
sa tura ted  so lu t ion  i n  po ten t i a l  region p r i o r  t o  02-evolution 
(-0.8 - 1 . 8  v depending on ia). 

1 anodic 

( , t o t a l  )C3H8 S imi l a r  charge i n  C3H8-saturated solut ion.  
anodic 

C3He 
ads 
C3H8 
dif’f  

Q 

c 

s 

t 

‘i 

0; 

7 

‘ads 

7E 

TH 

Charge t o  oxid ize  adsorbed C 3 H s . ,  
B 

i 
I f  

I 

Charge due t o  oxidation of C& diff’using up to electrode during 
anodic ga lvanos ta t ic  t r ans i en t .  

Number of  sur face  s i tes  occupied by each adsorbed C3H8 molecule 

Temperature ( C ) . 
Fract ion of surface covered with species  i. 

Ratio o f  the  H atom charge under a given circumstance 
t o  t h e  maximum value a t  t he  same temperature. 

Time ( s e e ) .  

Time of adsorption. 

T i m e  a t  p o t e n t i a l  E. 

t Trans i t ion  time f’uring measurement of % by 
galvanostat  i c pulse. 
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