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Abstract  

O2 i s  known t o  be much more r e a c t i v e  then C02 toward carbon. We 
have separated and s tud ied  w i t h  sur face spectroscopies the  d i s s o c i a t i v e  
adsorpt ion s tep from t h e  CO format ion step i n  the O2 and C02 g a s i f i c a t i o n  o f  
g lassy carbon. The r e a c t i v e  adsorpt ion p r o b a b i l i t i e s  decreased w i th  increased 
coverage. A t  h igh  coverage the der ived a c t i v a t i o n  energy f o r  O2 d i s s o c i a t i o n  
was 33 kcal/mole and 50-60 kcal/mole f o r  C02. The CO formation 
creased from 90 kcal /mole a t  very low coverage t o  70 kcal/mole a t  h igh 
coverages. The steady s t a t e  oxygen coverage dur ing C02 g a s i f i c a t i o n  corres- 
ponded t o  these high coverages w i t h  a measured a c t i v a t i o n  energy o f  67 
kcal/mole. CO fo rma t ion  energet ics  l i m i t  t he  r a t e  o f  C02 g a s i f i c a t i o n .  The 
increased g a s i f i c a t i o n  a c t i v i t y  f o r  02 i s  associated w i t h  a more f a c i l e  
gaseous d i s s o c i a t i o n  s tep  causing h ighe r  oxygen coverages which i n  t u r n  
generates lower energy CD format ion s i t e s .  

I .  INTRODUCTION 

energy de- 

It i s  w ide ly  recognized t h a t  O2 has a much h igher  r e a c t i v i t y  than 
a2 toward carbon; t h i s  d i f f e r e n c e  has been k i n e t i c a l l y  q u a n t i f i e d  t o  be l o 5  
g rea te r  a t  800K and 0.1 atm pressure (1). 
di f ference the  responsib le  elementary processes on the carbon surface are n o t  
w e l l  understood. 
of very d i f f i c u l t  reac t i ons  t o  cha rac te r i ze  and quan t i f y .  G a s i f i c a t i o n  reac- 
t i o n s  are s e n s i t i v e  t o  the  t ype  o f  carbon being g a s i f i e d  (2).  A b e t t e r  under- ' 

standing o f  these systems could be achieved by d e t a i l e d  phys ica l  character iza-  
t i o n  of the ex te rna l  su r face  o f  a g iven carbon coupled t o  adsorpt ion and 
r e a c t i v i t y  s tud ies  o f  t he  reac tan t  gases (2 -4) .  The app l i ca t i on  o f  sur face 
s e n s i t i v e  probes t o  t h i s  area i s  an essen t ia l  component t o  approach t h e  
problem. These r e s u l t s  are used t o  i n t e r p r e t  observations o f  steady s t a t e  
r e a c t i v i t y .  

Despi te  t h i s  l a r g e  r e a c t i v i t y  

Ox ida t i on  and g a s i f i c a t i o n  react ions o f  carbon are a c lass  

11. EXPERIMENTAL 

Experiments were performed i n  an ultra-high-vacuum spectroscopy 
chamber w i t h  a base pressure lower than 2 x 10-l' Torr .  Auger e l e c t r o n  
spectroscopy (AES) was performed w i th  a double-pass c y l i n d r i c a l  m i r r o r  
analyzer us ing a 2.2 keV primary beam energy and 2V peak t o  peak vo l tage 
rnodul a t  i on. 
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The amount o f  oxygen was determined us ing AES. The o v e r a l l  ampl i -  
tude o f  t h e  dN(E)/dE oxygen (510 eV) t o  carbon (272 eV) was taken as the 
measure o f  oxygen sur face concentrat ion.  A l i n e a r  absolute coverage scale 
which corresponds t o  the AES O / C  r a t i o s  was p rev ious l y  est imated and used i n  
other  s tud ies on carbon surfaces (5-7). 
carbon atom eoxy en = e = 1 gives a AES O/C value o f  0.25. We w i l l  s e l f  
cons i s ten t l y  appqy t h i s  same coverage scale throughout the course o f  t h i s  
study. 

Atomergic Chemetals and were outgassed a t  130OOC i n  UW p r i o r  t o  use. The 
presence o f  small amounts o f  very s t rong ly  bound oxygen could be reduced 
f u r t h e r  by heat ing t o  h igher  temperatures, but  t h i s  d i d  not s i g n i f i c a n t l y  
e f fect  t h e  C02 and O2 chemistry a t  high oxygen coverages. 
the cha rac te r i za t i on  o f  the glassy carbon subst rates can be found elsewhere 
(6). This procedure removed oxygen which was the p r i n c i p a l  contaminant 
measured by AES. The i n i t i a l  AES carbon t o  oxygen r a t i o  was near 0.01. This 
represents a small amount o f  very s t rong ly  bound'oxygen. 

A coverage o f  one oxygen per  sur face 

The glassy carbon samples were cu t  from p la tes  obta ined from 

Fur ther  d e t a i l s  o f  

111. RESULTS 

We have character ized the  glassy carbon sur face us ing u l t r a v i o l e t  
photoemission spectroscopy f o l l o w i n g  oxygen uptake from O2 and C02 a t  300OC. 
Previous UPS studies o f  a tomica l l y  clean glassy carbon surfaces show enhanced 
e lec t ron  emission near the  Fermi l e v e l  (6) .  This i s  associated w i th  the 
presence o f  unsaturated sur face carbon valences, "dangl ing bonds". These 
l e v e l s  are removed upon chemical ly bonding t o  oxygen. Emission w i t h i n  3 eV o f  
t h e  Fermi l eve l  decreases on glassy carbon as these l e v e l s  become involved i n  
bonding t o  oxygen (6) .  The emission from oxygen 2p l e v e l s  was found between 
-4 and -11 eV f o l l o w i n g  exposure t o  e i t h e r  0 o r  C02. 
i d e n t i f i e d  w i t h  molecular ly  adsorbed 02 o r  C62 were absent. The s i m i l a r i t y  
between 02 and C02 suggest t h a t  t h e  d i s s o c i a t i o n  o f  CO? g ives r i s e  t o  sur face 
oxygen and gaseous CO at  300OC. 
C02 d i s s o c i a t i o n  predominates under our cond i t i ons  i n  these adsorpt ion 
systems. 
based on thermal desorpt ion and isotope l a b e l i n g  s tud ies (8). 

O ( 1 s )  XPS s ignals  f o l l o w i n g  300'C ox ida t i on  by O2 and cD2 showed a peak a t  532 
eV b ind ing  energy. The carbon (1s) peak f o r  clean glassy carbon occurred a t  
284.2 eV. Fol lowing oxygen uptake from e i t h e r  O2 o r  C02. t h e r e  was a s l i g h t  
increase i n  emission at  lower b ind ing  energies. The carbon (1s) peak d id  not, 
however, possess a 288.5 eV b ind ing  energy component which i s  associated w i t h  
carbon coordinated t o  m u l t i p l e  oxygen atoms as i n  a ca rboxy l i c  f u n c t i o n a l i t y  
(9-12). These r e s u l t s  a l so  i n d i c a t e  t h a t  s i m i l a r  oxygen f u n c t i o n a l i t i e s  were 
produced by CO2 and O2 a t  3OO0C, and these are l i k e l y  t o  be surface carbon 
atoms coordinated t o  one oxygen. 

Features which could be 

UPS thus gives us an i n d i c a t i o n  t h a t  O2 and 

This agrees w i t h  the conclusion reached f o r  O2 adsorpt ion on graphon 

XPS was a l so  used t o  cha rac te r i ze  the ox id ized carbon surface. The 
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We have measured the  increase i n  the  oxygen AES s igna l  f o l l ow ing  C02 
We used a maximum temperature o f  3OOOC i n  order t o  and r+ exposures a t  30OoC. 

achieve high oxygen sur face  coverages but also t o  l i m i t  compl icat ions i n t r o -  
duced by i n  s i t u  g a s i f i c a t i o n  o f  carbon (13). 
generated fran O2 and C02 corresponded t o  Bo= 0.85 and 0.45 respec t ive ly .  
adsorpt ion processes were placed i n  q u a n t i t a t i v e  terms. 
reac t i ve  adsorpt ion as a f u n c t i o n  o f  t he  amount o f  oxygen already present was 
obtained from t h e  incremental changes o f  oxygen coverage w i th  the  i n t e r v a l  of 
exposure t o  e i t h e r  CU2 or  O2 a t  300OC. 
inc reas ing  i n t e r v a l s  o f  one decade o f  exposure. F igure  1 shows these r e s u l t s  
on glassy carbon as a func t i on  o f  oxgyen coverage. The adsorpt ion process i s  
charac ter ized  by r e l a t i v e l y  rap id  i n i t i a l  uptake on t h e  order o f  e f f i c i e n c y  
f o r  both gases up t o  approximately eo = 0.1 oxygen coverage. 
coverage, there  i s  a rap id  decrease t o  10-l'. 
increase the  oxygen covera e 
coverage from 10-l' t o  10-q2'from e = 0.25 t o  eo = 0.85. A t  h igher  coverages 
t h e  behavior o f  O2 and C02 begin t o  depart. 
oxygen which cou ld  be deposi ted under these cond i t ions .  
c o e f f i c i e n t  f o r  C02 was more r a p i d  w i th  coverage and decreased t o  below 
near ha1 f monolayer coverage. 
f o r  C02 at  h igher  coverages, bu t  we were unable t o  measure slower processes. 

bon fo l l ow ing  O2 and CO2 ox ida t i on  a t  300'C. 
oxygen concent ra t ion  remains near ly  constant up t o  6OO0C i n  both cases. 
Between 600 - 7OO0C,  t h e  surface oxygen coverage begins t o  decrease f o r  the  O 2  
ox id ized  surface, y e t  f o r  C02 t h e  coverage s t i l l  remains almost constant. 
Above 6OOOC CO was the  dominant desorpt ion product. Above 8OOOC there  were 
s i m i l a r  reduct ions i n  oxygen coverage i n  both cases. CO evolves from the  
surface over a very wide range o f  temperature. 

oxygen coverage w i t h  t i m e  dur ing  heat ing i n  UHV by assuming f i r s t  order 
k i n e t i c s  and a frequency f a c t o r  o f  This formal ism provides a framework 
t o  est imate the  desorp t ion  energy. The r e s u l t s  are shown i n  F igure  3. They 
a re  p l o t t e d  as a f u n c t i o n  o f  oxygen coverage based on t h e  comnon AES coverage 
scale as prev ious ly  de f ined.  The oxygen coverage dependency o f  the  format ion 
energy i s  s i m i l a r  f o r  t h e  surface oxgyen der ived  from O2 and CO 
A t  l o w  oxygen coverages, Bo = 0.25, t he  energy decreases from 65 t o  80 
kcal /mole.  The fo rmat ion  energy exh ib i t ed  much smal l e r  changes w i t h  coverage 
a t  the higher coverages. 0 adsorpt ion produced higher oxygen coverages. The 
energy ranged between 80 - $0 kcal/mole between eo = 0.25 t o  0.85. C02 
coverage was l i m i t e d  t o  eo = 0.4 but between eo = 0.25 , and 0.4 the  energies 
were s i m i l a r  as w i t h  02. The CO format ion energy decreases w i t h  inc reas ing  
oxygen coverage. 

The maximum oxygen coverages 
The 

The e f f i c i e n c y  o f  

The e f f i c i e n c i e s  were ca l cu la ted  f o r  

Above t h i s  
Fur ther  exposure t o  02 w i l l  

The adsorpt ion c o e f f i c i e n t  dec l ines  w i t h  

0 COq was l i m i t e d  i n  the  amount of 
The d e c l i n e  i n  the  

Presumably, t he  c o e f f i c i e n t  dec l ines  f u r t h e r  

The AES oxygen thermal s t a b i l i t y  p r o f i l e  was measured on glassy car -  
Fioure 2 shows t h a t  the surface 

The CO fo rmat ion  energies were determined from the  r a t e  o f  change o f  

adsorption. 

2aa 



I V .  DISCUSSION 

The adsorpt ion o f  Oz, and c02 on glassy carbon surfaces were 
examined using AES. 
prev ious ly  outgassed i n  UHV a t  elevated temperature and character ized w i t h  
surface sens i t i ve  techniques. I n  t h i s  way we were able t o  d i r e c t l y  compare 
two gases which have w ide ly  d i f f e r e n t  g a s i f i c a t i o n  a c t i v i t i e s .  

There have been few adsorpt ion s tud ies on wel l -character ized,  c lean 
carbon surfaces. O r i g i n a l  s tud ies o f  oxygen adsorpt ion on clean “pa rac rys ta l -  
l i n e ”  carbon (15) and sputter-damaged g raph i te  surfaces (16) have shown com- 
p lex  adsorpt ion behavior. The r a t e  o f  uptake was cha rac te r i zed  by coverage 
regions having a l i n e a r  dependence w i t h  the  l o g  o f  exposure. This was i n t e r -  
preted as evidence f o r  many d i s c r e t e  types o f  adsorpt ion s i t e s .  It i s  be- 
l i e v e d  tha t  d i f f e r e n t  oxygen adsorption s i t e s  e x i s t  on carbons w i t h  d i f f e r e n t  
thermal s t a b i l i t i e s  (2). Unfor tunate ly  these e a r l y  s tud ies  d i d  not  r e l a t e  
adsorpt ion t o  subsequent r e a c t i v i t y .  A more recent study o f  O2 on the edge 
surface o f  g raph i te  has shown a s t rong oxygen coverage dependence on the  
reac t i ve  adsorption e f f i c i e n c y  (7) s i m i l a r  t o  these o r i g i n a l  s tud ies even 
though the edge sur face o f  g raph i te  has a l i m i t e d  amount o f  s i t e  heterogeni ty  
(14). 
energet ics  o f  product formation. The values t h a t  were obta ined on t h e  edge 
graphi te  surface were dependent on the oxygen coverage (10). 
s t a b i l i t y  o f  oxygen on carbon f o r  a given s i t e  i s  then s e n s i t i v e  t o  t h e  amount 
o f  nearby oxygen a l ready present. I n  t h i s  study we have compared the ra te  o f  
oxygen uptake from O2 and C02 a t  3OOOC on glassy carbon and have measured the  
thermal s t a b i l i t i e s  o f  the r e s u l t a n t  ox id ized surfaces. 

The study was r e s t r i c t e d  t o  carbon surfaces t h a t  had been 

Corro la ted thermal s t a b i l i t y  s tud ies o f  oxygen enabled estimates. o f  t he  

The thermal 

The maximum oxygen uptake from O2 a t  300°C on g lassy carbon repre- 
sented adsorpt ion over a m a j o r i t y  o f  the surface. A h igh  absolute oxygen 
coverage was achieved. 
edge surface of g raph i te  3OOOC (7) as on the  glassy carbon samples. The 
s i m i l a r i t y  o f  the h igh  coverage oxygen chemisorption r e s u l t s  on t h e  edge 
surface o f  g raph i te  and glassy carbon i s  an i n d i c a t i o n  t h a t  the s i t e s  on the  
l e s s  ordered carbon sur face are a c t u a l l y  chemical ly  very  c lose  t o  those on t h e  
edge g raph i te  surface. Although phys i ca l l y  these surfaces are very d i f f e r e n t ,  
m ic roscop ica l l y  t h e i r  behavior i s  much the  same. 

cond i t i ons  the  absolute oxygen coverage reached near l y  a monolayer us ing O2 a t  
300OC. Exposure t o  C02 under the same cond i t i ons  resu l ted  i n  oxygen uptake 
on ly  t o  one h a l f  monolayer coverage. Herein l i e s  a s i g n i f i c a n t  d i f f e r e n c e  
between Oz and CO2 r e a c t i v e  chemisorption a t  300°C. 
small number o f  very a c t i v e  s i t es ,  t he  adsorpt ion e f f i c i e n c y  o f  c02 and O2 i s  
approximately IO-”. 
coverages. The e f f i c i e n c y  drops t o  
oxygen coverage can be achieved. The adsorpt ion e f f i c i e n c y  must drop many 
more orders o f  magnitude f o r  C02 a t  h igher  oxygen coverage. 

We observed a s i m i l a r  pa t te rn  o f  oxygen uptake on the  

Di f ferences e x i s t  between O2 and C02 uptake a t  300’C. Under our  

A f t e r  sa tu ra t i on  o f  t he  

02 i s  able t o  sus ta in  t h i s  e f f i c i e n c y  t o  h igh  
f o r  CD2 before a h a l f  monolayer 
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The thermal s t a b i l i t y  s tud ies  i n  UHV f o r  the  resu l tan t  3OO0C o x i -  
d ized surfaces y i e l d e d  est imates f o r  t h e  energet ics  o f  product format ion.  The 
energet ics a re  r e l a t e d  t o  the  absolute oxygen surface coverage. The energies 
are  s i m i l a r  a t  cons tan t  absolute oxygen coverage f o r  oxygen generated from 
e i t h e r  O2 o r  C02. 
f r o m  75 kcal/mole a t  e = 0.4 t o  95 kcal/mole a t  eo= 0.05 coverage. 
condi t ions,  O2 i s  capagle o f  generat ing higher oxygen coverages, and the  CO 
fo rmat ion  energy decreases t o  70 kcal /mole a t  t h e  h ighes t  coverage. 

l a r g e  heats o f  adsorp t ion  and low adsorp t ion  e f f i c i e n c i e s  (10-l' imply 
a subs tan t ia l  energy b a r r i e r  f o r  adsorpt ion.  We can est imate the  b a r r i e r s  f o r  
adsorp t ion  f o r  C02 and O2 a t  several  oxygen coverages by assuming a Boltzman 
energy d i s t r i b u t i o n  and the  temperature o f  the  gas equal t o  the surface 
temperature. 
for  O2 and CO r e s p e c t i v e l y .  A t  eo = 0.4 we f i n d  t h a t  the  b a r r i e r  increases 
t o  25 kcal/mofe f o r  02 and 35 kcal/mole f o r  C02. 
increases t o  33 kcal /mole f o r  02. The value f o r  C02 must be s u b s t a n t i a l l y  
g rea ter  a t  t h i s  h igh  oxygen coverage. Estimates based on adsorp t ion  
e f f i c i e n c i e s  a t  h igher  surface temperatures o f  C02 exposure as we l l  as ex t ra -  
po la t i on  o f  t he  e f f i c i e n c i e s  a t  3OOOC t o  Bo = 0.9 y i e l d  b a r r i e r s  i n  the  range 
of 50 - 60 kcal/mole. Marsh has used an energy-react ion coordinate diagram t o  
help i l l u s t r a t e  t h e  k i n e t i c s  o f  adsorpt ion and CO format ion (2). We have been 
able t o  quant i f y  p a r t s  o f  t h i s  diagram which we j u s t  descr ibed and are a lso  

The energies increase w i t h  decreasing oxygen coverage going 
Under our 

The adsorbed oxygen species are  s t rong ly  bound. The observat ion of 

A t  Oo = 0.1 t h i s  y i e l d s  a b a r r i e r  he igh t  o f  13 and 15 kcal/mole 

A t  Oo = 0.9 the  value 

i l l u s t r a t e d  i n  F igure  5 f o r  the  reac t ion  o f  g lassy carbon w i th  c02 and O2 t o  
form co. 

Higher oxygen concent ra t ions  can be developed (13) by o x i d a t i o n  o f  
carbon w i t h  O2 above 4OOOC but t h i s  leads t o  i n  s i t u  g a s i f i c a t i o n  and compli- 
cates t h e  react ion-energy coord ina te  diagram. We have observed CO and C02 as 
gaseous products d u r i n g  thermal desorpt ion o f  g lassy carbon ox id ized  above 
4OOOC i n  02. Some 
carboxy l i c  groups may be produced by O2 a t  very high oxygen coverages. 
Studies (17) o f  n i t r i c  ac id  ox id ized  glassy carbon i n d i c a t e  t h a t  C02 can be 
produced from decomposition o f  c a r b o x y l i c  oxygen f u n c t i o n a l i t i e s .  The decom- 
p o s i t i o n  o f  sur face  c a r b o x y l i c  groups t o  form C02 w i l l  compl icate t h e  02 
reac t ion  w i t h  carbon. Another poss ib le  rou te  a t  h igh oxygen coverages i s  t he  
format ion o f  CO w i t h  consecut ive ox ida t i on  by surface oxygen t o  COP. Indica- 
t i ons  are  t h a t  fo rmat ion  energy f o r  CO dec l ines  f u r t h e r  below 70 kcal /mole a t  
very h igh  oxygen coverages (7) but  C02 e v e n t u a l l y  becomes a compet i t i ve  reac- 
t i o n  route.  We have minimized the  compl icat ions o f  COP format ion from O2 
ox ida t i on  i n  our s t u d i e s  by l i m i t i n g  the  concent ra t ion  o f  surface oxygen. 

A c t i v a t i o n  energy f o r  t he  O2 adsorp t ion  step has been est imated a t  
h igher temperatures and presumably h igher  coverages and tends t o  h igher  
values. Lussow e t  a l .  (13) repo r t  an a c t i v a t i o n  energy o f  29 kcal /mole fo r  02 
adsorp t ion  between 45OoC and 675OC. In carbon g a s i f i c a t i o n  s t u  
near 38 kcal /mole has been repor ted  f o r  t he  O2 adsorp t ion  step. 

There a re  several  poss ib le  o r i g i n s  f o r  c02 product ion.  
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r e s u l t s  a t  lower coverages show t h a t  t he  b a r r i e r  f o r  adsorption i s  greater  f o r  
C02 than f o r  O2 a t  a g iven oxygen sur face coverage and t h a t  t he  b a r r i e r  i n -  
creases f o r  both gases as the  oxygen coverage increases. The values repor ted 
f o r  02 a t  high temperatures are o f  the same order t h a t  we f i n d  a t  h igh  oxygen 
coverages i n  our studies. 

The d i f f e rences  i n  adsorpt ion behavior o f  CU2 and 02.af h igh  oxygen 
coverages must be r e l a t e d  t o  the much greater  g a s i f i c a t i o n  a c t i v i t y  f o r  02. 
Our data suggest t h a t  C02 and O2 produce s i m i l a r  k inds o f  adsorbed oxygen 
species a t  low and medim coverages. This i s  most l i k e l y  carbonyl type oxygen 
f u n c t i o n a l i t y ,  carbon which i s  coordinated t o  one oxygen. 
t h i s  k ind  o f  oxygen i s  dependent on the  amount a l ready present. 
i n t e r p r e t e d  as oxygen bound t o  one carbon having t h e  a b i l i t y  t o  modify t h e  
energet ics  o f  the i n t e r a c t i o n  o f  ne ighbor ing f r e e  carbon s i t e s  w i t h  oxygen and 
C02. 
02. 
oxygen coverage, wh i l e  the  s t a b i l i t y  o f  the adsorbate decreases and gas i f i ca -  
t i o n  t o  CU becomes more f a c i l e .  The observations suggest t ha t  the energy 
b a r r i e r  f o r  oxygen adsorpt ion from 0 2. 
which have lower subsequent CO format ion energet ics .  A t  high oxygen 
coverages, the magnitude o f  t he  adsorpt ion b a r r i e r  increases w h i l e  t h e  ener- 
g e t i c s  o f  gaseous product format ion dec l ines.  
r e a c t i o n  temperature a steady s t a t e  s i t u a t i o n  w i l l  develop. A t  h ighe r  tem- 
peratures the reac t i on  coord inate energy diagram i s  thought t o  be one w i t h  a 
g rea te r  b a r r i e r  f o r  gas d i s s o c i a t i o n  bu t  a lower b a r r i e r  f o r  gaseous forma- 
t i o n .  The k i n e t i c s  o f  C02 g a s i f i c a t i o n  o f  glassy carbon has been measured 
near atmospheric pressure above 650OC. 
ca t ion  was 67 kcal/mole (20). There i s  a correspondence between t h i s  value 
and the CO format ion energet ics  t h a t  we observe a t  h igh  oxygen coverages. 
a d d i t i o n  the oxygen coverages determined by AES f o l l o w i n g  C02 g a s i f i c a t i o n  are 
a l s o  comparable. 
du r ing  C02 g a s i f i c a t i o n  i s  c lose t o  t h a t  found f o r  the highest oxygen 
coverages i n  t h i s  study. On the  other  hand greater  oxygen concentrat ion are 
developed w i t h  02. 
t i o n  condi t ions w i l l  be d i f f e r e n t  and from our  est imates i t  w i l l  be substan- 
t i a l l y  lower f o r  02. 
w i t h  a more f a c i l e  gaseous d i s s o c i a t i o n  s tep a t  h igh oxygen coverages which 
generates lower CO formation energy s i t e s .  

The s t a b i l i t y  of 
Th is  can be 

A t  h igher  coverages, t he re  are pronounced d i f f e rences  between CU2 and 
The adsorption b a r r i e r  f o r  C02 r e l a t i v e  t o  O2 increases w i t h  i nc reas ing  

i s  much lower than f o r  CD2 f o r  s i t e s  

For both C02 and 02 a t  a given 

The a c t i v a t i o n  energy f o r  Cop g a s i f i -  

I n  

These r e s u l t s  imply t h a t  t h e  steady s t a t e  sur face s i t u a t i o n  

The energet ics  o f  C02 and O2 d i ssoc ia t i on  under g a s i f i c a -  

The increased g a s i f i c a t i o n  a c t i v i t y  f o r  02 i s  associated 
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