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In tnoduc t i  on

Al though i t  has  been we l l  known fo r  many
years  tha t  a  smal l  amount  o f  a  meta l /meta l  ox ide
can a l te r  the  ra te  o f  the  graph i te -oxygen reac t lon
dramatical ly, the factors whlch control the r¡rode
by whlch the catalyst operates have, for the most
par t ,  remained unknown.  Us ing  cont ro l led  a tmos-
phere  e lec t ron  mic roscopy ,  we have es tab l l shec l
that for a part icle to become active, i t  must be
loca ted  a t ,  an  edge or  s tep  s l te  and ln  a  wet t lng
cond i t ion . ¡  However ,  whether  the  subsequent  a t tack
occurs  by  channe l ing  or  edge recess ion ,  has  been
an unpred ic tab le  event .  In  th is  paper  a  ra t iona le
is presented to account for the behavioral pattern
o f  a  g iven ca ta lys t  and a lso  an  argument  fo r  the
re la t i ve  Iack  o f  ac t ' i v i t y  o f  the  fe rnomagnet ic
meta ls  on  the  graph i te -oxygen reac t ion .

Resu I  t s

F lgure  I  shows a  compi la t ion  o f  da ta  re la t ' lng
to catalyst behavior obsenved dur' lng CAEl. l  studies
o f  var ious  meta l /g raph i te -oxygen sys tems,  as  a
func t ion  o f  the  pos l t ion  o f  the  meta l  in  the
Pen iod ic  Tab le .  Meta ls  labe l led  by  the  shaded
areas  tend to  undergo a  spread ing  ac t lon  a long the
graph i te  edge s i tes  and ca ta lyze  the  remova l  o f
carbon by  the  edge necess ion  mode.  In  cont ras t ,
meta ls  in  the  open boxes  exh ib l t  a  somewhat  weaker
i n t e r a c t i o n  w i t h  g r a p h i t e ,  r e m a i n i n g  a s  d i s c n e t e
p a r t i c l e s  a n d  c a t a l y z i n g  t h e  g a s i f i c a t i o n  b y  t h e
channe l ing  rmde.  From F igure  I  i t  can  be  seen
:ha t  th ree  o f  the  meta ls  wh ich  have been inves t i -
¡ ¡ ted ,  Ru,  Rh and I r  exh ib i t  bo th  fo rms o f  a t tack ;
cdg€ recession at temperatures belor l000oC and
aranneling at hlgher tenperatures. lhese two
.ct ivi ty regions have been found to correspond to
: ¡e  ex is tence o f  ox ides  as  the  s tab le  so l id  phases

= i3ure  1 .  C lass i f i ca t ion  o f  the  modes o f  ca ta lyzed
ox ida t ion  o f  o raph i te  by  var ious  ÍE ta ls .

at the lower temf,eratures and the respecti ve
mta l s  a t  >  1000oC.¿

lhe  f i na l  c l ass i f i ca t i on  o f  m ta l s  a re  t hose
label led by the cross-hatching,  which do not  wet
graphi te to any s igni  f icant  degree under these
condi t lons and do not  exhib i t  susta ined cata ly t ic
act i  v i  ty .

Di  scussi  on

Let us first address the issue of why some
cata lysts chose to at tack the graphi te by the edge
recession mde whi le  others operate by the chan-
nel ing mode.  Reference to the f ree-energy data
for  ox lde format ion,  presented in F igure 2,  pro-
v ides the key to th is  enigma. Metals  label led by
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Figure 2. Free energy of formation of oxides.
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the  shaded areas  adsorb  oxygen d issoc ia t i ve ly  and
read i ly  fonn s tab le  ox ides .  S t rong in te r fac ia l
bond ing  is  expec ted  to  occur  be tween th is  g roup o f
metals and the oxygenated carbon edge atoms. The
s t rength  o f  th is  in te rac t ion  w i l l  be  su f f i c ien t  to
induce spread ing  o f  the  ca ta lys t  mater ia l  a long
graphite edges and subsequent attack by edge re-
cess ion .  In  cont ras t ,  meta ls  in  the  open boxes
adsorb oxygen non-diss¡clately and tend to remain
in the noble state. These metals would not be
expected  to  exh ib i t  a  s t rong in te rac t lon  w i th  the
oxygenated carbon surface al lowlng the catalyst to
ex is t  in  the  energet ica l l y  Pre fer red  par t i cu la te
fonn and attack the graphite via channel propaga-
t ion .  Cons is ten t  v { i th  these arguments  i s  the
f ind lng  tha t  ca ta lys ts  nh ich  undergo a  t rans i t ion
f rom ox ide  to  nc ta l l i c  s ta te  a t  h igh  tempera ture
a lso  exh lb l t  a  cor respond lng  change in  ca ta ly t tc
ac t ion  f rom edge recess ion  to  channe l ing .

lhe  re la t i ve  lnac t iv i t y  o f  i ron ,  coba l t  and
ni ckel for the graphi te-oxygen react I  on i  s at
f l rs t  s igh t  perp lex ing  s ince  a l l  th ree  meta ls  fo rm
stab le  ox ides ,  bu t  con t ra ry  to  the  reason ings
presented  above,  do  no t  fo rm a  s t rong in te rac t ion
with the carbon-oxygen surface. However, when one
exami  nes  a l te rna te  reac t ion  pa thways  fo r  these
meta ' l s ,  a  poss ib le  exp lanat ion  fo r  the  observed
inac t lv l t y  energes .

Cons lder  the  poss lb l l l t y  o f  convef t ing  the
"ac t ' l veu  meta l  ox ide  to  an  " inac t lven  ne ta l  car -
b lde  dur lng  in te rac t lon  wt th  g raph l te  a t  1000 K
accord ing  to  the  fo l low ing  reac t ion :

Table l .  Values of  the Equi l ibr ium Part ia l  Pressure
of Carbon Dioxide where Relevant Thenno-
dynamic Data is  Avai ' lab le.
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I f  the c02 pressure over  the sample is  ¡ess
than thesé equi ' l ibr ium values,  then the
carbide formation can occur.

Conil usl on

One can tentatively conclude that the nDst
efflcient catalysts for the carbon-oxygen reaction
wi l l  be those e lemnts that  form stable ox ides '
but do not readily react with carbon to fprm can-
bldes. Recent studies by Yang and ilongo demon-
strate metal  carb ides do exhib i t  marginal  act iv i ty
for  the graphj te-oxygen react ion,  but  do not  func-
t lon by the convent lonal  modes of  at tack.
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The equ l l ib r iun  cons tan t ,  K ,  can  be  eva lua ted  as
fol I  ows :

Sot 'O '  -  -  RT ln  K

T h l s  e q u i l i b r i u m  c o n s t a n t  i s  d i r e c t l y  r e l a t e d  t o
the  equ i l ib r ium pressure  o f  carbon d iox ide :

K =  (p"^  )J*2

Hence,  one can read i l y  ca lcu la te  the  cond i t ions
v{here  the  reac t ion  is  l t ke ly  to  occur .  Va lues  o f
the  equ i l ib r iun  par t ia l  p ressures  o f  carbon d i -
oxide have been calculated for systens ryhere the
re levant  thermodynamic  da ta  i s  ava i lab le 'and are
' l i s ted  

in  Tab le  1 .  I t  i s  apparent  tha t  carb ide
fonmat ion  is  p robab le  w i th  no t  on ly  i  ron  and
n icke l ,  bu t  a lso  w i th  vanad ium and tungs ten .
Examination of the experimental data from these
I atten systems does i  ndeed i  ndi cate that both
e lements  tend to  lose  the i r  ca ta ly t i c  ac t i v i t y  fo r
the gfaph i  te-oxygen reaction at hl th tempera-
tunes ]4 ' f ,  Cons is ten t  w i th  these arguments  i s  the
f ind ing  tha t  when the  fe r romagnet ic  meta ls  a re
sa tu fa ied  w i th  carbon,  they  cease to  v re t  g raph-
i  t e . o ,  /
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