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Methanol synthes is  by t h e  hydrogenation of carbon monoxide or carbon 
d i o x i d e  h a s  been a s u b j e c t  o f  i n t e n s e  r e s e a r c h  r e c e n t l y .  S u b s t a n t i a l  
amount of work h a s  been performed on t h e  p r o t o t y p e  o f  t h e  commerc ia l  
copper-zinc o x i d e  c a t a l y s t  t o a d d r e s s  t h e q u e s t i o n s  o f t h e  n a t u r e  o f  t h e  
a c t i v e  site and the reac t ion  mechanism [l]. Methanol can also be produced 
e i t h e r  c a t a l y t i c a l l y  or by s t o i c h i o m e t r i c  r e a c t i o n s  on s i m p l e  oxides .  
Nat ta  h a s  summarized t h e  e a r l y  work u s i n g  v a r i o u s  ZnO c a t a l y s t s  [2] .  H e  
r e p o r t e d  t h a t  ZnO o f  d i f f e r e n t  p r e p a r a t i o n s  e x h i b i t  d i f f e r e n t  c a t a l y t i c  
a c t i v i t i e s  and s e l e c t i v i t i e s .  Unfortunately, these  c a t a l y s t s  were not  w e l l  
c h a r a c t e r i z e d  by today 's  s t a n d a r d ,  and t h e y  a l s o  c o n t a i n e d  i m p u r i t i e s .  
Thus it was not  poss ib le  t o  i d e n t i f y  t h e  importance of sur face  s t r u c t u r e  
from those data. 

Recent ly ,  t h e  methanol  s y n t h e s i s  r e a c t i o n  h a s  been s t u d i e d  more 
e x t e n s i v e l y  on a number of  o x i d e s ,  i n c l u d i n g  Zr02 and ZnO. On t h e s e  two 
oxides ,  one p a r t i c u l a r l y  i n t e r e s t i n g  observation is that pretreatment  of 
t h e  oxides by a CO and H2 mixture g r e a t l y  enhances t h e  methanol production 
r a t e  from CO i n  the case  of Zr02 [3],  and from C02 in  the case  of ZnO [lo]. 
Unfortunately, these c a t a l y s t s  undergo deact ivat ion.  In  f a c t ,  deac t iva t ion  
is so s e v e r e  on ZnO t h a t  methanol  is c o n s i d e r e d  t o  b e  produced by a 
s toichiometr ic  and not  a c a t a l y t i c  reaction. 

Insight  i n t o  t h e  na ture  of the  a c t i v e  site on ZnO t h a t  i n t e r a c t s  with 
CO or co2 is obtained from t h e  s tudy of  t h e  decomposition of methanol and 
2-propanol. When methanol was decomposed on s i n g l e  c r y s t a l  ZnO sur faces  
using temperature programmed decomposition technique, i t  was found t h a t  t h e  
Zn-polar f a c e  is t h e  m o s t  a c t i v e  s u r f a c e  [4] .  T h i s  o b s e r v a t i o n  h a s b e e n  
l a t e r  s u b s t a n t i a t e d  b y  t h e  c a t a l y t i c  d e c o m p o s i t i o n  of  2-propanol  on 
d i f f e r e n t  c r y s t a l  planes of ZnO [5]. The turnover frequencies a t  455OC and 
t h e  ac t iva t ion  energy of  t h i s  reac t ion  a r e  shown i n  t h e  following tab le :  

mrnover 
f requencies  

Surf ace a t  455 C, X10-3 s-l Eact, kcal/mole 

Zn-polar 1.5 
steppea nonpolar 0.4 
C-polar 0.35 

11.7 
9.6 
8.4 

Although s i m i l a r  c a t a l y t i c  measurements on methanol decomposition have not 
b e e n  made, t h e  s i m i l a r i t y  i n  t h e  m e c h a n i s m  b e t w e e n  2 - p r o p a n o l  
dehydrogenation t o  acetone and methanol dehydrogenation t o  CO, and the f a c t  
t h a t  a s imi la r  trend i n  r e a c t i v i t y  is observed i n  temperature programmed 
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decomposi t ion  o f  b o t h  a l c o h o l s  s u g g e s t  t h a t  a s i m i l a r  t r e n d  should be 
expected i n  t h e  c a t a l y t i c  decomposition of methanol. 

on the  Zn-polar surface, the  decompostion of  methanol proceeds i n  two 
separate  pathways: a dehydrogenation pathway that leads  t o  t h e  production 
of formaldehyde, CO and H2, and an oxidat ion pathway i n  which an adsorbed 
methoxy is f i r s t  oxidized t o  formate which then decomposes to  H2, CO, CO2, 
and H20. Recent da ta  fur ther  show that metallic zinc is desorbed together 
with t h e  dehydrogenation products 161. I t  is postulated t h a t  t h e  desorbed 
Zn or iginated from a surface site that is reduced during t h e  oxidat ion of 
aasorbed methoxy i n t o  formate according to  t h e  schene: 

U 

The above scheme is d e r i v e d  

C H 2 0 ,  CO, H 2 ,  Z n  

f o r  t h e  methanol decompostion reaction. 
I t  should  be a p p l i c a b l e  t o  t h e  methanol  s y n t h e s i s  r e a c t i o n  because  of 
microscopic r e v e r s i b i l i t y .  Both CO and CO2 have been shown t o  be a c t i v e  in  
t h e  hydogenat ion  r e a c t i o n  171, and f o r m a t e  h a s  been p o s t u l a t e d  t o  be  a 
react ion intermediate. Formate can b e  formed by the  inser t ion  of CO i n t o  
surface hydroxyl, and by the  hydrogenation of COP There is contraversy a s  
t o  t h e  r e l a t i v e  impor tance  o f  t h e s e  r o u t e s  [8]. Based on t h e  d i s c u s s i o n  
above, one may pos tu la te  t h a t  t h e  a c t i v e  site on ZnO composes of a region 
c o n t a i n i n g  some reduced Zn s u r f a c e  ions.  The r e a c t i o n  c y c l e  f o r  C02 
hydrogenation proceeds as:  (i) carbon dioxide is adsorbed on t h e  site next 
t o  the reduced Zn ion; (ii) H2 is adsorbed on the reduced Zn ion; (iii) the 
adsorbed Co2 is  hydrogenated t o  a formate ;  ( i v )  t h e  reduced Zn i o n  is 
o x i d i z e d  by the  f o r m a t e ,  which i s  hydrogenated t o  a methoxy; (v) t h e  
methoxy is hydrogenated t o  methanol; (vi)  t h e  a c t i v e  site is regenerated by 
reducing the  site with CO and/or H2. 

For CO h y d r o g e n a t i o n ,  t h e  a c t i v e  site may b e  s i m p l y  t h e  reduced 
s u r f a c e  Zn i o n s .  In  t h i s  c a s e ,  t h e  reduced si te or t h e  a n i o n  v a c a n c i e s  
a s s o c i a t e d  w i t h  i t  a c t s  a s  t h e  CO a d s o r p t i o n  site a s  w e l l .  The r e a c t i o n  
may proceed a s  i n  t h e  mechanism proposed e a r l i e r  [9]. 

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  i t  h a s  been r e p o r t e d  on b o t h  ZnO [lo] 
and ZrOZ [3 ] ,  pretreatment  of t h e  c a t a l y s t  i n  a CO and H2 mixture g r e a t l y  
enhances t h e i r  a c t i v i t y  i n  methanol production. Such pretreatment  is more 
e f f e c t i v e  t h a n  H2 a lone .  The r e s u l t s  ment ioned e a r l i e r  on ZnO show t h a t  
methanol  is p a r t i c u l a r l y  e f f e c t i v e  i n  reducing  t h e  oxide.  I t  becomes 
l i k e l y  t h a t  such pretre'atment se rves  t o  generate  a l a r g e  dens i ty  of reduced 
surface sites, which are the  a c t i v e  sites for methanol production. 
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The d i s c u s s i o n s  a b o v e  on  t h e  r o l e  o f  s u r f a c e  d e f e c t s  may b e  
g e n e r a l i z e d  t o  o t h e r  r e a c t i o n s .  I t  h a s  been r e p o r t e d  t h a t  m e c h a n i c a l l y  
polished s i n g l e  crystal sur faces  of ZnO can be reduced by adsorbed CO much 
more r e a d i l y  than cleaved or grown sur faces  [ll]. Presumably, mechanical 
p o l i s h i n g  i n t r o d u c e s  s u r f a c e  d e f e c t s  t h a t  a r e  n o t  e a s i l y  removable  by 
thermal annealing. Clear ly ,  these  d e f e c t s  have a d i f f e r e n t  oxidizing a d  
reducing  power t h a n  i o n s  on  an a t o m i c a l l y  smooth s u r f a c e .  I t  may n o t  b e  
s u r p r i s i n g  t h a t  o n  o x i d e s ,  s u r f a c e  i m p e r f e c t i o n  is t h e  a c t i v e  site f o r  
c a t a l y s i s .  
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