
CHAPTER II
B A C K G R O U N D  A N D  L I T E R A T U R E  R E V I E W

2 .1  B a c k g r o u n d

C a rb o n m o n o x id e  (C O ) is th e  m a jo r  o n e  o f  th e  im p o r ta n t p o llu ta n ts  
p re s e n t  in  th e  a u to m o tiv e  e x h au s t. I t  is a b y -p ro d u c t o f  c o m b u s tio n  c a u se d  b y  
in c o m p le te  c o m b u s tio n  o f  h y d ro c a rb o n s . I t  h a s  a  se rio u s  e f fe c t  o n  h u m a n  an d  
a n im a l n e rv o u s  sy s tem s e v e n  in  lo w  c o n c e n tra tio n s  (T a n ie ly a n  a n d  A u g u s tin e , 
1992).

A  n u m b e r  o f  in v e s tig a tio n s  h a v e  b e e n  c a rr ie d  o u t o n  th re e -w a y  
c a ta ly s ts  (T W C ) te c h n o lo g y  in  re c e n t y ea rs . T h e  d e v e lo p m e n t o f  th e  T W C  
w a s  d ic ta te d  b y  th e  n e e d  to  s im u lta n e o u s ly  c o n v e r t th e  C O , h y d ro c a rb o n s  
(H C s)  a n d  N O * p re se n t in  th e  a u to m o tiv e  e x h a u s t in to  C 0 2, H 20  a n d  N 2. T h e  
c o n v e n tio n a l T W C s e m p lo y e d  in  th e  la te  1980s m o s tly  c o n ta in  R h  a n d  P t  as 
a c tiv e  n o b le  m e ta ls  an d  C e 0 2 (K a sp a r  et a l . , 1999).

C e 0 2 is th e  m o s t s ig n if ic a n t o f  th e  o x id e s  o f  ra re  e a r th  e le m e n ts , 
w h ic h  h a v e  h a s  b ee n  w id e ly  in v e s tig a te d  in  c a ta ly s is  as s tru c tu ra l an d  
e le c tro n ic  p ro m o te rs  to  im p ro v e  th e  a c tiv ity , s e le c tiv ity  a n d  th e rm a l s ta b ility  
o f  th e  c a ta ly s ts  (A le ssa n d ro  et a l. , 1999).

T h e re  a re  m a n y  re a so n s  to  d e p o s it  a  c e r ta in  a m o u n t o f  c e r ia  o n  th e  
su rfa c e  o f  T W C . F irs tly , c e ria  is k n o w n  to  s ta b iliz e , o n  its  su rfa c e , w e ll-  
d isp e rse d  n o b le  m e ta ls  th u s  fa v o u rin g  th e  a m o u n t o f  a c tiv e  su rfa c e  p e r  w e ig h t 
o f  th e  c a ta ly s t. S eco n d ly , c e r ia  is  su p p o se d  to  p ro m o te  w a te r -g a s  sh if t  an d  
h y d ro c a rb o n  re fo rm in g  re a c tio n s  th a t  p la y  a  fu n d a m e n ta l  ro le  in  th e  
e lim in a tio n  o f  C O  an d  H C s  in  re d u c tio n  c o n d itio n s , as w e ll a s  C O  o x id a tio n  in 
o x id iz in g  c o n d itio n s . A n d  la s t b u t n o t lea st, c e r ia  p re se n ts  an  in te re s tin g  
a b ility  to  a c t as a s to re  o f  o x y g e n  d u e  to  its lo w  re d u c tio n  p o te n tia l, th u s
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T h e  ro le  o f  C e 0 2 as an  e ff ic ie n t “ o x y g e n  b u f fe r” is d ire c tly  re la te d  to  
its  c a p a b il i ty  to  u n d e rg o  e ffe c tiv e  re d u c tio n  an d  re -o x id a tio n  u n d e r  r ic h  an d  
le a n  c o n d itio n s , re sp e c tiv e ly . B y  s to r in g  an d  re le a s in g  o x y g en , C e 0 2 k ee p s  
th e  re d u c ta n t/o x id a n t ra tio  in  th e  e x h a u s t c lo se  to  th e  s to ic h io m e tr ic  v a lu e  
w h e re  th e  h ig h e s t  c o n v e rs io n s  o f  all th e  p o llu ta n ts  a re  a tta in e d . M o re o v e r , 
t ra n s ie n t  b u t h ig h ly  p ro d u c tiv e  e x h a u s t c o n v e rs io n  w a s  o b se rv e d  fo r  re d u c e d  
C e 0 2 c o n ta in in g  T W C s. A ll th e se  fac to rs  p o in t to  th e  im p o r ta n c e  o f  the  
C e 4+/C e 3+ re d o x  c o u p le  in  im p ro v in g  th e  T W C s p e rfo rm a n c e s  (V id m a r et al., 
1997).

T h e  e n h a n c e m e n t o f  o x y g e n  s to ra g e  an d  re le a se  is o c c u rre d , by  
sh if tin g  b e tw e e n  C e 0 2 u n d e r  o x id iz in g  c o n d itio n s  an d  C e 20 3 u n d e r  re d u c in g  
c o n d itio n s , re sp e c tiv e ly . A m o n g  th e se  fu n c tio n s , h ig h  o s c  o f  a T W C  is an  
im p o r ta n t p ro p e r ty  in  v e h ic le  a p p lic a tio n , s in c e  it a llo w s  o n e  to  e n la rg e  th e  
o p e ra tin g  a ir /fu e l (A /F ) w in d o w , th e re b y  m a k in g  th e  c a ta ly s t less  se n s it iv e  to  
sm a ll te m p o ra ry  v a r ia tio n s  o f  A /F . F u rth e rm o re , th e  o x y g e n  v a c a n c ie s  
a s s o c ia te d  w ith  re d u c e d  c e ria  in  th e  p ro x im ity  o f  n o b le -m e ta l p a r tic le s  h a v e  
b e e n  s u g g e s te d  as p ro m o tin g  s ite s  fo r  C O  c o n v e rs io n  (F o m a s ie ro  et al., 1995).

R e c e n tly , F o rn a s ie ro  et al. (1 9 9 5 ) re p o r te d  th a t  C O  is e ffe c tiv e ly  
d e c o m p o s e d  a t th e  C e 3+ s ite s  in  th e  R h - an d  P t- lo a d e d  C e -c o n ta in in g  
m a te r ia ls ,  su g g e s tin g  a d irec t p a r tic ip a tio n  o f  th e  re d u c e d  su p p o rt in  th e  C O  
c o n v e rs io n . It w a s  a lso  o b se rv e d  th a t  u p o n  in c o rp o ra tio n  o f  Z r 0 2 in to  a  so lid  
so lu tio n  w ith  C e 0 2, th e  re d u c ib ility  o f  th e  C e 4+ is s tro n g ly  e n h a n c e d  c o m p a re d  
to  p u re  C e 0 2 b o th  in  th e  u n su p p o rte d  an d  m e ta l- lo a d e d  sa m p le s . A s a m a tte r  
o f  fa c t, in  th e  p re se n c e  o f  H 2, a  R h /C e 0.6Zro.40 2 sa m p le  w as  re d u c e d  in  th e  
b u lk  a t te m p e ra tu re s  as lo w  as 4 0 0 ° c . T h is  su g g e s t th a t  su c h  a  sy s tem , w h e n  
o p e ra tin g  in  a re d u c in g  e n v iro n m e n t su ch  as th e  fu e l-r ic h  c o n d itio n s , co u ld

increasing the conversion of CO and HCs in reducing conditions and,
particularly, the conversion of NO in oxidizing conditions (Kaspar e t a l.,
1999).



6

e ffe c tiv e ly  d e c o m p o se  C O  at th e  C e3+ s ites  w h ic h  re su lts  in  an  e n h a n c e d  C O  
re m o v a l e f f ic ie n c y  o f  th e  c a ta ly s t in th e  lo w -te m p e ra tu re  re g im e s . C O  
d e c o m p o s it io n  o c c u rre d  in d e e d  a t te m p e ra tu re  as lo w  as 2 0 0 ° c .

A t th e  sa m e  tim e , c e r ia  p re se n ts  an  im p o rta n t p ro b le m  th a t  p re v e n ts  its 
u se  d ire c tly  as a  c a ta ly tic  su p p o rt in  T W C  c o n v e rte r  b e c a u se  th e  s ig n if ic a n t 
c o n v e rs io n s  a re  a tta in e d  o n ly  a t h ig h  te m p e ra tu re s  in  th e  d r iv in g  c o n d itio n s . 
E n h a n c e d  c a ta ly tic  a c tiv itie s  a t lo w  te m p e ra tu re s  a re  h ig h ly  d es ira b le . In  
o rd e r  to  m in im iz e  v e h ic le  e m iss io n s  d u r in g  th e  c o ld  s ta rt, th e  m a jo r ity  o f  
v e h ic le  a p p lic a tio n s  u tiliz e  c lo se -c o u p le d  c a ta ly s t lo c a tio n s . T h is  re su lts  in  
e x tre m e  c a ta ly s t  te m p e ra tu re s  a t h ig h  d riv in g  sp eed s. W h e n  th e  te m p e ra tu re s  
e x c e e d  a b o u t 9 0 0 ° c  o r a b o v e - th a t can  b e  re a c h e d  e a s ily  b y  th e  c a ta ly s t  in  
n o rm a l o p e ra tio n - it  h as  a  te n d e n c y  to  d e a c tiv a te  th e  c a ta ly s t d u e  to  s in te r in g  
a n d  lo se  its  p o ro u s  s tru c tu re . A s  so o n  as s ig n if ic a n t s in te r in g  o f  C e 0 2 
p a r tic le s  o c c u rs , b o th  o s c  an d  m e ta l-s u p p o rt in te ra c tio n s  a p p e a r  in h ib ite d  
b e c a u s e  o f  th e  c h a n g e s  in  th e  p o re  s tru c tu re  an d  th e  c ry s ta llite  g ro w th , an d  
h ig h ly  p o ro u s  s tru c tu re  o f  th e  c a ta ly tic  su p p o rt is n e c e ssa ry  fo r  an  a d e q u a te  
d isp e rs io n  o f  th e  a c tiv e  p h a s e  (G o n z a le z -V e la sc o  et a l ,  1999).

T h e  in d u s tr ia l re se a rc h  h as  sp e n t s ig n if ic a n t e ffo rts  o n  f in d in g  th e  
so lu tio n  fo r  im p ro v in g  th e  th e rm a l s ta b ility  b o th  b y  m o d if ic a tio n  o f  th e  C e 0 2 
sy n th e s is  a n d  b y  lo o k in g  fo r d if fe re n t ty p e s  o f  p ro m o te rs  an d  s ta b iliz e rs . 
D o p in g  w ith  c a tio n s  su c h  as Z r4+, A l3+o r S i4+ m a y  e ffe c tiv e ly  im p ro v e  th e  
s ta b il i ty  o f  th e  su rfa c e  a re a  o f  c e ria  a t h ig h  te m p e ra tu re . A m o n g  d if fe re n t 
sy s te m s  te s te d , Z r 0 2 a p p e a rs  to  b e  th e  m o s t e ffe c tiv e  th e rm a l s ta b il iz e r  o f  
C e 0 2, p a r tic u la r ly  w h e n  it fo rm s a  m ix e d  o x id e  w ith  ce ria . R e c e n tly , a n ew  
g e n e ra tio n  o f  m ix e d  o x id es  c o n ta in in g  C e 0 2 an d  Z r 0 2 h a s  b e e n  d e v e lo p e d . In  
a d d itio n  to  e n h a n c e d  re d o x  p ro p e rtie s , th e se  m ix e d  o x id e s  e x h ib it  g o o d  
th e rm a l  re s is ta n c e  (C o lo n  et a l ,  1999).



7

2 .2  L i t e r a t u r e  R e v ie w

A c c o rd in g  to  th e  c e ria  c o n ten t, th e  C e 0 2- Z r 0 2 so lid  so lu tio n s  e x is t in  
th re e  d if fe re n t s tru c tu re s , n a m e ly  m o n o c lin ic , te tra g o n a l an d  cu b ic . O z a w a  
a n d  L o o n g  (1 9 9 9 ) sh o w n  th a t th e  d im en s io n s  o f  th e  u n it  c e ll d e c re a se d  
lin e a r ly  w ith  d e c re a s in g  th e  c e ria  c o n te n t fro m  100 to  50 m o l % . A t th e  sa m e  
tim e , fro m  d e n s ity  m e a su re m e n ts , a d ec re a se  in  th e  n u m b e r  o f  a to m s p re se n t 
in  th e  c e ll w a s  o b se rv e d , w h ic h  d en o te s  th e  p re se n c e  o f  s tru c tu ra l d e fec ts . T h e  
b u lk  o f  th e  m a te r ia l w a s  in v o lv e d  in  th e  re d u c tio n -o x id a tio n  c y c le s , s tru c tu ra l 
d e p e n d e n c e  o f  th e  o s c  m a y  b e  e x p ec ted .

S ev e ra l m e th o d s  h a v e  b ee n  u se d  to  p re p a re  th e  a b o v e  m ix e d  o x id es , 
w h ic h  a re  lo a d e d  w ith  m e ta l, su ch  as p re c ip ita tio n  o r c o -p re c ip ita tio n , 
im p re g n a tio n , io n  e x c h a n g e  an d  so l-g e l tec h n iq u e .

In  th e  ea rly  re p o rts , th e  ad d itio n  o f  Z r 0 2 to  C e 0 2 is m a d e  in  an  
u n c o n tro lle d  w a y , m o s tly  b y  im p re g n a tio n , in  w h ic h  th e  m ix e d  o x id e s  is 
c o n ta c te d  w ith  a so lu tio n  w h ic h  c o n ta in s  th e  m e ta l to  b e  d e p o s ite d  o n  th e  
m ix e d  o x id es . A  su sp e n s io n  is in itia lly  fo rm ed . T h is  su sp e n s io n  is h e a te d  
u n d e r  c o n tin u o u s  m ix in g  in  o rd e r to  e v a p o ra te  th e  so lv e n t an d  to  d isp e rse  th e  
m e ta l o n  th e  m ix e d  o x id es .

T h e  n e x t m e th o d  is th e  ion  e x c h a n g e , w h ic h  c o n s is ts  in  e x c h a n g in g  
e ith e r  h y d ro x y l g ro u p s  o r p ro to n s  fro m  th e  su p p o rt w ith  c a tio n ic  o r a n io n ic  
sp e c ie s  in so lu tio n . In  th is  m e th o d , it is im p o rta n t to  a d ju s t th e  p H  in  o rd e r  to  
m a x im iz e  th e  e le c tro n ic  in te ra c tio n  b e tw e e n  th e  m ix ed  o x id e s  an d  th e  m e ta l 
p re c u rs o r . K n o w le d g e  o f  th e  iso e le c tr ic  p o in t is e sse n tia l i f  m e a n in g fu l 
d isp e rs io n s  a re  to  b e  o b ta in ed .

In  th e  p re c ip ita tio n  o r c o -p re c ip ita tio n  m e th o d , o n e  o r m o re  so lu b le  
sa lts , w h ic h  c o n ta in  th e  m e ta l o f  in te re s t, a re  n e u tra liz e d  th ro u g h  th e  a d d itio n  
o f  a b ase  (u su a lly  a m m o n ia )  to  fo rm  a p re c ip ita te  o r c o -p re c ip ita te  o f  th e  
c o rre sp o n d in g  m e ta l o x id e  g els.
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C o -p re c ip ita tio n  m e th o d  h as  b een  u se d  to  p re p a re  th e  C e 0 2- Z r 0 2 so lid  
so lu tio n . T h e  s tu d y  o f  D a n ie la  et al. (1 9 9 8 ) a im ed  a t d e v e lo p in g  d o p e d -c e r ia  
c a ta ly s ts  w ith  im p ro v e d  tex tu ra l, s tru c tu ra l and  c h e m ic a l p ro p e r tie s  fo r 
e n v iro n m e n ta l a p p lic a tio n s . C e 0.68Z r0.32O 2 an d  C e 0.BoZr0.2oO2 w e re  p re p a re d  b y  
re a c tio n  o f  a  c a tio n ic  s u rfa c ta n t (c e ty ltr im e th y la m m o n iu m  b ro m id e  w a s  u se d ) 
w ith  th e  h y d ro u s  m ix e d  o x id e  p ro d u c e d  b y  c o -p re c ip ita tio n  u n d e r  b as ic  
c o n d itio n s , w h ic h  th e  c a tio n ic  su rfa c tan ts  e ffe c tiv e ly  in c o rp o ra te d  in to  
h y d ro u s  o x id e s  o f  c e ria  an d  z irco n ia . T h e  p re se n c e  o f  c e riu m  in h ib ite d  th e  
a c tio n  o f  a lk y l- tr im e th y l-a m m o n iu m  sa lts  as tru e  te m p la tin g  a g e n ts  a n d  th e re  
w as  n o  fo rm a tio n  o f  a  re g u la r  p o re  s tru c tu re . T h e  e lim in a tio n  o f  su rfa c ta n ts  
u p o n  c a lc in a tio n  g av e  rise  to  th e  fo rm a tio n  o f  h ig h  su rfa c e  a rea , f lu o r ite -  
s tru c tu re d  C e 0 2- Z r 0 2 so lid  so lu tio n  c h a ra c te r iz e d  b y  a fa irly  g o o d  
c o m p o s itio n a l h o m o g e n e ity . S u rfa c ta n ts  co u ld  be a d d e d  to  th e  p o re  liq u id  to  
re d u c e  th e  in te rfa c ia l e n e rg y  a n d  th e re b y  d ec re a se  th e  su rfa c e  te n s io n  o f  w a te r  
c o n ta in e d  in  th e  p o re s . T h is  re d u c e d  th e  sh rin k a g e  an d  c o lla p se  o f  th e  
n e tw o rk  d u r in g  d ry in g  an d  c a lc in a tio n , w h ic h  co u ld  h e lp  to  m a in ta in  h ig h  
su rfa c e  a reas .

S o l-g e l te c h n iq u e s , w h ic h  w as  ch o se  to  b e  a m e th o d  to  p re p a re  th e  
C e 0 2- Z r 0 2 m ix ed  o x id es  in th is  th e s is , h av e  b een  re c o m m e n d e d  to  b e  a 
in te re s tin g  ro u te  to  p re p a re  th e  m ix e d  o x id e  ca ta ly s ts . T h e  te rm  o f  so l-g e l 
d e sc r ib e s  th e  te c h n iq u e  fa irly  a c cu ra te ly , w ith  so l m e a n in g  a  c o llo id a l 
so lu tio n . A  c o llo id  is an  in te rm e d ia te  s ta te  b e tw e e n  b e in g  a so lu tio n  a n d  a 
su sp e n s io n , in  w h ic h  th e  p a r tic le s  o f  th e  so lu te  a re  la rg e  e n o u g h  to  s c a tte r  
lig h t, b u t to  sm all to  se ttle , g en e ra lly  in  th e  ra n g e  o f  b e tw e e n  o n e  a n d  o n e  
th o u sa n d  n a n o m e te rs  (P u rc e ll, 1997). A lso , th e  w o rd  o f  g e l m e a n s  a 
d isp e rs io n  o f  a so lid  su b s ta n c e  in  a flu id  m e d iu m  th a t b e h a v e s  lik e  e la s tic  so lid  
o r a s e m i-so lid  ra th e r  th a n  a liq u id . T h ese  te c h n iq u e s  h a v e  se v e ra l p ro m is in g  
a d v a n ta g e s  o v e r th e  ab o v e  m e th o d s  b ec a u se  th e y  can  “ ta ilo r  m a k e ” c a ta ly s ts  
to  fit p a r tic u la r  a p p lic a tio n s . A d v a n ta g e s  in c lu d e : (i) su p e r io r  h o m o g e n e ity
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and purity ; (ii) b e tter m icro  structural con tro l o f  m etallic  partic les; (iii) h igher 
B ET surface area; (iv) im proved  th erm al stab ility  o f  the supported  m etals; (v) 
w ell-defined  pore size d istribu tions; (v i) the ease w ith  w hich  additional 
e lem ents can  be added; (v ii) inorgan ic  chain-structures can be  genera ted  in  
so lution; and  (viii) a fin e r degree o f  contro l over the hyd ro xy la tion  o f  the 
support can  be obtained. M oreover, the in te resting ly  advantages o f  the sol-gel 
m ethods are the occurring  o f  non -agg lom erated , nanom eter-sized  partic les 
(C auqui and  R odriqu ez-Izqu ierdo , 1992).

In  the so l-gel p repara tions, a m etal alkoxide is used  as the starting 
m aterial. The alkoxide in  an organic  m ed ium  is first hydro lyzed  b y  addition  
o f  w ater, fo llow  by  po lym erization  o f  the hydro lyzed  alkoxide through

Figure 2.1 S chem atic  d iagram  show ing  d ifferences betw een  gels o f  polym ers 
w ith  sign ifican t b ranch ing  and c ro ss-link ing  (a) vs. little b ranching and cross- 
linking (b) (adop ted  from  G onzalez  e t  a l ., 1997)



TE
MP

ER
AT

UR
E

10

condensation  o f  hydroxyl and/or alkoxy groups. W hen the ex ten t o f  
po lym erization  and c ro ss-link ing  o f  po lym eric  m olecu les becom e extensive, 
the entire  so lu tion  becom es rig id  and a so lid  gel is form ed. The size and the 
degree o f  b ranch ing  o f  the inorgan ic  po lym er, and the ex ten t o f  cross-link ing  
have strong  in fluence on po rosity  o f  th is gel, and later, the surface area, pore 
volum e, po re  size d istribu tion , and therm al stability  o f  the final oxide after 
calcination . In general, i f  the gel contains po lym eric  chains w ith  sign ifican t 
b ranch ing  and cross-link ing , the gel has large void  regions, is structura lly  
quite rigid , and the resu lting  oxide after calcination  has m ostly  m acropores 
and m esopores. I f  the gel contains po lym eric  chains w ith  little b ranch ing  and

Figure 2.2 G elation  stage (a), densifica tion  (b) o f  the sol-gel (adop ted  from  
G onzalez e t  a i ,  1997)
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cross-link ing , the gel has sm aller void  regions, is structurally  w eak, and thus 
co llapses read ily  upon calcination. The resu lting  oxide has m ostly  m icropores 
and  low  surface area (G onzalez e t  a l ., 1997).

T he inorganic salts are the o ther starting  m aterials for the prepara tion  
o f  catalyst, w hich  is p repared  by the sol-gel m ethods. C auqui and R odriquez- 
Izqu ierdo  (1992) p roposed  a m ethod to  prepare m onodispersed  colloidal 
partic les o f  rare-earth  oxides, particu larly  C e 0 2, starting  from  inorgan ic  salts, 
such  as ch loride or nitrates by reaction  w ith  urea  in aqueous m edia  at 70°c. 
T he pH , tem peratu re  and aging tim e w ere  the factors con tro lling  the partic le  
size  and the degree o f  hom ogeneity  o f  the pow ders, w hich  cou ld  be obtained 
in th is w ay.

A  prepara tion  o f  m ixed  oxide catalysts by sol-gel technique is the 
in te resting  study. M eeyoo and W right (1999) stud ied  the p repara tio n  o f  C e/Z r 
and C e/Y  m ixed  oxide catalysts, w hich  w ere ach ieved  v ia  the hydro lysis o f  
urea. T he resu lts indicated  th at the resu ltan t partic les w ere h igh ly  un ifo rm  and 
possess so lid  so lu tion  even at low  prepara tion  tem perature  (ca  100°C). It w as 
found  tha t u rea  concentration  had an effect on the p roduction  yield. T he 
su itab le  u rea  concen tration  for the hydro lysis o f  m ixed m etals salt so lu tion  
w as 0.4 M . U rea  did not show  a d istinct effect on the p roduction  rate. O n the 
o ther hand, the tem perature  had a p ronounced  in fluence on the p roduction  
rate. T he optim um  tem perature  w as reported  at 100°c. T he resu lts indicated  
the  evidence o f  p recip ita tion  as the reaction  w as carried  ou t at tem perature  
above 100°c. T he products ob tained  at these  tem peratures w ere  found to  be 
ra ther heterogeneous.

In the recent years, there  are m any researchers w ho  are in terested  in 
the oxygen—storage p roperties o f  ceria  in th ree -w ay  au tom otive catalysts, 
w h ich  w ere  p rom oted  and stab ilized  by m ixing  w ith  zirconia. In the p resen t 
study, th is p rom otion  w as investigated  by  using  m odel catalysts in w hich  ceria  
film s w ere  vapor deposited  onto a -A l20 3 polycrysta lline  Z r 0 2. The results
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deposition  o f  Pd, both  TPD  o f  CO and stead y -sta te  C O -o x id a tio n  k inetics 
suggested  th a t the ceria  film s on the z irco n ia -b ased  substrated  w ere m uch 
m ore easily  red uced  than  film s on ( X - A I 2 O 3 . CO  oxidation  studies have show n 
that, fo llow ing  h igh -tem p era tu re  calcination , ce ria -z irco n ia  m odel catalysts 
show ed h igh er activ ities tow ard  p rom otion  o f  the ceria -m ed ia ted  m echanism  
than  did  ceria  sam ples. The enhanced  activity and therm al stab ility  o f  the 
ce ria -z irco n ia  sam ples appear to resu lt prim arily  from  structural m odification  
o f  the ceria  in  contact w ith  the z ircon ia  (Putna e t a l ., 1999).

O tsuka e t  a l. (1999) studied  about a series o f  C e 0 2-Z r0 2 com posite 
oxides (C e 1 ̂ Z rr0 2), w hich w as characterized  and tested  fo r the gas-so lid  
reaction  w ith  m ethane (CH4) in the absence o f  gaseous oxidant. Cei_rZ r^ 0 2 
w as p repared  by  a co-precip ita tion  m ethod. A suffic ient am ount o f  oxalic  acid 
w as added  to a m ixed  aqueous so lu tion  o f  C e (N 0 3)3 and Z rO C l2 und er 
continuous stirring. A fter the sam ple w as w ashed, the precip ita te  w as dried at 
100°C; the pow der thus ob tained  w as calcined  at 8 0 0 ° c  for 5 h in air. A  solid 
so lu tion  w ith  fluorite  structure w as form ed fo r the sam ples w ith  Z r conten t 
below  5 0  %  (x  [ 0 .5 ) .  F or Cei_xZ iy 0 2 both  desorption  o f  0 2 and reduction  by 
H 2 took p lace  at low er tem peratures as com pared w ith  th at fo r C e 0 2 alone. 
The conversion  o f  CH4 to  H 2 and CO  could be achieved at a tem perature  as 
low  as 5 0 0 ° c  by  using Ceo.sZr0.20 2 in the presence o f  Pt. F igure 2.3 show s the 
X R D  patterns for C e]^Z r^0 2 m ixed  oxides. F igure 2.4 and Table 2.1 show  the 
T P R  profiles and  resu lts ob tained  fo r C q \-xZ i x0 2 (x  =  0, 0.2, 0 .5 , 0 .8  and 1.0) 
and the sum m ary  o f  T P R  results, respectively .
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F ig u re  2.3 X R D  patterns fo r C e \-xZ rx0 2 m ixed  oxides. C eÛ 2 (a), Ceo.8Zro.2O 2 

(b), Ceo.5Zro.5O 2 (c), Ceo.2Zro.gO2 (d) and Z r 0 2 (e) (adopted  from  O tsu ka  e t  a l . ,  
1999)

F ig u re  2 .4  H 2-T P R  p rofiles fo r Ce 1.vZ r t0 2 m ixed  oxides. C e 0 2 (a), 
Ceo.gZro.2O 2 (b), Ceo.5Zro.5O 2 (c), Ceo.2Zro.gO2 (d) and Z r 0 2 (e) (adop ted  from  
O tsuka e t  a i ,  1999)
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Table 2.1 Sum m ary o f  H 2-T P R  profiles for C q \.xZ xx0 2 m ixed  oxides (adopted  
from  O tsuka  e t  a l . ,  1999)

Z r conten t 
(% )

T em perature  (°C) D egree  o f  
reduction  (% )P eak I P eak  II

0 4 1 0 (4 ) 690 (96) 14
20 470 (57) 700 (43) 14
50 5 1 7 (8 9 ) 802 (11) 13
80 528 (100) - 7
100 - - 1

aV alues in paren thesis ind icate  p ropo rtion  (in percentage)
R ecen tly , there  have been several researchers try ing  to  study th e  CO 

ox idation  on P d /C e 0 2- Z r 0 2 catalysts. B ekyarova e t  a l. (1998) investigated  
the  cooperative  effect o f  C e 0 2-Pd on the k inetics o f  C O  oxidation  over 
P d /C e 0 2- Z r 0 2. It w as found th at und er reducing-to -m oderate ly  ox id iz ing  
conditions, a zero-order 0 2 pressure  dependence could  be  in terp re ted  on the 
basis o f  a m echan ism  involv ing  a reaction  betw een  CO  adsorbed  on P d  and 
surface oxygen  from  the support. T hey chose Ceo.6Zro.4O 2 as a support for P d -  
based  catalysts because am ong the solid  so lu tion  contained  40-60 m ol %  o f  
C e 0 2 gave the h ighest degree o f  support reduction  and the low est reduction  
tem peratu re . Pd w as a  m etal o f  choice in the T W C s due to  its ab ility  to 
p rom ote  C O  rem oval during  a cold start o f  the engine. T he C e0 .6Zro.4 0 2 had  a 
B E T  surface area o f  70m 2g '1. The N 2 adsorption  iso therm  at 77 K  w as o f  type 
IV  w ith  H3 hysteresis accord ing  to  IU PA C  classification , w hich  w as 
characteristic  o f  a w ell-developed  m esoporous texture . T he R am an  spectrum  
show n a stro ng  peak  centered  around 475 cm ’1, w hich  w as characteris tic  o f  a 
cubic  fluorite  phase. In sum m ary, P d-loaded  C e0.6Z r0.4O 2 show ed the 
im portan t characteristics w ith  respect to  CO  oxidation. T hey  w ere  an initial 
h igh  surface area, a h igh  o s c  value, w hich  w as closely  associa ted  w ith  the 
reduction  behav iou r o f  the support, a h igh  degree o f  bu lk  reduction  at low
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temperatures, and a strong effect of the supported Pd on the redox behaviour, 
which was not deactivated by redox aging.

A n o th e r  s tu d y  o f  th e  re d o x  b e h a v io u r  an d  c a ta ly tic  p ro p e r tie s  o f  
Ceo.5Zro.50 2-s u p p o rte d  p a lla d iu m  c a ta ly s ts , w h ic h  u se d  fo r C O  o x id a tio n , w as  
p e r fo rm e d  b y  L u o  an d  Z h e n g  (1 9 9 9 ). T h e  Ceo.5Zro.5O 2 so lid  so lu tio n  w a s  
p re p a re d  b y  e v a p o ra tin g  an  a q u e o u s  so lu tio n  o f  th e  m ix ed  m e ta l n itra te s  
c o n ta in in g  an  e q u iv a le n t a m o u n t o f  c itr ic  ac id  to  o b ta in  a  g e l, fo llo w e d  b y  
d e c o m p o s it io n  a t 9 5 0 ° c  fo r  4  h . Its  B E T  su rfa c e  a re a  w a s  11 m 2g '1. T h e  
re d o x  b e h a v io u r  o f  th e se  c a ta ly s ts  w as  in v e s tig a te d  b y  u s in g  H 2-T P R  a n d  C O - 
T P R . T h e  sh a p e  an d  te m p e ra tu re  o f  T P R  p eak s d ep e n d e d  o n  th e  n a tu re  o f  
re d u c in g  a g en t. T w o  p e a k s  w ere  o b se rv e d  w h e n  H2 w a s  u se d  as re d u c in g  
a g e n t fo r th e  fre sh  c a ta ly s t, w h ile  th ree  p ea k s  w ere  o b se rv e d  w h e n  C O  w a s  
u se d  as re d u c in g  ag en t. T h e  p re se n c e  o f  P d  im p ro v e d  th e  re d u c tio n  o f  
Ceo.5Zro.5O 2 su p p o rt, w h ic h  w a s  a ttr ib u te d  to  h y d ro g e n  sp illo v e r. T h e  re d u c e d  
c a ta ly s t  w a s  ea s ily  o x id iz e d . A fte r  re -o x id a tio n  tre a tm e n ts , th e  P d O  re d u c tio n  
p ro c e s s  sp lit  in to  tw o  p e a k s . O n  th e  b as is  o f  th e  c a ta ly tic  a c tiv ity  a n d  C O - 
T P R  re su lts , th e  a c tiv ity  o f  C O  o x id a tio n  w as  re la te d  to  th e  P d  h y d ro x id e  
o r /a n d  f in e ly  d isp e rse d  P d O , w h ic h  a m a x im u m  in  a c tiv ity  e n h a n c e m e n t w a s  
o b se rv e d  a t a P d  c o n c e n tra tio n  o f  0 .2 5 % .

N e w  Z irc o n ia -C e r ia  m a te ria ls  w ere  p re p a re d  b y  so ft c h e m is try  w ith  
th e rm a l tre a tm e n ts  a t te m p e ra tu re s  b e lo w  1 0 0 0 ° c . F o r  th e  p re p a ra tio n , c e r iu m  
n itra te  an d  d if fe re n t z irc o n ia  p re c u rso rs  w e re  u sed : z irco n y l n itra te  o r c h lo rid e  
fo r  c o -p re c ip ita tio n  an d  z irc o n iu m  p ro p o x id e  fo r th e  m o d if ie d  so l-g e l m e th o d . 
B o th  th e  s tru c tu re  an d  th e  te x tu re  o f  th o se  so lid s  d e p e n d e d  on  th e  p ro c e d u re  
a n d  th e  z irc o n iu m  p re c u rso r . By th is  m o d if ie d  so l-g e l m e th o d  a  n e w  c u b ic  
p h a se , Zro.25Ceo.75O 2 w ith  a su rface  a re a  o f  60  m 2g ''w a s  o b ta in e d  w h ile  an  
o r th o rh o m b ic  z irc o n ia  p h a se  w as  id e n tif ie d  fo r so lid s  p re p a re d  e ith e r  b y  c o ­
p re c ip ita t io n  o r so l-g e l m e th o d s . T h e  so l-g e l m e th o d  w a s  p a r tic u la r ly  e f f ic ie n t 
fo r  p re p a ra tio n  o f  C e -Z r-O  m ix e d  o x id es  w ith  h ig h  c e riu m  co n ten ts , o s c
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v a lu e s  w e re  s ig n if ic a n tly  h ig h e r  th a n  in  th e  ca se  o f  c o -p re c ip ita te d  o x id es . 
T h is  w o rk  sh o w e d  th a t g en e ra l Z r 0 2- C e 0 2 sy s tem s, w ith  d if fe re n t s tru c tu re s , 
m ig h t b e  p re p a re d  u s in g  d if fe re n t z irc o n ia  p re cu rso rs . T h e  sp e c if ic  a re a  o f  
th e s e  m a te r ia ls  w as  ab o u t 50  m 2g _1 an d  d id  n o t d e p e n d  on  th e  m o d e  o f  th e  
p re p a ra t io n  an d  th e  c e ria  p e rc e n ta g e . P re p a ra tio n  o f  m a te r ia ls  b y  so ft 
c h e m is try  led  to  th e  sy n th es is  o f  a s ta b le  p h a se  at te m p e ra tu re s  b e lo w  1 0 0 0 °c . 
T h e  fo rm a tio n  o f  an  o rth o rh o m b ic  Z r 0 2 p h a se  a b o v e  300°c a n d  its 
t ra n s fo rm a tio n  in to  a m o n o c lin ic  p h a se  a t 1 0 0 0 °c  w as  a lso  o b se rv e d . F o r  
Zr!_xC e x0 2 m ix ed  o x id es , th e  so l-g e l m e th o d  a llo w e d  th e  sy n th e s is  o f  a 
Zro.25Ceo.75O 2 s ta b le  p h a se , th is  so lid  so lu tio n  w a s  fo r  c e r iu m -r ic h  m ix e d  
o x id e s  a p p e a re d  as g o o d  c a n d id a te s  fo r  im p ro v in g  th e rm a l s ta b ility  an d  
p ro m o tin g  o s c .  P re p a ra tio n  o f  C e 0 2- Z r 0 2 m ix ed  o x id es  b y  so ft c h e m is try  
re p re se n te d  a  v e ry  p ro m is in g  m e th o d  to  o b ta in  s ta b le  m a te r ia ls  w ith  h ig h  
o x y g e n  m o b ility  (R o ss ig n o l et al., 1999).

O th e r  m o d if ie rs  h a v e  b ee n  s tu d ie d  in  1997 b y  V id m a r et al. T h e y  
c a rr ie d  o u t th e  e x p e r im e n t to  d e te rm in e  th e  e ffe c t o f  tr iv a le n t d o p a n ts  o n  th e  
re d o x  p ro p e r tie s  o f  Ceo.6Zro.4O 2 m ix e d  o x id e . T h e  h ig h  su rfa c e  a re a  
C e 0.6Z r0.4.xM xO 2.x/2 (M  =  Y 3+, T a 3+, G a 3+, X =  0 .0 1 -0 .1 0 ) w a s  sy n th e s iz e d . T h e  
p re s e n t  in v e s tig a tio n  h a d  id e n tif ie d  an  im p o rta n t ro le  o f  tr iv a le n t d o p a n ts  in  
im p ro v in g  th e  o x y g e n  e x c h a n g e  a t lo w  te m p e ra tu re s  in  th e  Ceo.6Zro.4O 2 m ix e d  
o x id e , c o m p a re d  to  th e  u n d o p e d  sy s tem . T h is  e ffe c t w a s  c le a rly  sh o w n  in  th e  
sa m p le  su b je c te d  to  e x te n s iv e  s in te rin g  in d u c e d  b y  re d o x  cy c le s . T h e  a d d itio n  
o f  a n  a p p ro p ria te  tr iv a le n t c a tio n  a ffe c te d  th e  te x tu ra l p ro p e r tie s  and , m o s t 
im p o r ta n tly , it fa v o red  th e  h o m o g e n e ity  o f  th e  c u b ic  p h a se s . U se  o f  c itra te s  
w a s  in d ic a te d  as an  e ff ic ie n t ro u te  fo r an  e ff ic ie n t c a tio n  in se r tio n  in to  th e  h o s t 
C e 0 2 la ttice .

T h e  fu tu re  tre n d  o f  re se a rc h  o n  th e  ro le  o f  m ix e d  o x id e  c a ta ly s t w o u ld  
a p p e a r  to  o ffe r  m o s t c h a n c es  o f  im p ro v e d  th e  C O  c o n v e rs io n  d u r in g  th e  
o x id a tio n  re a c tio n  o f  C O .
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