
R E S U L T S  A N D  D I S C U S S I O N
C H A P T E R  IV

4 .1  C a t a ly s t  C h a r a c t e r iz a t io n

T his section  show s the effects o f  the am ount o f  ceria  (C e) and  z ircon ia  
(Z r) load ing  on the catalyst characterizations, w hich  are the B E T  surface  area, 
X -ray  d iffrac tion  (X R D ), tem perature p rogram m ed reduction  (T PR ), FT - 
R am an  spectroscopy  and scanning electron m icroscopy (SEM ).

4.1.1 B E T  surface area
T he Cei_xZrx0 2 m ixed oxide catalysts surface areas (x =  0 , 0 .25, 

0 .50, 0 .75, 1.0) w ere  m easured by the m ultiple po in t B E T  m ethod . T he effects 
o f  Ce and Z r loadings and calcination tem peratures on the B E T  su rface areas 
o f  catalysts w ere  given in T ables 4.1 and 4.2.

T a b le  4 .1  B E T  surface areas o f  catalysts p repared  w ith  the ag ing  tim e  =  50 h
C alcination B ET Surface A rea  (m / g '1)

T em peratu re
(°C)

Ce ะ Z r R atio
1 0 0  : 0 75 : 25 50 : 50 25 ะ 75 0  : 1 0 0

500 101.60 108.42 116.00 120.14 79.03
900 4.638 9.20 12.54 21.30 12.24
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T a b le  4 .2  B E T  surface areas o f  catalysts p repared  w ith  the ag ing  tim e =  120 h
C alcination B E T  Surface A rea  ( m z g  )

T em peratu re
(°C)

Ce : Z r R atio
1 0 0  : 0 75 ะ 25 50 ะ 50 25 : 75 0  : 1 0 0

500 105.1 115.1 125.3 133.7 86.28
900 6.719 9.589 28.60 34.13 33.51

A s show n in  T ables 4.1 and 4.2 , it is found th at th e  B E T  
su rface  areas o f  C ç \ .xZ rx0 2 m ixed  oxide catalysts (x  -  0.25, 0.50, 0.75) 
calc ined  at bo th  500 and 900°c are h igher th an  th at o f  p u re  C e 0 2. The 
exp lana tion  for these  results m ay lie w ith  th e  shapes o f  the ind iv idual 
partic les. T he  pure  C e 0 2 partic les are m ainly  long th in  need le  shaped, 
w hereas the z ircon ia  doped ceria  partic les are long th in  need le  shaped, and  the 
need les can  be arranged  in  a spherical shape, therefore  resu ltin g  in a larger 
su rface  area  th an  a  relatively  sm ooth  surfaced long  th in  need le  sh aped  w ould  
have.

M oreover, w hen  the am ount o f  added  zircon ia  w as increased , it 
can  be seen th a t the B E T  surface areas o f  the Cei^Zr^O  2 m ixed  oxide catalysts 
w ere  increased . F or an exam ple, the sam ples p repared  w ith  th e  ag ing  tim e 
equal to  5 0  h  and calcined  at 5 0 0 ° c ,  the  B E T  surface area  o f  Ceo.25Z r0.750 2 

( 1 2 0 .1 4  m 2g_1) is h igher th an  C e0.50Z r0.50O 2 (1 1 6 .0 0  m 2g '1) and  Ceo.75Z r0.250 2 

( 1 0 8 .4 2  m 2g '1), respectively . T his can  be expla ined  by  the fo llow ing  
exp lanation , th e  addition  or incorporation  o f  z ircon ia  to  ceria  as m ixed  oxides 
can  enhance the  th erm al stability  o f  C e 0 2, resu lting  in b e tte r res istance  o f  
sin te ring  and  deactivation  processes. It is clear th a t C e 0 2 undergoes a rap id  
c ry sta llite  grow th  p rocess since the B E T  surface areas o f  b o th  catalysts that 
have  the ag ing  tim e equal to  5 0  and 1 2 0  h decrease sign ifican tly  m ore  th an  in 
the  Cei.^Zr^O2 m ixed  oxide sam ples (x =  0 .2 5 , 0 .5 0 ,  0 .7 5 ) .  T herefore , the 
crysta llite  g row th  p rocess is retarded  or d isfavourd  by  the in corpo ra tion  o f  Z r 
ions in to  th e  C e 0 2 m atrix . T he catalysts, w hich  the aging tim e equal to  1 2 0  h,
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have larger B E T  surface areas than those o f  50 h do. S ince, the spherical 
shape o f  the partic les that arranged from  the needles occurred  in the function  
o f  the ag ing  tim e.

From  Tables 4.1 and 4.2, the results show  that even  the 
C e l .xZ rx0 2 m ixed  oxide catalysts w ere  calcined at high tem pera tu re  (900°C), 
th e ir B E T  surface areas w ere still larger than the catalysts p rep ared  by  o ther 
conven tional m ethods. These results support for the hypo thesis, w h ich  the 
catalysts p repared  by the sol-gel technique can have a h igher su rface  area 
com pared  to  the conventional techniques. On the basis o f  th e  sam e reactan ts, 
for the exam ples, from  the B ET surface area o f  the m ixed  oxides p rep ared  by 
the co -p recip ita tion  m ethod, w hich  w as studied by R ossigno l e t  a l .  (1999). 
F o r the m ixed  oxides calcined at 5 0 0 ° c ,  the B E T  surface areas o f  C q \.xZ vx0 2, 
w hich  X  = 0 , 0 .2 5 ,  0 .5 0  and 1.0, w ere 47, 53, 44 and 36, respectively .

B E T  surface areas o f  the catalysts calcined  at 9 0 0 ° c  w ere 
sm aller than  those calcined at 5 0 0 ° c .  Since, a sin tering  o f  catalyst w as 
occurred  at h igh  tem perature  resu lted  in a decreasing  surface area.

4 .1 .2  X -ray D iffraction  rX R D )
T he X R D  patterns o f  sam ples w ith  d ifferen t Ce and Z r loadings 

are g iven  in  F igures 4.1 and 4.2 for the sam ples calcined at 5 0 0 ° c  and F igures
4 .3  and 4.4  for the sam ples calcined at 9 0 0 ° c  w ith  the vary ing  ag ing  tim e.

F or the C e UrZ rv0 2 m ixed oxide catalysts th at have th e  ag ing  
tim e equal to  5 0  and 120 h and calcined at 5 0 0 ° c ,  as can be seen in F igures
4 .1  and 4.2 , there are tw o X R D  patterns, w hich  are Ceo.50Zro.50O 2 and 
C e 0.75Z r0.25O 2 m ixed oxide catalysts, that sim ilar to  the X R D  pattern  o f  C e 0 2 

alone.
T he X R D  pattern  o f  Ce0.5oZr0.5o02 m ixed oxide catalyst show n 

the six  m ain  reflec tions typical o f  a fluorite-structured  m aterial w ith  a fee cell, 
co rrespond ing  to  the (111), (200), (220), (311), (222) and (400) p lanes (at
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about 29°, 33°, 48°, 56°, 60°and 70°, (29)). There w as som e te tragonality  o f  
the ob tained  p hase  as suggested  by the sp litting  o f  the ( 1 1 1 ), (2 0 0 ) and (2 2 0 ) 
reflec tion  at abou t 30°, 35° and 50°(20), respectively .

F or Ceo.75Zro.25O 2 m ixed oxide catalyst, the  six  m ain  reflec tions 
typ ical o f  a fluorite-structu red  m aterial w ith  a fee cell also  be observed.

C ei^Z rx0 2 preferably  crystallizes into a cubic structure  i f  X  is 
equal or lo w er than  0.50, w hereas a te tragonal cell is p referred  fo r X  is h igher 
than  0.50.

N ote  that after calcination  at 5 0 0 ° c ,  the  sam ple X R D  pattern  
bo th  had  the  ag ing  tim e equal to 5 0  and 120 h (F igures 4.1 and 4 .2 ) show n no 
ev idence for ex tra  peaks due to  non incorporated  ZrC>2 w as found in any X R D  
spectrum , suggesting  that Z r 0 2 w as incorporated  into the C e 0 2 la ttice to  form  
a so lid  so lu tion  w hile  m ain tain  the fluorite structure.

T he X RD  patterns o f  C ei.xZrx0 2 m ixed  oxide catalysts that 
have the ag ing  tim e equal to  5 0  and 120 h and calcined  at 9 0 0 ° c  are show n in 
F igures 4.3 and  4.4. The positions o f  X R D  peaks (20) o f  the sam ple  calcined  
at 5 0 0  and 9 0 0 ° c  are a lm ost the sam e, bu t the peak  in tensity  o f  the sam ple 
calcined  at 9 0 0 ° c  is h igher than the sam ple calcined at 5 0 0 ° c .  T he d ifferen t 
in tensity  o f  the peaks m ay orig inate from  the d ifferen t degree o f  po ro sity  and 
c ry sta llin ity  o f  C e 0 2 and ceria-zirconia.
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F ig u r e  4 .1  X R D  p a tte rn s  fo r  C e i.vZ r v0 2 m ix e d  o x id e  c a ta ly s ts  w ith  th e  ag in g  tim e  =  50 h  an d  c a lc in e d  a t 500°C : (o )
te tra g o n a l p h ase ; (W ) cu b ic  p h ase
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The X RD  pattern o f  C e 0 2 a lone is assigned  to  be a fluorite- 
cubic phase. The X RD  patterns that sim ilar to  C e 0 2 are observed  in 
C e0.50Z r0.50O 2 and Ceo.75Zro.25O;) m ixed oxide catalysts.

The X RD  pattern  o f  C e0.5oZr0.5o02 m ixed oxide catalyst show n 
the six  m ain  reflections typical o f  a fluorite-structured  m aterial w ith  a fee cell, 
co rresponding  to the (111), (200), (220), (311), (222) and (400) p lanes (at 
about 29°, 33°, 48°, 56°, 60°and 70°, (20)). T here w as som e te tragonality  o f  
the ob tained  phase as suggested  by the sp litting  o f  the ( 1 1 1 ), (2 2 0 ) and (2 2 2 ) 
reflec tion  at about 30°, 50° and 60°(20), respectively .

F or Ceo.75Zro.25O 2 m ixed oxide catalyst, the six  m ain reflec tions 
typ ical o f  a fluorite-structured  m aterial w ith  a fee cell also be observed.

F or the sam ples calcined at 9 0 0 °c , Cei_xZ r x0 2 p referab ly  
crysta llizes into a cubic structure i f  X  is equal or low er than 0.50, w hereas a 
te tragonal cell is p referred  for X  is h igher than 0.50, and a m onoclin ic  phase  is 
observed  at the h igher Z r 0 2 content.

A s can be seen in F igures 4.1 to  4.4 that the characteristic  o f  
the patterns o f  Z r 0 2 alone w ere no t observed in any o f  the sam ples, w h ich  had 
vary ing  ratios o f  ceria  to  z ircon ia  (x =  0.25, 0.50 and 0.75). T hese su ggesting  
that Z r 0 2 be incorporated  into the C e 0 2 lattice to  form  a solid  so lu tion  w hile  
m ain ta in  the fluorite structure.
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A  tetragonal cell deriv ing from  a cubic cell w ith  a slight 
d isp lacem en t o f  oxygen anion from  th eir ideal fluorite  sites has been  also 
observed  at com position  o f  X is equal or low er than 0.50. This phase  is 
generally  referred  as a cubic phase  because its X R D  pattern  is indexed  in the 
cubic  F m 3m  space group. The presence o f  a cubic-only  p h ase  in 
Ceo.75Zro.25O 2 m ixed oxide catalysts is in agreem ent w ith  the above 
observations and also indicates that Ce and Z r are hom ogeneously  d istribu ted  
(the p resence o f  Ce- or Z r-rich  dom ains w ould  lead to  p referen tia l form ation  
o f  m ore th an  one phase).

F rom  F igures 4.1 to 4.4, the d iffraction  peaks observed  are 
sh ifted  to  h igher degrees w ith  a rise in the am ount o f  Z r incorpora ted  to C e 0 2. 
T his observation  indicates a shrinkage o f  the lattice due to  th e  rep lacem en t o f  
C e4+ w ith  Z r4+, w hich  coincides w ith  the fact that the cation  rad ius o f  Z r4+ (r 
(Z r4+) =  0.86 Â ) is low er that that o f  C e4+ (r(C e4+) =  1.09 Â ). A s com pared  
w ith  the X R D  spectrum  o f  C e 0 2 alone, X R D  peaks observed  fo r the 
Cei„xZrx0 2  so lid  so lution becam e b roader (x =  0.25, 0.50 and 0.75). This 
b roaden ing  could  be ascribed to  the d istortion  o f  cubic  phase  o f  fluorite  
structure  to  a te tragonal one, w hich  due to the incorporation  o f  Z r in to C e 0 2.

The lack o f  free Z r 0 2 w as also confirm ed by F T -R am an
spectroscopy .
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4.1.3 T em perature  P rogram m ed R eduction  (T P R )
T he reactiv ity  o f  lattice oxygen in Cei_xZrx0 2 m ixed oxide 

catalysts (x =  0 ,  0 . 2 5 ,  0 . 5 0 ,  0 . 7 5  and 1.0) tow ards H 2 w as investigated  by  T PR  
technique. F igures 4.5 and 4.6 show  the T PR  profiles as a function  o f  
tem peratu re  obtained for the Cei_xZrxO 2 m ixed oxide catalysts calcined  at 
5 0 0 ° c  w hile F igures 4.7 and 4.8 show  the T PR  profiles fo r the sam ples 
calcined  at 9 0 0 ° c  w ith  the vary ing  aging tim e.

T w o peaks w ith  m axim a at 507-665°C  and 663-827°C , 
respectively , w ere observed for m ost o f  the sam ples. The relative in tensities 
o f  all peaks strongly  depended on C e 0 2 content.

A ll peaks w ere  associated  w ith  the reduction  o f  the Cei„xZrx0 2 
m ixed  oxide catalysts. In F igure 4 . 5 ,  for C e 0 2 alone, the m ain  peak  for H 2 
consu m ption  w as observed at approxim ately  8 0 5 ° c .  In addition  to  this peak , a 
w eak  peak  w as observed ca. 5 1 4 ° c .  T w o peaks w ere  also investigated  for 
C e 0 2 alone in F igure 4.6, w hich  w ere observed at 8 0 1  and 5 0 8 ° c .  T hese tw o 
peaks w ere also reported  in other studies and w ere in terpreted  to  correspond 
w ith  the reduction  o f  the bu lk  oxygen and the easily  reducib le  su rface oxygen, 
respectively . In contrast w ith  C e 0 2, only very sm all am ount o f  H 2 w as 
consum ed for Z r 0 2 up to 1 0 0 0 ° c  because its structure w as m onoclin ic , w hich  
a lm ost irreducible.
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Figure 4.5 TPR profiles of CQ].xZ tx0 2 mixed oxide catalysts with the aging time = 50 h and calcined at 500°c
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T here w as a very  strong prom otion o f  the reducib ility  o f  the 
C e i^ Z rx0 2 m ixed  oxide catalysts as show n by the appearance o f  a peak  at 507- 
6 6 5 °c  (H enceforth , the feature at 507-665°C  w ill be indicated  as the L T , viz. 
L ow  tem peratu re , peak  and the feature at 663-827°C  as the H T , viz. H igh 
tem peratu re , peak .). A ccord ingly , the L T  and H T  features have to  be 
assoc ia ted  w ith  the reduction  o f  the bulk solid  solutions.

It should  be noted  that the tem perature  o f  the m axim um  o f  the 
L T  peak  strong ly  depends on the nature  o f  the sam ple. It decreases on 
decreasing  the cerium  m olar conten t from  100 to 75 m ol % , w hile  further 
decrease  from  50 to  25 m ol %  b roadens and shifts the L T  peak  to  h igher 
tem pera tu res. A ll H T  peaks, how ever, sh ifted to  low er tem peratures. 
A ltho ug h  sim ilar to  that for C e 0 2 alone, tw o peaks w ere observed  for 
C e0.75Z r0.25O 2 and C e0.5oZr0.5o02; the peak  at the low  tem perature  reg ion  (507- 
665°C ) becam e the m ajor one. O bviously , such a peak could not be ascribed  
only  to  the reduction  o f  the surface oxygen, because the dom in an t H 2 
consum ption  o f  the low  tem peratu re  peaks. The reduction  o f  the bu lk  lattice 
oxygen  in th e  so lid  so lu tion  becom es easier because o f  the d isto rtion  o f  the 
structure , w h ich  caused  by the partia l substitu tion  o f  C e4+ w ith  Z r4+ in th e  sol- 
gel techn iq ue. A s a result, reduction  o f  the bulk lattice oxygen  m ust occur 
sim ultaneously  w ith  the reduction  o f  su rface oxygen.

T he relative in tensities o f  all peaks strongly depend on C e 0 2 
content. T he in tensity  o f  the h igh tem perature  peak is neg lig ib le  for 
Ceo.25Zro.750 2 in both  catalysts th at have the aging tim e equal to  50 and 120 h, 
and calcined  at 5 0 0 °c , resu ltin g  in  only one m ain peak. This is caused  from  
the in fluence o f  the irreducib le  m onoclin ic  form  o f  the larger am ount o f  
z ircon ium  ion added  com pare to  cerium  ion.

F igures 4.7 and 4.8 show  the T P R  profiles as a function  o f  
tem pera tu re  ob tained  for the Ce 1.;,Z rç 0 2 m ixed oxide catalysts ca lcined  at 
9 0 0 °c  w ith  the ag ing  tim e equal to  50 and 120 h, respectively .
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T he reactiv ity  o f  lattice oxygen in Cei_xZ r^ 0 2 m ixed  oxide 
catalysts tow ard  H 2 w as investigated  by T PR  technique. F o r th e  C ei^Z r^O 2 
m ixed  oxide catalysts that had the aging tim e equal to  50 and 120 h, and 
calcined  at 9 0 0 °c , the low  tem peratures w ere alm ost d isappeared  for all ratios 
o f  ceria  to  z ircon ia  (x  =  0, 0.25, 0.50 and 0.75). Since the su rface  areas w ere  
reduced  from  the calcination  at h igh tem perature  (900°C). A s a result, the  low  
tem peratu re  peaks, w h ich  w ere  m ainly  caused by the red uction  o f  su rface  
oxygen, becam e the m inor peaks com pared to  those that ca lcined  at 5 0 0 °c .

T he T P R  patterns show n in F igures 4.7 and 4.8 o f  C e]^ Z r^ 0 2 
m ixed  oxide catalysts calcined  at 9 0 0 °c  indicate that the in creasing  am ou n t o f  
z ircon ium  m olar conten t results in decreasing  the reduction  tem peratu re .

T he sum m ary o f  the results o f  the T P R  experim ents carried  out 
on all the  sam ples hav ing  the aging tim e o f  50 h and 120 h  are rep o rted  in 
T able  4.3 and T able  4.4 , respectively .

Table 4.3 T P R  results o f  catalysts p repared  w ith  the aging tim e =  50 h
Peak temperatures for catalyst reduction (°C) j

Ce : Z r C alcination  T em peratures (°C)

R atios
500 900

LT H T LT H T
100 ะ 0 514 805 ■T* 827
75 : 25 507 791 * 820
50 : 50 536 773 * 786
25 : 75 642 * * 663
0 : 100 * * * *

N o peak  w as observed
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T a b le  4 .4  T P R  resu lts  o f  c a ta ly s ts  p rep ared  w ith  th e  a g in g  t im e  =  120  h
P eak tem peratures for catalyst reduction (°C)

C e  : Zr C a lc in a t io n  T em p era tu res  (°C )
5 0 0 9 0 0

R a tio s L T H T L T H T  1
1 0 0  : 0 5 0 8 801 5 3 5 821
7 5  : 25 5 1 2 7 9 3 * 8 0 4
5 0  : 5 0 531 7 6 3 6 6 5 7 7 2
2 5  : 75 6 5 4 + * 691
0  : 100 * * * *

N o  p e a k  w a s  o b se r v e d

S o m e  in te r e s t in g  fea tu res  im m e d ia te ly  ap p ear fro m  a p eru sa l o f  
T a b le s  4 .3  an d  4 .4 :  fo r m a tio n  o f  a  so lid  so lu t io n  b e tw e e n  cer ia  and  z ir c o n ia , 
w h ic h  s tr o n g ly  p r o m o te s  th e  r e d u c tio n  o f  th e  m ix e d  o x id e  c a ta ly s ts  as a n e w  
r e d u c tio n  fea tu re  w ith  a m a x im u m  b e lo w  6 6 5 ° c ,  is  o b se r v e d . T h e  s p lit t in g  o f  
th e  su p p ort r e d u c tio n  p r o c e s s  in to  tw o  p e a k s  c le a r ly  d ep e n d s  o n  C e 0 2 co n ten t. 
T h e  d ata  rep o rted  in  T a b le s  4 .3  and  4 .4  c le a r ly  s u g g e s t  an  o p tim a l ra n g e  o f  
c o m p o s it io n  is  75  % o f  C e 0 2 fo r  o b ta in in g  a r e d u c tio n  at lo w  tem p era tu res  
( 5 0 7 - 5 1 2°C ). N o ta b ly , th e  L T  p e a k  sh if ts  to w a rd  h ig h e r  tem p era tu res  on  
d e c r e a s in g  th e  C e 0 2 co n te n t . S im ila r ly  fo r  C e 0 2 ( 75% , th e  L T  p e a k  a lso  
sh if ts  to w a r d  h ig h e r  tem p era tu res .

In  su m m a ry , it c le a r ly  ap p ea rs fo rm  th e  T P R  r e su lts  th at th ere  
is  an  o p tim u m  ratio  o f  c o m p o s it io n  (x  =  0 .2 5 )  w h e r e  th e  lo w e s t  r e d u c tio n  
te m p era tu res  are o b se r v e d  and  th at in  th e  c u b ic  stru ctu re th e  r e d u c t io n  p r o c e s s  
is  k in e t ic a lly  fa v o u re d  c o m p a r e d  to  th e  te tra g o n a l o n e .

T h e se  r e su lts  h a v e  th e  s im ila r  tren d s to  th o s e  o f  th e  F o rn a s ie r o
et al. ( 1 9 9 5 )  and  O tsu k a  et al. ( 1 9 9 9 ) .
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4 .1 .4  F T -R a m a n  S p e c tr o sc o p y
F ig u r es  4 .9  to  4 .1 2  s h o w  th e  F T -R a m a n  sp ec tra  o f  Ce]_xZrx0 2 

m ix e d  o x id e  c a ta ly s ts  (x  =  0 , 0 .2 5 ,  0 .5 0 ,  0 .7 5  and  1 .0 ) in  th e  w a v e le n g th  ra n g e  
o f  4 0 0  to  9 0 0  c m '1.
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T he sum m ary  o f  the results o f  the F T -R am an experim ents 
carried  out on all the sam ples are reported  in Table 4.5 for the sam ple that 
calcined  at 500°c, and T able  4.6 for the sam ple that calcined at 900°c.

Table 4.5 R am an sh ift o f  strong  peaks o f  F T -R am an spectra  o f  C e].xZr^ 0 2  

m ixed oxide catalysts calcined  at 5 0 0 ° c

A ging R am an Shift (c m '1)
T im e Ce : Z r R atio

(h) 1 0 0  : 0 75 : 25 50 : 50 25 : 75 0  : 1 0 0

50 465.0 465.0 465.0 * *
1 2 0 463.0 465.0 465.0 * *

N o peak  w as observée
Table 4.6 R am an  sh ift o f  strong peaks o f  F T -R am an spectra  o f  C e \ .xZ vx0 2 
m ixed  oxide catalysts calcined  at 9 0 0 ° c

A ging R am an Shift (c m '1)
T im e Ce : Z r R atio

(h) 1 0 0  : 0 75 : 25 50 : 50 25 : 75 0  : 1 0 0

50 466.9 463.0 465.0 465.0 478.5
1 2 0 466.9 466.9 466.9 468.8 *
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The R am an spectra  o f  bo th  the m ixed oxide catalysts, w hich 
had the aging tim e equal to 5 0  and 120 h, appear very  sim ilar: those that 
calcined  at 5 0 0 ° c  exhib ited  a strong peak  at about 465 cm ' 1 as show n in 
F igures 4 .9  and F igure 4.10. The only one strong adso ip tion  peak centered  at 
465 cm ' 1 typ ical o f  the F2g R am an active m ode o f  a fluorite-structured  
m aterial. T he patterns suggested  som e distortion  o f  the oxygen lattice, w hich 
w as consisten t w ith  the presence o f  cubic phases.

A fter calcination  at 9 0 0 ° c ,  the in tensity  o f  the F 2g m ode for the 
sam ples w as increased, w hich  show n in F igures 4. H a n d  4.12. This is 
consisten t w ith  a sam ple sintering, w hich apparently  leads to  a relatively  
ordered  situation  o f  the oxygen po lyhedra  around the cations (V idal e t a l. 
(1999) and D anie la  e t  a l. (1998)). The d ifferen t in tensity  o f  the b an d  in the 
sam ples m ay  orig inate  from  the d ifferen t degree o f  porosity  and crystallin ity  
o f  C e 0 2 and ceria-zirconia. N o bands characteristic  o f  pure Z r 0 2 w ere 
detected , suggesting  there w as a partial substitu tion  o f  Ce4+ w ith  Z r4+ in  the
lattice  o f  ceria.
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4.1 .5  S cann ing  E lec tron  M icroscopy (SEM )
F igures 4.13 to  4 .2 0  show  the m orphology  o f  the C e 1.xZr.xO2 

m ixed  oxide catalysts (x  = 0 , 0 .2 5 ,  0 .5 0 ,  0 .7 5  and 1.0), w hich  w ere the no t 
ca lcined  sam ples, the sam ples calcined  at 5 0 0 ° c  and the sam ples calcined  at 
9 0 0 ° c ,  obtained  b y  Scann ing  E lectron  M icroscopy (SEM ).

T he partic le  shapes o f  C e 0 2 alone are m ain ly  long th in  need les 
shaped, w h ereas C ei.xZrx02 m ixed  oxide catalysts, w hich  X  =  0.25, 0.50 and
0.75, the pa rtic le  shapes are long th in  need les shaped, and the need les can  be 
arranged  in  a spherica l shaped. The partic le  shapes o f  Z r 0 2 are m ain ly  the 
th ick  sheets, w h ich  look like books. T herefore, the Ceo.75Zro.25O 2 , 
C e0 .5oZr0 .5o0 2 and  Ceo.25Zro.75O 2 m ixed  oxide catalysts, have a h igher B ET 
surface area  th an  C e 0 2 alone.
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(b )
F ig u r e  4 .1 3  SEM pictures of not calcined CeC>2 (a) and Ceo.7 5Zro.2 5 O2 (b ) with
the aging time = 50 h
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( b )

F ig u r e  4 .1 4  S E M  p ic tu re s  o f  n o t c a lc in e d  C e 0.5oZr0.5o0 2 (a) an d  Ceo.25Zro.75O 2
(b ) w ith  th e  a g in g  tim e  =  50  h
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(b )
F ig u r e  4 .1 5  SEM pictures of not calcined ZrC>2 (a) and CeC>2 calcined at
5 0 0 ° c  (b) with the aging time = 5 0  h
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Figure 4.16 SEM pictures of Ceo.75Zro.2 5 O2 (a) and Ce0 .5oZr0 .5o0 2 (b) with the
aging time = 50 h and calcined at 500°c
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(b)
F ig u re  4 .17 SEM  pictures o f  Ceo.25Zro.75O 2 (a) and Z rÛ 2 (b) w ith  the aging 
tim e = 50 h and calcined  at 5 0 0 °c
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(a)

F ig u re  4 .18 SEM  pictures o f  C e 0 2 (a) and Ceo.75Zro.75O 2 (b) w ith  the aging 
tim e = 50 h and calcined  at 900°c
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(b )
Figure 4.19 SEM pictures of Ce0.50Zr0.50O2 (a) and Ceo.25Zro.75O2 (b) with the
aging time = 50 h and calcined at 900°c
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(a)
F ig u re  4 .20  SEM  picture  o f  Z r 0 2 w ith  the aging tim e = 50 h  and calcined  at
90 0 °c  (a)
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4 .2  A c t iv i t y  T e s t

T he activ ity  o f  the catalyst w as successfully  accessed v ia  the p ack ed  
bed reacto r as m entioned in section 3.2.2. F igures 4.21 to  4.25 show  the light 
o f f  tem pera tu re  curves o f  the C ei.^Zr^02 m ixed oxide catalysts (x =  0 .25, 0.50 
and  0.75), w h ich  w ere  tested  under oxidizing and reducing  cond itions. The 
tem peratu res at the conversion  o f  CO equal to  50 %  (T50) are tabu la ted  from  
the curves show n in  the T ables 4.7 to 4.10.

T he reaction  tem perature  for the light o f f  tem perature  test w as in  the 
range o f  200-400°C. T he lim itation  o f  the tem perature  w as caused  from  the 
g lassw are used , w hich  w as the P yrex glass บ -tube m icroreacto r th at cann o t 
stand for th e  tem perature  above 400°c. T he heating  rate w as l° c /m in . The 
flow rate  o f  the to tal reactan t gas w as 50 m l/m in.

T he am ount o f  catalyst used per run o f  reaction  w as abou t one gram .
T he value o f  T 50 o f  the catalyst can im ply  for its cataly tic  activ ity , 

w hich  is th e  C O  oxidation  in this w ork. The catalyst that has low er va lue  o f  
T 50 w ill have h igher cataly tic  activ ity  for CO oxidation.



Figure 4.21 Light off temperature curves under oxidizing condition of the solid solution with the aging time = 50 h and
calcined at 500°C: (♦ ) Ceo.75Zro.25O2 , ( ■  )Ce0.5oZr0.5o0 2 and (A ) Ceo.25Zro.75O2 mixed oxide catalysts
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Figure 4.21 shows the light off temperature curves of the Ce!.xZrT02 
mixed oxide catalysts for CO oxidation under oxidizing condition (x = 0.25, 
0.50 and 0.75, respectively), which had the aging time equal to 50 h and 
calcined at 500°c.

The light off temperatures (T5 o) of the Cei_xZrx0 2  mixed oxide 
catalysts (x = 0.25, 0.50 and 0.75) were compared. It was found that T50 of 
Ceo.7 5 Zro.2 5 O2  and Ce0 .5 oZr0 .5 o0 2  were almost the same (353 and 356°c, 
respectively), and higher than T5 0  of Ceo.2 5 Zro.7 5 O2 . The CO conversion of 
Ceo.2 5 Zro.7 5 O2  could not reached 50 % in the range of reaction temperature 
(200-400°C), it reach only 20 % of CO conversion at about 401°c. From the 
results, it can be determined that among the samples that has the aging time 
equal to 50 h and calcined at 500°c, the Ce0 .5 oZr0 .5 o0 2  and Ceo.7 5 Zro.2 5 O2  

mixed oxide catalysts have the higher catalytic activity for CO oxidation than 
Ceo.2 5 Zro.7 5 O2  mixed oxide catalyst.

This result can be explained by the data obtained from the catalyst 
characterization in this work. Firstly, from the XRD result in section 4.1.2 of 
these samples (Figure 4.1), it can be seen that the XRD pattern that similar to 
the fluorite cubic type of C e0 2  alone is observed in Ceo.7 5 Zro.2 5 O2  and 
Ce0 .5 0 Zr0 .5 0 O2  mixed oxide catalysts, respectively. On the other hand, the 
peaks of Ceo.2 5 Zro.7 5 O2  show the characteristic of tetragonality, which caused 
by the increasing amount of added zirconia. It can be concluded that 
occurrence o f the solid solution is mainly observed in Ceo.7 5 Zro.2 5 O2  and 
Ce0 .5 0 Zr0 .5 0 O2  mixed oxide catalysts, respectively, and only small amount 
might occurred in Ceo.2 5 Zro.7 5 O2 .

The Raman spectra of these samples (Figure 4.9) also support this 
conclusion, and in addition, it proves that Ceo.2 5 Zro.7 5 O2  is not a solid solution.

As already mentioned in the background and literature review of this 
work (CHAPTER II) that the solid solution can be reduced easily even at low 
temperature, resulted in higher conversion of CO. Therefore, Ceo.7 5 Zro.2 5 O2
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a n d  C e 0.5o Z r0.5o0 2 s o l id  s o lu t io n s  h a v e  th e  h ig h e r  c a ta ly t ic  a c t iv i ty  f o r  C O  
o x id a t io n  th a n  C eo .25Zro.75O 2 m ix e d  o x id e  c a ta ly s t .

Ambiguously, from their TPR results (Figure 4.5 and Table 4.3), 
Ceo.7 5 Zro.2 5 O2  has the reduction peak at lower temperature than Ce0 .5 0 Zr0 .5 0 O2 , 
thus, T 5 0  of Ceo.7 5 Zro.2 5 O 2  should lower than T5 0  of Ce0 .5 0 Zr0 .5 0 O2  instead of 
almost the same value in this experiment (Figure 4.21). I t  is possible that 
Ceo.7 5 Zro.2 5 O2  solid solution is effected by moisture in the air resulted in its 
decreasing catalytic activity for CO oxidation.
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Figure 4.22 Light off temperature curves under oxidizing condition of the solid solution with the aging time = 50 h and
calcined at 900°C: (♦ ) Ceo.75Zro.25O2 5 ( ■  ) Ce0.50Zr0.50O2 and (A ) Ceo.25Zro.75O2 mixed oxide catalysts
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Figure 4.22 shows the light off temperature curves of Ce].xZrx0 2 
mixed oxide catalysts under oxidizing condition (x = 0.25, 0.50 and 0.75), 
which had the aging time equal to 50 h and calcined at 9 0 0 ° c .

The XRD pattern (Figure 4.3) and Raman spectra (Figure 4.11) reveal 
that there are the observation of solid solution mostly in Ce0 ,7 5 Zr0. 2 5 O2 , 
Ce0 .5 0 Zr0 .5 0 O 2  and Ceo.2 5 Zro.7 5 O2  mixed oxide catalysts, respectively. As a 
result, Ceo.7 5 Zro.2 5 O2  should have lowest T5 0 , Ce0 .5 oZr0 .5 o0 2  and Ceo.2 5 Zro.7 5 O2  

mixed oxide catalysts, respectively, as observed from the experiment (Figure 
4.22).

From the TPR results (Figure 4.7), the low temperature peaks o f that 
can be seen when calcined at 5 0 0 ° c  are almost disappear, and the reductions 
are mainly occur at high temperature. Therefore, the catalytic activity for CO 
oxidation of the samples calcined at 9 0 0 ° c  is lower than the samples calcined 
at 5 0 0 ° c .  Only the samples calcined at 5 0 0 ° c  were chosen to run the reaction 
further because of their better catalytic activity.



Figure 4.23 Light off temperature curves under oxidizing condition of the solid solution with the aging time = 120 h and
calcined at 500°C: (♦ ) Ceo.75Zro.25O2, ( ■  ) Ce0.5oZr0.5o0 2, and (A ) Ceo.25Zro.75O2 mixed oxide catalysts
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F ig u re  4.23 sh o w s th e  lig h t o f f  te m p e ra tu re  c u rv e s  o f  th e  c a ta ly s ts , 
w h ic h  th e  a g in g  tim e  =  120 h  an d  c a lc in e d  a t 500°c th a t  te s te d  u n d e r  o x id iz in g  
c o n d itio n . T h e  Ceo.75Zro.25O 2 m ix e d  o x id e  c a ta ly s t h as  th e  lo w e s t v a lu e  o f  T 50 

(350°C) c o m p a re d  to  Ceo.50Zro.50O 2 (T 50 =  410°C) an d  Ceo.25Zro.75O 2 m ix e d  
o x id e  c a ta ly s t  (T 50 =  4 4 0 ° c  b y  e s tim a tio n ). T h e  c u rv e  o f  C e 0.5oZr0 .5o0 2 m ix e d  
o x id e  c a ta ly s t  sh o w s  th e  tre n d  to  b e  m o re  a c tiv e  th a n  th e  Ceo.25Zro.75O 2 .

This can be explained by the results of X R D , Raman and TPR. The 
summary from X R D  pattern (Figure 4.2) and Raman spectra (Figure 4.10) 
shows that the solid solution is mainly found in Ceo.7 5 Zro.2 5 O2  and 
Ce0 .5 0 Zr0 .5 0 O2  mixed oxide catalyst, respectively, and just a little amount in 
Ceo.2 5 Zro.7 5 O2  mixed oxide catalyst. This is the reason that why Ceo.7 5 Zro.2 5 O2  

has the highest catalytic activity for CO conversion, which caused by its 
easiest reducible property.

T P R  re su lts  (F ig u re  4.6 an d  T a b le  4.4) a lso  re p o r t  th a t  Ceo.75Zro.25O 2 is 
th e  e a s ie s t  re d u c ib le  c a ta ly s t fo llo w e d  b y  C e 0.5oZr0.5o0 2 a n d  Ceo.25Zro.75O 2 

m ix e d  o x id e  c a ta ly s t, re sp e c tiv e ly .
In  su m m a ry , Ceo.75Zro.25O 2 m ix e d  o x id e  c a ta ly s t, w h ic h  th e  a g in g  tim e  

e q u a l to  120 h  an d  c a lc in e d  a t 500°c, h a d  th e  h ig h e s t  c a ta ly tic  a c tiv ity  fo r  C O  
o x id a tio n  u n d e r  o x id iz in g  c o n d itio n  c o m p a re d  to  th e  o th e rs .

The mixed oxide catalysts, which were Ceo.7 5 Zro.2 5 O2 , Ce0 .5 oZr0 .5 o0 2  

and Ceo.2 5 Zro.7 5 O2  those aged for 50 (Figure 4.24) and 120 h (Figure 4.25) and 
calcined at 500°c, were also tested in the light off temperature tests under 
reducing condition to compare the value o f T5 0  with those done under 
oxidizing condition.
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Figure 4.24 Light off temperature curves under reducing condition of the solid solution catalysts with the aging time = 50 h
and calcined at 500°C: (♦ ) Ceo.75Zro.25O2, ( ■  ) Ce0.50Zr0.50O2, and (A ) Ceo.25Zro.75O2 mixed oxide catalysts

< 1o



%C
O 

Co
nv

ers
ion

Figure 4.25 Light off temperature curves under reducing condition of the solid solution with the aging time = 120 h and
calcined at 500°C: (♦ ) Ceo.75Zro.25O2, ( ■  ) Ce0.50Zr0.50O2, and (A ) Ceo.25Zro.75O2 mixed oxide catalysts
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B e s id e s  th e  re a c tio n s  te s te d  u n d e r  o x id iz in g  c o n d itio n s , th e  re a c tio n s  
u n d e r  re d u c in g  c o n d itio n s  h av e  to  b e  te s te d  b e c a u se  in  th e  ac tu a l c o n d itio n s , 
th e re  m a y  h a v e  th e  h y d ro g e n  in  th e  re a c tio n s . F ig u re  4 .2 4 , w h ic h  sh o w s  th e  
c u rv e s  o f  T 50 u n d e r  th e  re d u c in g  c o n d itio n  o f  Ceo.75Zro.25O 2, C e 0.50Z r0.50O 2 and  
Ceo.25Zro.75O 2 m ix e d  o x id e  c a ta ly s ts  w ith  th e  a g in g  tim e  =  50 h , w a s  c o m p a re d  
w ith  F ig u re  4 .2 5 , w h ic h  sh o w s th e  cu rv e  o f  T 50 o f  th e  c a ta ly s ts  (x =  0 .2 5 , 0 .5 0  
a n d  0 .7 5 ) w ith  th e  a g in g  tim e  =  120 h  an d  c a lc in e d  a t 5 0 0 ° c .

T h e  re su lts  sh o w  th a t th e  Ceo.75Zro.25O 2 c a ta ly s t, w h ic h  h as  th e  a g in g  
t im e  =  50 h  h as  th e  lo w e st T 50 c o m p a re d  to  o th e r  ra tio s , an d  it h as  lo w e r  T 50 

(3 3 6 °C ) th a n  Ceo.75Zro.25O 2 th a t h as  th e  a g in g  tim e  =  120 h  (T 50 =  348 °C ).
T h e  re su lts  fro m  X R D  p a tte rn s , R a m a n  sp e c tra  a n d  T P R  p ro f ile s  can  

a lso  e x p la in  th e  lo w e s t T 50 o f  Ceo.75Zro.25O 2 m ix ed  o x id e  c a ta ly s t as m e n tio n e d  
a b o v e  fo r th e  te s ts  u n d e r o x id iz in g  co n d itio n .

T h e  c o n v e rs io n  o f  C O  u n d e r  re d u c in g  c o n d itio n  w a s  n o rm a lly  less  
th a n  o x id iz in g  c o n d itio n . In te re s tin g ly , in  th is  w o rk , w h e n  C e 0 2- Z r 0 2 m ix e d  
o x id e  c a ta ly s ts  w e re  u sed , T 50 u n d e r  re d u c in g  c o n d itio n  o f  th e  sa m p le s  w e re  
less  th a n  o x id iz in g  c o n d itio n , an d  th is  m e a n s  th e  c o n v e rs io n  o f  C O  is h ig h e r  
u n d e r  re d u c in g  c o n d itio n  (T a b le  4 .7  c o m p a re d  w ith  T a b le  4 .9 , an d  T a b le  4 .8  
c o m p a re d  w ith  T a b le  4 .1 0 ).

T h is  c a u se d  fro m  th e  sp e c ific  p ro p e r ty  o f  c e ria , w h ic h  can  p ro m o te  
w a te r-g a s  sh if t  re a c tio n  (E q u a tio n  (4 .3 )).

C O  +  ÇA) 0 2 — ► c o 2 (4 .1 )
H 2 +  (A ) 0 2 — ► h 20 (4 .2 )
C O  +  h 20 — ► C 0 2 +  บ 2 (4 .3 )

U n d e r  re d u c in g  c o n d itio n , C O  o x id a tio n  (E q u a tio n  (4 .1 ))  is o c c u rre d  
as sa m e  as u n d e r  o x id iz in g  c o n d itio n . B u t, in  a d d itio n , th e  a d d e d  H 2 w as  
re a c te d  w ith  O 2 to  fo rm  w ate r, w h ic h  fu r th e r  re a c te d  w ith  C O  in th e  p ro m o tio n  
o f  c e ria . A s  a re su lt, C O  c o n v e rs io n  u n d e r  re d u c in g  c o n d itio n  is h ig h e r  th a n  
u n d e r  o x id iz in g  co n d itio n .



73

Table 4.7 Light off temperature (T5 0 ) of catalysts prepared with the aging 
time = 50 h under oxidizing condition
Calcination

Temperature
(°C)

t 5 0

Ce ะ Zr Ratio
75 ะ 25 50 ะ 50 25 ะ 75

500 356 353 *
900 * * *

* The sample cannot reach 50 % conversion of CO within the range of 
reaction temperature

Table 4.8 Light off temperature (T5 0) of catalysts prepared with the aging 
time = 1 2 0  h under oxidizing condition
Calcination

Temperature
C°C)

T 5 0
Ce ะ Zr Ratio

75 : 25 50 ะ 50 25 ะ 75
500 350 * *

* The sample cannot reach 50 % conversion o f CO within the range of 
reaction temperature

Table 4.9 Light off temperature (T5 0) of catalysts prepared with the aging 
time = 50 h under reducing condition
Calcination

Temperature
(°C)

T 5 0
Ce : Zr Ratio

75 : 25 50 : 50 25 : 75
500 336 380 134
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Table 4.10 Light off temperature (T5 0 ) of catalysts prepared with the aging 
time = 1 2 0  h under reducing condition
Calcination

Temperature
(°C)

T 5 0
Ce : Zr Ratio

75 : 25 50 : 50 25 : 75
500 348 400 *

* The sample cannot reach 50 % conversion of CO within the range of 
reaction temperature

T 5 0 , the temperature giving 50 %  CO conversion for all of the 
catalysts, was found from the figures and was tabulated in Tables 4.5 to 4.8. 
Lower T 5 0  indicated relatively greater catalytic activity (Haruta and Sano, 
1983). The natures of catalysts have an impact on the catalyst activity 
(Tanielyan and Augustine, 1992).

From the results, the amount of zirconia added to ceria had a seriously 
effect on the T50. The addition of zirconium into the lattice of cerium resulted 
in a higher T50. That meant the more zirconium was added, the less catalytic 
activity was achieved.
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