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A B S T R A C T  

A tin oxide  based ceramic  doped  with  ThO2, MgO, and P d C b  is deve loped  to de tec t  the  CO gas. The  sensi t ivi ty  of  gas 
sens ing  is measu red  with  respect  to the  re la t ive  res is tance change  in the  ceramic  mat r ix  upon  the  in t roduc t ion  of  the  CO 
gas, In t e rmed ia t e  opera t ing  t empera tu re  is r equ i red  for the  gas sens ing  and h igh  sensi t ivi ty  is obse rved  at 300~ Metall ic 
Pd  is p resent  in the sensing mat r ix  after mix ing  in ethyl,  whi le  PdO shows up after s inter ing at 800~ The  presence  of  PdO 
enhances  the  CO gas sensi t ivi ty  and the  response  rate. However ,  PdO tends  to be t r ans fo rmed  to Pd  in the  sens ing  pro- 
cess, wh ich  leads to the  deter iora t ion  in the  sensit ivity.  A pos t -oxidat ion  t r ea tmen t  at 600~ proves  to be ef fec t ive  in retain- 
ing PdO and h igh  sensi t ivi ty wi thou t  degrada t ion  can be obtained.  In  addit ion,  a mode l  in the  gas sensing process  is pro- 
posed.  

SnO2 is an n- type semiconductor .  The  chemisorp t ion  of  
a gaseous  species  on the  SnO2 surface can be t reated as an 
e lec t ronic  process  in which  charge  t ransfer  occurs  be- 
tween  the  adsorbed  species and the  semiconductor .  For  
example ,  CO is oxidized on the  SnO2 surface, releases elec- 
t rons to conduc t ion  band, and thus  increases  the  conduc-  
tivity. The  e m p l o y m e n t  of  the change  in the  electr ical  con- 
duc t iv i ty  of  the  s emiconduc to r  is wide ly  used in gas 
sens ing  devices  (1-8). In  order  to improve  the  sensing capa- 
bilities, several  dopan t  mater ia ls  have  been  added  to the  
gas sensor.  The  effect  f rom these.mater ia ls  has been  evalu- 
a ted (1, 9, 10). However ,  some  detai led character is t ics  are 
still not  clear, such as the  state of  the  doped  mater ia ls  ex- 
is t ing in the  sensor, and the  exac t  in teract ion be tween  
t h e m  and the  matr ix.  

The  inf luence of  CO gas on the  res is tance change  of  SnO2 
sensor  p repared  with  var ious  amoun t s  of  PdC12 was inves-  
t igated (11). An o p t i m u m  PdC12 con ten t  a round 2 weight  
pe rcen t  (w/o) y ie lded the  best  response  to CO gas. The  pur- 
POSe of this  research is to s tudy the  sensing character is t ic  
of  SnO2-based sensor  in response  to CO gas wi th  the  opti- 
m u m  conten ts  of the  catalyst.  The  sensor  mat r ix  is investi-  
ga ted  wi th  emphas i s  on the  cont r ibut ion  of  pa l lad ium and 
pa l lad ium ox ide  to the  sensit ivi ty.  In addit ion,  a possible  
sens ing  m e c h a n i s m  is p roposed  and discussed.  

Experimental Procedures 
Powder s  inc lud ing  SnO2 and doping  materials  such as 

MgO, PdC12, and ThO2 were  m i x e d  in e thyl  a lcohol  and ball 
mi l led  for 6h. The  compos i t ion  emp loyed  was 0.95 w/o 
MgO-1.90 w/o PdC12-5 w/o ThO2-SnO2. The  mixed  powders  
were  dr ied  at 150~ and the  agglomera tes  were  then  
c rushed  by an agate mortar .  The  pel let  sample  was m a d e  
in a die under  the  pressure  of  110 MPa. Pel le ts  were  sin- 
tered at 800~ for 45 min  which  was fol lowed by air cool- 
ing. Gold  was emp loyed  for the  e lec t rode  by dc sput te r ing  
(Polaron E5100, Cheshire,  England)  wi th  the  Au th ickness  
contro l led  at 2500• wi th  a th ickness  moni tor .  The  elec- 
t rode  was annealed  at 500~ for 15 min  to obtain  good con- 
tact  wi th  pel let  samples .  

X-ray d i f f rac tometer  (Rikagu, Japan)  was appl ied  to in- 
ves t iga te  the  phase  in the  fabricated sensor. E S C A  (Elec- 

t ron Spec t roscopy  for Chemica l  Analysis,  Pe rk in -E lmer  
PHI  1905, Minnesota)  was also emp loyed  to s tudy  the  oxi- 
da t ion  state of  pa l lad ium catalyst.  The  sensor  res is tance 
change  in response  to the  in t roduct ion  of  CO gas was de- 
t e rmined  f rom the  vol tage across a resistor  in series wi th  
the  sample.  Details of  the  res is tance m e a s u r e m e n t  se tup 
are desc r ibed  e l sewhere  (11, 12). 

Results and Discussion 
Relative resistance change in gas sensing.--The relat ive 

res is tance is def ined as R/Ro, where  R is the  res is tance at 
the  ins tance  of  observa t ion  and Ro the  initial res is tance 
prior  to gas in t roduct ion.  The  relat ive res is tance at 3 min  is 
chosen  as the  final response  value. The  sensi t ivi ty  is then  
def ined as (100%--final re lat ive res is tance value). F igure  1 
shows the  d e p e n d e n c e  of  the  re la t ive  res is tance upon  the  
t empera tu re .  Spec imens  were  emp loyed  for 100 p p m  CO 
gas tes t ing at t empera tu res  ranging f rom 100 ~ to 350~ The 
res is tance of  the  spec imen  decreases  as the  t empera tu re  
increases  up to 300~ It  appears  that  there  exis ts  a lowest  
re la t ive  res is tance  va lue  at 300~ 

The  sens ing  response  at d i f ferent  t empe ra tu r e  is shown 
in Fig. 2. At  h igher  tempera ture ,  the  response  rate is m u c h  
enhanced.  I t  takes  less than 10s to reach the  final re lat ive 
res is tance  va lue  for t empera tu re  h igher  than  300~ The re- 
sponses  to different  CO concent ra t ions  have  also been  
measu red  and the  resul ts  are p resen ted  in Fig. 3. At  300~ 
h igher  sensi t ivi ty  is obtained.  The  h igher  the  CO concen-  
trat ion,  the  larger the  relat ive res is tance change.  F igure  4 
shows  the  response  rate to different  CO concent ra t ions  for 
s in tered pellets  at 300~ which  clearly demons t ra t e s  the 
fast r esponse  rate at 300~ A sa tura ted  va lue  of  re la t ive  re- 
s is tance change  could  be obta ined  wi th in  10s after  the  in- 
t roduc t ion  of  CO gas. Table  I lists the  co r respond ing  initial 
res is tance for each gas test  for di f ferent  CO concentra-  
t ions. These  values  were  adjus ted  to assure  that  the  sample  
possessed  s imilar  initial condi t ion  in each run, as a prel im- 
inary  s tudy  revealed  that  the  gas sensi t ivi ty  would  de- 
crease  w h e n  the  initial res is tance decreased  (13). 

It  should  be  poin ted  out  that  in this s tudy the  sample  
was kep t  at 600~ in air for about  15 min  before  the  n e x t  
run. A series of  tests showed  that  the  re la t ive  res is tance 
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Fig. 1. The relative resistance of the sample 0.95 w/o MgO-1.90 w/o 

PdCI2-5 w/o ThO~-SnO~ in response to 100 ppm CO gas as the function 
of temperature. 

m a i n t a i n e d  a r o u n d  50% af ter  t h e  p o s t - a n n e a l i n g  t r e a t m e n t  
(13). Howeve r ,  for  a s a m p l e  w i t h o u t  p o s t - a n n e a l i n g  a deg-  
r a d a t i o n  in sens i t i v i ty  was obse rved .  T h e  r e su l t  of  a repet i -  
t i ve  t e s t  for  t he  s a m p l e  w i t h o u t  600~ o x i d a t i o n  t r e a t m e n t  
is s h o w n  in Fig. 5. Tab le  II  l is ts  t h e  c o r r e s p o n d i n g  ini t ia l  
r e s i s t ance .  The  sens i t iv i ty  dec rea se s  f rom 50 to 30% as t he  
in i t ia l  re la t ive  r e s i s t a n c e  dec rea se s  f rom 12.1 to 7.7 -+ 0.2 
M~.  T h e  d e g r e e  of  d e g r a d a t i o n  in t h e  sens i t iv i ty  is, how-  
ever ,  d i m i n i s h i n g  a f te r  severa l  tests .  

Pd-PdO transformation.--In d i s c u s s i n g  t he  role of  t he  
P d  ca ta lys t  in  t he  s ens i ng  process ,  we  no t e  t h a t  PdCl2 is 
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Fig. 3. The relative resistance of the sample 0.95 w/o MgO-1.90 w/o 
PdCI2-5 w/o ThO2-SnO~ in response to different CO gas concentration. 

so lub le  in  e thy l  a lcohol  a n d  t e n d s  to be  d e c o m p o s e d  to P d  
a n d  C12 a r o u n d  500~ (t4). A n  x-ray d i f f rac t ion  p a t t e r n  re- 
vea l ed  t h a t  meta l l i c  P d  ex i s t ed  in t h e  d r i ed  p rec ip i t a t e s  of  
PdC12 in  e thy l  a lcohol  (13). To c o n s i d e r  t h e  pos s ib l e  p h a s e s  
for  t h e  c o n s t i t u e n t s  in  t h e  ceramic ,  we e x p l o r e  t h e  free 
ene rg i e s  da ta  l i s ted  be low (15) 

SnOm~ = SnO<sl + 1/2 O2(gl [1] 

AGO1 = 

73,240 + 10.43T log T - 59.05T - 0.8 x 10 aT2 - 2.48 x IO'~/T 

SnO2(s, = Sn~s~ + 02 [2] 

AG~ = 140,180 - 51.52T 

•100 
A-' 3 1 i 0 ~  
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Fig. 2. The relative resistance of the sample 0.95 w/o MgO-1.90 w/o PdCI2-5 w/o ThO2-Sn02 in response to 100 ppm CO gas 
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Fig. 4. The response of the sample 0.95 w/o MgO-1.90 w/o PdCI~-5 w/o ThO2-Sn02 to different CO gas concentration at 300~ as the function of 
time. 

ThO2(s) = Th,~ + O2(~) 
AG% = 293,400 + 1.61T log T - 47.7T 

MgO(~ = Mg(,~ + 1/2 O2(~, 
AG~ = 144,350 + 2.95T log T - 33.95T 

Pd~si + 1/2 O2(~ = PdO(~l 
AG% = -22,400 - 5.75T log T + 36.9T 

[3] 

[4] 

[5] 

For  a t e m p e r a t u r e  lower  than  1000~ the  values  of  hG~ 
AG%, AG~ hG~ given above  are all grea ter  t han  zero, 
w h i c h  ind ica te  tha t  SnO2, ThO2, MgO are s table  phases  
dur ing  the  s in te r ing  process .  Howeve r  AG% is grea ter  t han  
zero at t e m p e r a t u r e s  h igher  t h a n  890~ and  less t h a n  zero 
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Fig. 5. The relative resistance of repetitive test to 100 ppm CO at 

300~ for the sample 0.95 w/o MgO-1.90 w/o PdCI2-5 w/o ThO2-Sn02 
without post-oxidation treatment. 

at t e m p e r a t u r e s  lower  t han  890~ Hence ,  P d O  is s table  at 
t e m p e r a t u r e s  lower  t han  890~ and  Pd  prevai ls  at t empera -  
tu res  h igher  t han  890~ It  is in te res t ing  to note  tha t  P d  
cou ld  be  ox id ized  at a lower  t empera tu re ,  whi le  P d O  re- 
d u c e d  at a h igher  t empera tu re .  More  t h e r m o d y n a m i c  data 
involv ing  SnO2, SnO, Pd,  PdO,  ThO2, and  MgO are pre- 
s e n t e d  as fol lows 

SnO2~s~ + P d ~  = Sn~s~ + P d O ~  + 1/2 O2(g~ [6] 
AG~ = 117,780 - 5.75T log T -  14.62T 

SnO2(~) + Pd(s~ = SnO(s~ + PdO(s~ [7] 
hG~ = 

50,840 - 4.68Tlog T -  2 2 .1 5 T -  0.8 • 10-3T 2 - 2.48 • 105/T 

ThO2,~l + Pd(~ = Th(si + PdO(s~ + 1/2 O2r [8] 
AG~ = 271,000 - 4.14T log T - 10.8T 

MgO(s~ + Pd(~ = Mg(,~ + PdO(~, [9] 
AG~ = 121,950 - 2.8T log T + 2.95T 

When  the  t e m p e r a t u r e  is less  t han  890~ AG~ AG~ AG~ 
AG% are all grea ter  t han  zero, t hus  it is imposs ib l e  for t he  
reac t ions  in Eq. [6], [7], [8], and  [9] to move  toward  the  right-  
h a n d  side. 

To have  the  poss ib i l i ty  of  obse rv ing  the  ex is t ing  phases  
in th is  material ,  two specia l  s p e c i m e n s  were  p repared .  One 
was  SnO2 + 20 w/o PdC12, a n o t h e r  ThO2 + 25 w/o PdC12 + 
10 w/o MgO. F igures  6 and  7 p r e s e n t  the  x-ray d i f f rac t ion  
pa t t e rn  of  s p e c i m e n s  SnO2 + PdC12 and  ThO2 + PdC12 + 
MgO, respect ive ly ,  af ter  m i x i n g  and  ca lc inat ion  at 800 ~ and  
900~ P d  s h o w e d  up after  drying,  w h i c h  was  an ind ica t ion  

Table I. The initial resistance in the sensing ceramic 
corresponding to Fig. 4 

C O  
c o n c e n t r a t i o n  

(ppm) 40 80 100 120 160 

Ro 
(Ml~) 14.1 13.9 13.5 12.8 15.3 

Table II. The initial resistance in the sensing ceramic 
corresponding to Fig. 5 

Test no. 1 2 3 4 5 

Ro 
(Ms 12.1 7.9 7.6 7.4 7.7 
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of  P d  p rec ip i t a t i on  f rom t he  so lu t ion  of  PdCI~ in e thy l  alco- 
hol. Th i s  is t h e  a d v a n t a g e  of  u s ing  PdCl~ i n s t ead  of  p u r e  
P d  as our  a p p r o a c h  offers  the  poss ib i l i ty  of  h a v i n g  P d  pre-  
c ip i ta te  h o m o g e n e o u s l y  d i s p e r s e d  a r o u n d  t he  s t ab le  ox ide  
par t ic les .  F r o m  Fig. 6 a n d  7, P d O  is o b s e r v e d  at  c a l c ina t i on  
t e m p e r a t u r e  800~ wh i l e  P d  is f o u n d  in t he  d r ied  p o w d e r s  
a f te r  m i x i n g  a n d  also at  c a l c ina t i on  t e m p e r a t u r e  900~ 
T h e r e  ex i s t  n o  ex t ra  peaks ,  w h i c h  impl i e s  t h a t  no  n e w  
c o m p o u n d s  are  f o r m e d  due  to i n t e r ac t i on  a m o n g  t he  par-  
e n t  c o m p o n e n t s .  I n  fact,  E S C A  ana lys i s  as s h o w n  in  Fig. 8, 
r evea l s  t h a t  t h e  s a m p l e  sur face  is cove red  w i th  P d O  w h e n  
s i n t e r e d  at  800~ as t he  peaks  in Fig. 8(c) are iden t i f i ed  to 
b e  P d  +~. A s imi la r  o b s e r v a t i o n  is o b t a i n e d  for the  s a m p l e  
s i n t e r ed  at  900~ a n d  fo l lowed b y  rap id  cool ing  to r o o m  
t e m p e r a t u r e  in  less  t h a n  20s, a l t h o u g h  t he  x-ray d i f f rac t ion  
i n d i c a t e s  t h a t  t he  b u l k  is still  P d  on  t h e  bas i s  of  Fig. 7. I t  
s h o u l d  be  p o i n t e d  ou t  t h a t  re la t ive ly  s p e a k i n g  x-ray dif- 
f r ac t ion  is e m p l o y e d  for b u l k  analysis ,  w h e r e a s  E S C A  is 
for su r face  charac te r i za t ion .  A c c o r d i n g  to t he  d a t a  in  Fig. 
8, i t  c an  b e  c o n f i r m e d  t h a t  t h e  or ig ina l ly  d o p e d  PdCl~ is 
t r a n s f o r m e d  to P d O  on  t he  sur face  of  t he  s a m p l e  af te r  s in-  
te r ing .  However ,  w h e t h e r  P d O  will  pa r t i c ipa t e  in  t h e  oxi- 
d a t i o n  of  CO or  ca ta lyze  t he  s e n s i n g  b e h a v i o r  of  SnO~ is 
a n o t h e r  focal  p o i n t  to be  p robed .  

A n e w  s i n t e r i n g  p roces s  was  d e s i g n e d  to i nves t i ga t e  t he  
i n t e r a c t i o n  b e t w e e n  P d O  a n d  S n Q .  S a m p l e s  we re  first  sin- 
t e r ed  at  900~ for  30 m i n  in air  a n d  t h e n  a n n e a l e d  at  500~ 
for 1, 5, 10, a n d  15h, respect ive ly .  S u c h  an  a n n e a l i n g  pro- 
cess  was  i n t e n d e d  to oxidize  Pd.  T he  a m o u n t  of  P d O  in- 
c reases  w i t h  the  a n n e a l i n g  t i m e  as s h o w n  in  Fig. 9. P e a k s  
of  P d  b e c o m e  smal l e r  a f te r  15h annea l ing ,  wh i l e  e n h a n c e d  
p e a k s  of  P d O  s h o w  up. Th i s  i nd ica t e s  t h a t  m o r e  P d  is 
t r a n s f o r m e d  to P d O  as t he  a n n e a l i n g  t i m e  increases .  
S a m p l e s  of  va r ious  a n n e a l i n g  t i m e  were  t e s t ed  in r e s p o n s e  
to 100 p p m  CO at  300~ F igu re  10 s h o w s  t h a t  h i g h e r  sensi-  

No. 9, September 1989 �9 The Electrochemical Society, Inc. 

t iv i ty  is o b t a i n e d  for  l onge r  a n n e a l i n g  t ime,  in w h i c h  m o r e  
P d O  is p resen t .  

S a m p l e s  af te r  ox ida t ion  for 15h a n d  t h o s e  w i t h o u t  PdCl~ 
(i.e., n o  PdO)  were  t h e n  e m p l o y e d  in a ser ies  of  tes t s  in re- 
s p o n s e  to 100 p p m  CO at  200 ~ a n d  300~ as s h o w n  in Fig. 
11. No da ta  are ava i l ab le  for t he  s a m p l e  w i t h o u t  PdCI~ at  
200~ s ince  s u c h  s a m p l e  e x h i b i t s  no  r e s p o n s e  to CO gas  at  
200~ b a s e d  on  t h e r m o d y n a m i c a l  cons ide ra t ions .  The  in- 
f luence  of  P d O  on  t h e  CO sens i t iv i ty  c an  be  f u r t h e r  appre -  
c ia ted  w i th  t h e  a id  of  Fig. 11. I t  is a p p a r e n t  t h a t  for  s a m p l e  
d o p e d  w i th  PdCI~ a n d  ox id ized  for  15h, t he  r e s p o n s e  ra te  
to  100 p p m  CO at  300~ is m u c h  fas te r  t h a n  t he  one  w i t h o u t  
PdCI~ dopan t .  

Basical ly ,  t h e  p roces s  in  gas s ens ing  is an  oxidat ion* 
r e d u c t i o n  process .  CO is c o n v e r t e d  to CO~ in t he  p r e s e n c e  
of  SnO~. The  r e s i s t a n c e  c h a n g e  before  a n d  af te r  CO in le t  is 
e m p l o y e d  for the  CO gas  de tec t ion .  Af ter  s in te r ing ,  d o p e d  
PdCI~ is t r a n s f o r m e d  to PdO,  which ,  in  tu rn ,  e n h a n c e s  t he  
r eac t i on  for CO to CO~. The  r e s i s t ance  c h a n g e  is d e t e c t e d  
on ly  w h e n  o x i d a t i o n - r e d u c t i o n  occu r s  on  t h e  s a m p l e  sur-  
face. I t  is benef ic ia l  to k n o w  w h i c h  c o m p o n e n t s  ex i s t i ng  in 
t he  s e n s o r  pa r t i c ipa t e  in  t he  c o n v e r s i o n  of  CO to CO~. More  
use fu l  i n f o r m a t i o n  cou ld  be  de r ived  f rom t h e r m o d y -  
namics .  T h e  free e n e r g y  e q u a t i o n s  .associa ted  w i t h  CO, 
ThO~, MgO, SnO~, P d O  are  l i s ted  be low (15) 

CO(~) + ThO~(~) = CO~(R) + Th(~ + 1/20e(R~ 
AG~ = 225,900 + 1.61Tlog T - 26.95T 

[~0] 

CO(~) + MgO(~) = CO~(Rt + Mg(~) 
AG~ = 76,850 + 2.95T log T - 13.2T 

[11] 

CO(z) + SnO2(~) = COa(~) + Sn(~) + 1/2 O2(~) 
AG~ = 72,680 - 30.77T 

[12] 
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Fig. 8. ESCA spectrum for the sample 0.95 w/o MgO-1.90 w/o PdCIr 
5 w/o ThO2-SnO2 sintered at 800~ (a) single scan, (b) multiple scan 
for Sn, (c) multiple scan for Pd and Th. 
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(a) Oh, (b) lh, (c} 15h. 

COcg~ + SnO2~> CO21~ + SnO~s> [13] 
AG~ = 

5,740 + 10.43T log T - 38.3T - 0.8 x 10 3T2 - 2.48 x 105/T 

CO(g~ + PdO(,~ = CO=~g~ + Pd(,~ [14] 
AG~ = -45,100 + 5.75T log T - 16.15T 

F o r  t h e  o p e r a t i n g  t e m p e r a t u r e  be low 500~ hG~ hG~ 
a n d  AG~ are all g r ea t e r  t h a n  zero, a n d  t he  c o r r e s p o n d i n g  
r eac t i ons  are  n o t  feasible.  However ,  AG~ is less  t h a n  zero 
at  t e m p e r a t u r e  a b o v e  230~ a n d  it  is pos s ib l e  t h a t  SnO2 is 
r e d u c e d  to S n O  by  CO gas. At  t he  o p e r a t i n g  t e m p e r a t u r e  
b e l o w  500~ it  is pos s ib l e  for  P d O  to oxid ize  CO, s ince  
AG~ is less  t h a n  zero. Once  P d O  is r e d u c e d  a t  200 ~ or 
300~ t h e  r e o x i d a t i o n  for P d  to P d O  is dece le ra ted .  As  
s h o w n  in Fig. 9 for s p e c i m e n  ox id ized  at  500~ for  15h, 
t h e r e  sti l l  ex i s t s  peaks  for Pd ,  e v e n  t h o u g h  t h e s e  pow- 
d e r e d  s a m p l e s  h a v e  la rger  su r face  e n e r g y  t h a n  s in t e r ed  
pel lets .  F o r  SnO,  i t  is t h e r m o d y n a m i c a l l y  poss ib l e  to  be  
ox id i zed  to SnO2. I t  is r e p o r t e d  t h a t  t h e  r e o x i d a t i o n  for 
S n O  to SnO2 is fair ly fas t  (1). 

More  i n f o r m a t i o n  f rom t h e r m o d y n a m i c s  a b o u t  SnO2, 
PdO,  a n d  H2 is l i s ted  b e l o w  (15) to exp l a i n  t h e  i n t e r a c t i o n  
a m o n g  va r ious  spec ies  

SnO2(s) + H2(g~ = SnO(s~ + H20(g) [15] 
AG~ = 15,990 + 14.91T log T - 61.26T 

PdO(~) + Hz(g~ = Pd(~) + H20(g~ [16] 
AG~ = -34 ,850  + 10.23T log T - 39.11T 

At  320~ t h e r m o d y n a m i c s  p r ed i c t  t h a t  SnO~ c a n n o t  be  
r e d u c e d  to SnO,  b u t  P d O  can.  A spi l l -over  ef fec t  is t h u s  
p r o p o s e d  

PdO(  ) + H2 = PdO(H2) [17] 

PdO(H2) + SnO2 = PdO(  ) + SnO  + HzO [18] 

w h e r e  PdO(  ) is a v a c a n t  s i te  for  a d s o r p t i o n  on  P d O  a n d  
PdO(H2) p r e s e n t s  p h y s i s o r b e d  H2 on  PdO.  

P d O  i t se l f  cou ld  also b e  r e d u c e d  to Pd ,  i.e. 

P d O  + Hz = P d  + H20 [19] 

Af te r  a n n e a l i n g  in H2, p h a s e s  ex i s t i ng  in  th i s  s a m p l e  are  
MgO, ThO2, SnO,  a n d  Pd.  At  t he  b e g i n n i n g ,  t h e  i nc rease  of  
t he  r e s i s t a n c e  of  t he  s a m p l e  is due  to t h e  r e o x i d a t i o n  of  
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Fig. 10. The relative resistance of the sample 0.95 w/o MgO-1.90 
w/o PdCIz-5 w/o ThO2-Sn02 sintered at 900~ and then oxidized at 
500~ for various times. 
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free Sn02. 

SnO. B o t h  h y d r o g e n  a n d  c a r b o n  m o n o x i d e  are  r e d u c i n g  
gases,  a n d  posses s  s imi la r  p roper t i es .  S a m p l e s  w i t h o u t  
P d O  e x h i b i t  no  r e s p o n s e  to CO gas at  200~ as i n d i c a t e d  in 
Fig. 11. 

On t h e  bas is  of  t he  ~ b o v e  da t a  a m o d e l  for  s e n s i n g  pro-  
cess  in  th i s  s t u d y  is p r o p o s e d  as fol lows 

PdO(  ) + CO = PdO(CO) [20] 

PdO(CO) + SnO2 = PdO(  ) + S n O  + CO2 [21] 

S n O  + 1/2 O2 = SnO2: fas t  [22] 

P d O ( C O ) + P d O = P d O (  ) + P d + C O 2  [23] 

P d  + 1/2 02 = PdO:  s low [24] 

Gas  d e t e c t i o n  is t h r o u g h  r e s i s t a n c e  change ,  a n d  t he  phe-  
n o m e n o n  occu r s  w h e n  c h e m i s o r p t i o n  t akes  place.  P d O  
t e n d s  to t r ap  CO a n d  s u c h  t r a p p e d  CO di f fuses  i n w a r d  a n d  
reac t s  w i t h  SnO2. I t  m a y  also d i f fuse  to o t h e r  P d O  a n d  
reac t  w i t h  each  other .  However ,  t h e  r e o x i d a t i o n  ra tes  at  
200 ~ or 300~ are  m u c h  d i f fe ren t  s ince  r eac t ion  in  Eq. [22] is 
fast, w h e r e a s  t h a t  in  Eq. [24] is slow. Th i s  exp l a in s  t he  un-  
r e c o v e r a b l e  a n d  r ecove rab l e  r eg ions  in t h e  r e s i s t ance  
c h a n g e  as s h o w n  in Fig. 5 a n d  Tab le  II. A t  low t e m p e r a t u r e  
200~ t he  d o m i n a t i n g  r eac t ion  is Eq. [23], wh i l e  Eq. [21] 
p r e d o m i n a t e s  a t  h i g h e r  t e m p e r a t u r e  a b o v e  300~ T h a t  is 
t h e  r e a s o n  w h y  t h e r e  is no  e q u i l i b r i u m  re la t ive  r e s i s t ance  
va lues  to 100 p p m  CO in t h e  r epe t i t ive  gas t e s t  a t  200~ 
However ,  a t  300~ a nea r ly  e q u i l i b r i u m  is r eached ,  as indi-  
ca ted  in Fig. 11. More  e v i d e n c e  for t he  e x i s t a n c e  of  P d  a n d  
S n O  cou ld  b e  o b t a i n e d  f rom x-ray d i f f rac t ion  resul t .  Fig- 
u re  12 s h o w s  t he  x-ray d i f f rac t ion  p a t t e r n  for  s a m p l e s  sin- 
t e r ed  at  800~ a n d  fo l lowed by  a n n e a l i n g  in CO at  200 ~ a n d  
300~ As c o m p a r e d  to t h a t  for s a m p l e s  on ly  af te r  s i n t e r i n g  
a t  800~ (13), a sma l l  ex t r a  p e a k  a p p e a r s  n e a r  20 = 40~ at  
b o t h  200 ~ a n d  300~ as s h o w n  in  Fig. 13 on  t he  bas i s  of  t he  
s tep  s can  in  x-ray d i f f rac t ion .  The  peak  n e a r  40 ~ was  iden-  
t i f ied as Pd .  A n o t h e r  p e a k  a r o u n d  20 = 29.3 ~ as  s een  in  Fig. 
14, was  iden t i f i ed  to b e  SnO, w h i c h  s h o w e d  up  for s i n t e r ed  
s a m p l e  a n n e a l e d  at  300~ b u t  no t  at  200~ 

I t  is a r g u e d  t h a t  t he  de t e r io ra t ion  in t he  s enso r  s y s t e m  
c o n s i s t i n g  of  SnO2 + PdC12 + MgO + ThO2 is a t t r i b u t e d  to 
t h e  r e d u c t i o n  of  P d O  to P d  by  t he  r e d u c i n g  gas CO. The  
p r e s e n c e  of  P d O  e n h a n c e s  t he  sens i t iv i ty  of  CO d e t e c t i o n  
as s h o w n  in  Fig. 10 a n d  11. However ,  t he  r e d u c t i o n  of  P d O  
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Fig. 12. X-ray diffraction pattern of the sample 0.95 w/o MgO-1.90 w/o PdCI2-5 w/o ThOz-Sn02 sintered at 800~ and annealed in CO atmo- 
sphere at (a) 200~ (b) 300~ 
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Fig. 13. Step scan by x-ray for the sample 0.95 w/o MgO-1.90 w/o 
PdCI2-5 w/o ThO2-Sn02 annealed at 200~ in CO atmosphere, the con- 
dition for step scan: sampling, 0.008~ fixed time, 4s, the peak is iden- 
tified as Pd. 
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Fig. 14. Step scan by x-ray for the sample 0.95 w/o MgO-1.90 w/o 
PdCI2-5 w/o ThOz-Sn02 annealed at 300~ in CO atmosphere, the 
peak is identified as SnO. 

to Pd retards the sensitivity as indicated in Fig. 5 and 11. 
With post-oxidation treatment at 600~ no change of sensi- 
tivity is observed as stated before, while the sensitivity de- 
creases from 50 to 30% as shown in Fig. 5 for sample with- 
out post-oxidation, in which Pd retains the metallic state. 
A further examination in Fig. 11 reveals that the sample 
without PdC12 dopant exhibits 30% sensitivity, which is 
comparable to the result in Fig. 5. The decrease of sensitiv- 
ity in PdC12 doped sample, as indicated in Fig. 11, is due to 
the transformation of PdO to Pd. It is not thermodynami- 
cally feasible for Pd to be reoxidized to PdO at low tem- 
perature around 200 ~ or 300~ and the sensitivity is thus 
decreased. However, the employment  of post-oxidation at 
600~ promotes the transformation of Pd back to PdO and 
higher sensitivity without decay is obtained. 

Summary 
1. Intermediate operating temperature is required for 

the CO gas sensing in 0.95 w/o MgO-1.90 w/o PdC12-5 w/o 

ThO2-SnO~ ceramic. Higher sensitivity and fast response 
rate is observed at 300~ 

2. Metallic Pd is observed in the sensing matrix after 
mixing in ethyl alcohol, while PdO shows up after sinter- 
ing at 800~ 

3. The presence of PdO enhances the CO gas sensitivity 
and the response rate. 

4. PdO tends to be reduced to Pd in the sensing process, 
which leads to the deterioration in the sensitivity. A post- 
oxidation treatment at 600~ proves to be effective in re- 
taining PdO and higher sensitivity without degradation is 
thus obtained. 

5. A model  for the reactions in the gas sensing process is 
proposed as follows 

PdO( ) + CO = PdO(CO) 

P d O ( C O ) + S n O 2 = P d O (  ) + S n O + C O  

SnO + 1/2 02 = SnO2: fast 

P d O ( C O ) + P d O = P d O (  ) + P d + C O  

Pd + 1/2 02 = PdO: slow 

At low temperature, the controlling reaction lies in the 
fourth equation, while the second equation predominates 
at higher temperatures above 300~ 

Manuscript submitted Oct. 24, 1988; revised manuscript  
received March 27, 1989. 
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