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ABSTRACT

A study of the vapor p h a se  decom position  ca ta ly zed  by n ick e l 

oxide s in g le  c ry s ta ls  h as  been c a r r ie d  out in  an is o th e rm a l flow re a c to r .  

C a ta ly s t p re tre a tm e n t co n s is te d  of annealing  th e  c ry s ta ls  a t v a rio u s  te m 

p e ra tu re s  and in  s e v e ra l  a tm o sp h e re s . T his p roduced  c ry s ta ls  w ith 

n o n -s to ic h io m e tr ic  co n cen tra tio n , A com pensation  e ffect w as o b se rv ed  

betw een the  sp ec ific  r a te  co n stan t and the  ap p a ren t ac tiv a tio n  energy .

The c a ta ly tic  a c tiv ity  w as th e re fo re  c h a ra c te r iz e d  by the am ount of d e 

com position  p e r  u n it a re a .

The sing le  c ry s ta ls  w e re  c h a ra c te r iz e d  by m e a su rin g  the  e le c 

t r i c a l  conductiv ity  in  the  sam e  te m p e ra tu re  ran g e  c o v e red  by th e  k in e tic  

study. I t w as found th a t the te m p e ra tu re  coeffic ien t of the  r e s is t iv i ty  

w as re la te d  to the  te m p e ra tu re  a t  w hich p re tre a tm e n t w as conducts ' . 

E quations a re  developed w hich allow  one to p re d ic t  the am ount of n on 

s to ic h io m e try  or the  la tt ic e  defect co n cen tra tio n  from  the  low te m p e ra 

tu re  conductiv ity  data.

The k in e tic  p a ra m e te rs  w e re  co m p ared  w ith the e le c tr ic a l  c h a r 

a c te r is t ic s  of the  s ing le  c ry s ta l  and i t  w as found th a t the  m ax im um  a c tiv -

o
ity  o c c u r re d  w ith  the  ca ta ly tic  p re tre a tm e n t of 1000 C. As the  ca lcu la ted



V I

n ick e l vacancy  co n cen tra tio n  in c re a s e s  the  ca ta ly tic  ac tiv ity  f i r s t  in 

c re a s e s  then  beg ins to d e c re a se .

The re s u l ts  of th is  study  in d ica te  th a t m eaningfu l k in e tic  d a ta  

can  be ob tained  w ith  th is  h ighly  id e a l sy s te m  even on the low su rfa c e  

a re a  p ro v id ed . The ap p lica tio n  of th e se  tech n iq u es  to s im u ltan eo u s 

m e a su re m e n t of the  k in e tic  and so lid  s ta te  p ro p e r t ie s  is  d isc u sse d .
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C H A PTER  I 

INTRODUCTION

The phenom ena of c a ta ly s is  is  of significcint econom ic im p o r

ta n ce  to so c ie ty . M otivation  to so lve  the  a s so c ia te d  com plex  p h y s ico 

ch em ica l p ro b le m s  h a s  s tim u la te d  a  tre m e n d o u s  am ount of fundam en ta l 

c a ta ly tic  r e s e a r c h  in  th e  l a s t  te n  y e a r s  th roughou t the  w o rld . The 

p ro b le m  h a s  re d u c ed  to  an a tte m p t to  u n d e rs ta n d  the  n a tu re  of the  c a ta 

ly tic  p ro c e s s  in  o rd e r  to p re d ic t  and c o n tro l the  s e le c tiv ity  and r a te  of 

re a c tio n  as  d e s ire d .

I t  is  now g e n e ra lly  a ccep ted  tha,t a ll  c a ta ly tic  re a c tio n s  involve 

c h em iso rp tio n . C h em iso rp tio n  is  acco m p an ied  by the  fo rm a tio n  of p r i 

m a ry  bonds. V a rio u s  types of in te ra c t io n  a r e  p o ss ib le  w ith  the  su rfa c e  

of a  so lid  c a ta ly s t .  C ata ly tic  re a c tio n s  a r e  a lso  v isu a liz e d  to p ro g r e s s  

v ia  one o r m o re  in te rm e d ia te s  th a t  can  be co n sid e red  u n s tab le  com pounds. 

The m ethods of study and the  th e o re tic a l  in te rp re ta tio n  of the  n a tu re  of 

th e  phenom ena draw  fro m  the  f ie ld s  of p h y s ic s , c h e m is try  and ch em ica l 

en g in ee rin g . The in te rc o n n ec tio n  of a ll  the  view s and r e s u l ts  is  expected , 

bu t n o t y e t re a liz e d .
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S em ico n d u c to r c a ta ly s is  is  the  su b jec t of th is  study. S em icon

ducting oxide s u rfa c e s  have  a p a r t ic u la r ly  im p o rta n t p lace  in  h e te r o 

geneous c a ta ly tic  r e s e a r c h  (136), N ick e l oxide h a s  been  u sed  ex tensive ly  

in  fundam en ta l s tu d ie s . Of the  tra n s it io n  m e ta l ox ides i ts  e lec tro n ic  

p ro p e r t ie s  a r e  b e s t  u n d e rs to o d . The oxide u sed  h e re  is  in  th e  fo rm  of 

s ing le  c ry s ta ls  w ith  c ry s ta llo g ra p h ic  c leav ag e  p la n es  exposed  to the 

re a c ta n t.

H ydrogen  p e ro x id e  v apo r d ecom position  is  m e a s u re d  on th is  

c a ta ly s t. T his re a c tio n  is  re la tiv e ly  s im p le , cind v e ry  se n s itiv e  to s u r 

face  conditions (129).

An is o th e rm a l flow r e a c to r  is  u se d  and k in e tic  d a ta  obtained  

on the  c a ta ly s ts  w ith  to ta l g e o m e tric  s u rfa c e  a r e a s  of 2 cm ^. The e le c 

tro n ic  s ta te  is  c h a ra c te r iz e d  by d ire c t  c u r re n t  r e s is t iv i ty  m e a su re m e n ts . 

Seebeck  co effic ien ts  w e re  a lso  d e te rm in e d  on s e v e ra l  c ry s ta ls .

The e x p e r im e n ta l tech n iq u es  developed  fo r th is  study a r e  of 

va lue  in  ob ta in ing  an in s ig h t in to  the  re la tio n  betw een c a ta ly tic  a c tiv ity  

and  th e  e le c tro n ic  s ta te  of the  c a ta ly s t. The r a te  of hydrogen  p ero x id e  

d ecom position  and  th e  c a ta ly s t r e s is t iv i ty  change w ith  te m p e ra tu re . A 

co m pensa tion  e ffec t is  o b se rv ed  w ith th is  sy s tem  w hich is  in  a g re em e n t 

w ith  e a r l ie r  w ork . The e le c tr ic a l  p ro p e r t ie s  of the  c a ta ly s t have  been 

found to be dependent on the  p re tre a tm e n t  te m p e ra tu re . A  co m p ariso n  

is  m ade  betw een  a c a ta ly tic  ac tiv ity , c h a ra c te r iz e d  by the am ount of 

deco m p o sitio n  p e r  u n it a re a , and p a ra m e te r s  c a lc u la te d  fro m  the



e le c tr ic a l  m e a su re m e n t on the  c a ta ly s ts  a f te r  re ac tio n .

A, G en era l C oncepts 

A un ified  th e o ry  of c a ta ly s is  does no t ex ist. M uch re m a in s  o b 

sc u re  about the  in te ra c tio n  betw een re a c ta n ts  on even the  s im p le s t s u r 

face . Q uestions re g a rd in g  the  n a tu re  of the  re a c tio n  in te rm e d ia te , i ts  

bonds w ith the  su rfa ce , and the  connection  betw een c h em iso rp tio n  and 

c a ta ly s is , a r e  b a s ic . On the  o th e r hand, the  th eo ry  of so lid s  re q u ire s  

m o re  q u an tita tiv e  in fo rm a tio n  about su rfa c e s  and  how su rfa c e  and  bulk  

p ro p e r tie s  a r e  re la te d .

A c a ta ly s t is  a  dynam ic p a r tic ip a n t in  ch em ica l re a c tio n  p h e - 

m en a  in  th a t a  defin ite  in te ra c t io n  betw een the  su rfa c e  and re a c tin g  s p e 

c ie s  e x is ts . The condition  of th e  s u rfa c e  in flu en ces  both the  ca ta ly tic  

p ro p e r tie s  and o th e r p h y sico ch em ica l p ro p e r t ie s  of a sem ico n d u c to r.

W ith such a m a te r ia l  one h a s  an e sp e c ia lly  sen s itiv e  re f le c tio n  of su rfa c e  

conditions in  the  e le c tr ic a l  p ro p e r t ie s  of the  so lid .

The c o rre la tio n  betw een th e  e le c tro n ic  s tru c tu re  of so lid s  and 

th e ir  ca ta ly tic  a c tiv ity  w as g e n e ra lly  accep ted  in  1943 (31, 131). P r io r  

to  th a t tim e  m uch  of th e  ground w ork  w as done in  developing concepts to 

explain the o b se rv ed  phenom ena. In the  l a s t  two decades e ffo rts  have 

been  d ire c te d  to w ard  fo rm u la tio n  of a  m o re  q u an tita tiv e  d e sc rip tio n  as 

w e ll as  applying both new techn iques and m a te r ia ls  (128).

Since s e v e ra l  ex ce llen t rev iew s of the  developm ent of th is  fie ld  

of h e te ro g en eo u s  c a ta ly s is  a r e  av a ilab le  (5, 31, 59, 153), no co m p reh en s iv e



rev iew  is  given h e re . In ra p id ly  rev iew ing  som e of the  e a r ly  concep ts, 

how ever, one b ecom es a w are  how ou r th inking  today  h as  been  in fluenced  

by p a s t  co n trib u tio n s . W ith the  p u rp o se  of ca lling  to m in d  som e re le v a n t 

concep ts as  w ell as  h is to r ic a l ly  p lacing  the  c o n tr ib u to rs  T able  1.] is  

p re se n te d .

TA BLE 1. 1

ORIGIN OF CONCEPTS USED IN HETEROGENEOUS
CATALYSIS

C oncept of Study
A pprox im ate

D ate In v e s tig a to r

S pecific  in te ra c tio n  betw een c a ta ly s t 1825
su rfa c e  and  a d so rb ed  re a c tin g  m o le 
cu le s .

C om position  and group s tru c tu re  1884
re la te d  to ac tiv ity .

U n stab le  in te rm e d ia te  com pound. 1902

B o h rs  th e o ry  c h a ra c te r iz e s  c a ta ly s t 1916
and ac tiv ity .

N a tu re  of fo rc e s  betw een so lid  and 1918
a d so rb ed  g a se s .

A ctive  s ite . 1925

E s tim a tio n  of in te rm e d ia te  in te r -  1928
ac tio n  energy .

E le c tro n ic  fa c to rs  d e sc r ib e  n a tu re  of 1928
bonds in  ch em iso rp tio n .

F a ra d a y  (85)

O stw ald  (85)

S a b a tie r , Ip a tie ff (48,122) 

P is a rz h e v s k ii  (153)

L an g m u ir (87)

T ay lo r (141)

B ro n sted , P o lan y i (18)

R oginsk ii (116)

A d so rp tio n  depends on la t t ic e  spacing . 1929 B alandin  (6)



TA BLE 1. 1 - -C ontinued

A pprox im ate  
C oncept of Study D ate In v e s tig a to r

P o te n tia l  en erg y  changes of a tom  o r 
m o le c u le  approach ing  su rfa c e .

1932 L e n n a rd -Jo n e s  (91)

Io n iza tio n  of ad so rb ed  sp ec ie s  during  
ch em iso rp tio n  e ffec ted  by su rfa c e  
e le c tro n s .

1932 N yrop  (106)

L a ttic e  d e fec ts , e le c tr ic a l  conductiv ity , 
c a ta ly tic  a c tiv ity  and e le c tro n  t r a n s f e r .

1938 W agner, H auffe (155)

A c tiv a ted  a d so rp tio n  and e le c tro n  
su rfa c e  s ta te s .

1939 P o lla r d  (U4)

A bso lu te  r a te  th e o ry  app lied  to s u r 
fa c e  re a c tio n s .

1940 L a id le r , E y ring , 
G las s tone  (86)

C a ta ly tic  co n tro l ru le s  e x p e rim en ta lly  
v e r if ie d .

1949 G ray , G a rn e r , Stone 
(44)

Im p o rtan c e  of F e rm i le v e l re v e a le d . 1950 Dowden (31), V olken- 
s te in  (154)

E le c tro n  t r a n s f e r  and re c tif ic a tio n  
th e o ry .

1952 H auffe (57), A ig ra in  
(1), W eisz  (156)

Q u an tita tiv e  tre a tm e n t of e a r l i e r  w o rk  
p re se n te d .

I960,
1966

G a r r e t t  (38), L e e  (90)

E h rlic h  (34) a t th e  1965 In te rn a tio n a l C o n g ress  of C a ta ly s is  

po in ted  out th a t the  fa ilu re s  of the  th e o ry  a r e  e a s ie r  to docum ent than  

a r e  th e  su c c e s s e s  and s t r e s s e d  the  pow er of the  e x p e r im en ta l ap p ro ach . 

The c u r r e n t  th e o ry  is  ad eq u a te ly  rev iew ed  in  the  p a p e rs  c ited  in  T ab le  1,1.



In  th is  d is s e r ta t io n  the  g e n e ra l concep ts involved in  the  s im p le  boundary  

la y e r  th e o ry  of a d so rp tio n  w ill be m en tioned . I t  does not adequate ly  

d e sc r ib e  th e  o b se rv ed  phenom ena; how ever, i t  s tim u la ted  m uch re s e a rc h  

in  the  l a s t  f if teen  y e a r s .  F u r th e r ,  th e se  concep ts a r e  s t i l l  d raw n upon 

to d e sc r ib e , a t  l e a s t  q u a lita tiv e ly , th e  phenom ena.

In the  boundary  la y e r  t re a tm e n t ch em iso rp tio n  is  v isu a lize d  to 

o c cu r on th e  s u rfa c e  of th e  sem ico n d u c to r by the fo rm atio n  of io n s  r e 

su lting  fro m  e le c tro n  exchange w ith th e  su rfa c e . The co n cen tra tio n  of 

ch a rg e  c a r r i e r s ,  w hich is  re la tiv e ly  sm a ll in  a sem ico n d u c to r, is  th e reb y  

a ffec ted  to  c o n s id e ra b le  d ep ths. T he a d io n -so lid  sy stem  m u s t m a in ta in  

e le c tr ic a l  n e u tra lity , in  o th e r w o rd s , an opposite  ch arg e  w ill e x is t in  

th e  s u rfa c e  la y e r .  T his so c a lled  sp ace  ch a rg e  la y e r  h a s  been tre a te d  

m a th e m a tic a lly  in  the  sam e  m a n n e r a s  su rfa c e  s ta te s  a r is in g  in  e le c t r i 

ca l co n tac ts  of so lid s . C oncep tually  the  two d im ensional energy  lev e l 

d ia g ra m . F ig u re  1.1,i s  u se fu l. The o rd in a te  ax is  in  F ig u re  1.1 is  a ssu m ed  

to be p a ra l le l  to the  p lane  su rfa c e . T his is  g rad u a ted  in  te rm s  of energy  

u n its  u su a lly  w ith  r e s p e c t  to a  sp ec ified  le v e l o r band. The a b sc is s a  

r e p re s e n ts  d is ta n ce  fro m  the su rfa c e  in to  the  bulk of the c ry s ta l .  A P -  

type sem ico n d u c to r is  c h a ra c te r iz e d  by p a ra m e te rs  such a s  the  w ork  

function  $  , d en sity  of a cc e p to r le v e ls  a t E^, lo ca ted  above th e  filled  

band  E^, w ith the  F  e rm i lev e l a ssu m e d  halfw ay betw een (F ig u re  1. la ). 

T h ese  a c c e p to r  le v e ls  m ay  a r i s e  fro m  n o n -s to ich io m e try , lo c a liz e d  

c h a rg e  d e fec ts , a n d /o r  a d so rb ed  sp ec ie s  (157). The co n cen tra tio n  of



Er

Ei 

Ef

4

Bulk Fluid Phase ' Interior Region of Semiconductor 

Surface
a.

-  E.0

b. Positive Charge on Surface 

Depletion Limited

c« Negative Surface Charges 

Accumulation

Figure 1 .1 . Two Dimensional Energy Level Representation of a r-iÿpe uuriace



8

ch a rg e  c a r r i e r s  in a  n o n d eg en era te , one c a r r i e r  P - ty p e  sem ico n d u c to r 

a t eq u ilib riu m  (121, 99) is :

Ef - E;
N q  = Nq exp — ----  (1)

w h ere  k  is  the  B oltzm an co n stan t and T the  ab so lu te  te m p e ra tu re . If 

in  the  p ro c e s s  of c h em iso rp tio n  e le c tro n s  a r e  t r a n s f e r r e d  to the  so lid , 

the  co n cen tra tio n  of c a r r i e r s  (p o sitiv e  h o le s) d e c re a s e s  in  th e  sp ace  

ch a rg e  reg io n . Since the  F e r m i  le v e l a t th e  su rfa c e  re m a in s  unchanged, 

E^ m u s t in c re a s e  r e p re s e n te d  by a bending of the  bands, fro m  equation 

(1), As ch em iso rp tio n  p ro c e e d s  th e  e le c tro n s  w ill have  to o v e rco m e  a 

p o ten tia l b a r r i e r .  The M ott-S chottky  th e o ry  of re c tif ic a tio n  h as  been  

app lied  to obtain  the  depth of the  boundary  la y e r  and th e  r a te  of c a r r i e r  

flow a c r o s s  the  p o ten tia l b a r r i e r  (58, 157), The m od ified  fo rm  of th is  

th e o ry  (38, 56, 89) can, in  p rin c ip le , be u sed  to p re d ic t  the  re a c tio n  

ra te  co n stan t w ithout k in e tic  data, given enough da ta  on ad so rp tio n  and 

so lid  s ta te  p ro p e r t ie s .

The m ain  con trib u tio n  of the th eo ry  h a s  been i ts  d e sc r ip tiv e  and 

so m etim es  q u a lita tiv e ly  c o r r e c t  m odel. When su c c e ss fu l i t  has  g iven in 

s ig h ts  in to  the n a tu re  of c a ta ly s is  and new p e rs p e c tiv e  and d ire c tio n  to 

e x p e rim en ts ,

B, P r e s e n t  A pproach 

A re lia b le  an sw er as  to  w hich p a ra m e te r s  of a  so lid  body a re  

d ec is iv e  fo r  i ts  c a ta ly tic  c h a r a c te r is t ic s  is  only p o s s ib le  in  sp ec ia l



c a s e s  (132). Such th ings as  g e o m etric , acid , ch em ica l, and  e le c tro n ic  

f a c to rs  a r e  of in te r e s t .  The dom ain of the  e lec tro n ic  fa c to r  is  th a t of 

m e ta l and sem ico n d u c to r c a ta ly s is . In a l l  ch em ica l re a c tio n s  a c c e le ra te d  

by so lid  c a ta ly s ts , the  in te ra c tio n  of the  re a c tin g  m o le c u le s  w ith th e  c u r 

re n t c a r r i e r s  and la tt ic e  de fec ts  p lay  a s ig n ifican t ro le . B ased  on the  

know ledge of the  e lec tro n ic  p ro p e r t ie s  of a c ry s ta l ,  i t  s e e m s  th a t the  ex 

am in a tio n  of sem ico n d u c to rs  as  c a ta ly s ts  should len d  i t s e l f  to the  study 

of the  m e ch a n ism  of c a ta ly s is .

One of the  m ain  p ro b le m s  in  any ex p e rim en ta l w o rk  is  the  ex ac t 

n a tu re  of the  su rfa c e . B o u d art (17) and o th e rs  have  su g g es ted  the  u se  

of ev ap o ra ted  m e ta l film s to ob ta in  w ell defined  s u r fa c e s . S ingle c ry s ta l  

f ilm s  w ould be expected  to be  m o s t id e a l. F ilm s  of oxide c ry s ta ls  h ave  

in  th e  p a s t  been  p re p a re d  by v ap o r dep o sitio n  of the  m e ta l fo llow ed by 

ox idation  (33) and a lso  by th e  C ec h -A le ssa n d rin i h a lid e  d eco m position  

tech n iq u e  (20), T his la t te r  m eth o d  is  re p o r te d  to g ive v e ry  good sin g le  

c ry s ta ls  (12). One would expec t th a t s in g le  c ry s ta ls  w ith  w ell defined  

c ry s ta llo g ra p h ic  p lan es  w ould be the  b e s t re a l  su rfa c e  on w hich to c a r r y  

out a study.

S ingle c ry s ta ls  a r e  d e s ira b le  fro m  an o th er a sp e c t, v iz , i n t e r 

p re ta tio n  of the  e le c tr ic a l  p ro p e r t ie s .  In  any study w h e re  one is  try in g  

to r e la te  su rfa c e  and bulk e le c tr ic a l  p ro p e r t ie s  to  the  c a ta ly tic  a c tiv ity  

s e v e ra l  co m p lica tio n s  develop w hen s in te re d  co m p ac ts  and p o w ders  a r e  

u sed . In te rp re ta tio n  of the  m e a su re m e n ts  due to the h igh ly  undefined
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s ta te  of the so lid  i s  the  m a in  p ro b le m . In con sid erin g  bulk  and su rfa ce  

e le c tr ic a l  p ro p e r tie s , the e ffec t of im p u r itie s , and dev iations in  s to ic h io 

m e try  and th e ir  re la tio n  to c a ta ly tic  ac tiv ity , i t  is  b e liev ed  th a t m e a s u re 

m e n ts  on s ing le  c ry s ta ls  of c o n tro lled  com position  a r e  s u p e r io r  (38, 88, 

69, 32), U sing concep ts fro m  so lid  s ta te  th e o ry  in the in te rp re ta tio n  

of c a ta ly s is  should be m o s t su c c e ss fu l w ith a sing le  c ry s ta l .

In the  p a s t  i t  has been d ifficu lt to obtain la rg e  sing le  c ry s ta ls  

of th e  sem iconducting  oxides. At the  p re s e n t  tim e  m any  la rg e  oxide 

c ry s ta ls  a r e  av a ilab le  co m m erc ia lly , som e a t re a so n ab le  co s t. The 

cho ice  of w hich tra n s itio n  m e ta l oxide to u se  in  th is  study w as b a sed  on 

th e  fa c t th a t th e  so lid  s ta te  of n ick e l oxide is  b e s t  u n d e rs to o d  and u n d er 

con tinua l study. T his to g e th e r w ith  the  fa c t th a t n ick e l oxide h a s  been  

u se d  in  m any  p r io r  fundam ental s tu d ie s  (24, 72, 41, 74, 108, 158) m ade  

i t  the f i r s t  cho ice . N ickel oxide bou les w e re  obtained  fro m  M arb en i-Iid a  

and c leav ed  and  t r e a te d  in  th is  la b o ra to ry .

R eac tio n s  w hich com bine high re a c tiv ity  and m o le c u la r  s im p li

c ity  a r e  p a r t ic u la r ly  ap p licab le  to  b a s ic  g a se o u s -so lid  in te ra c tio n  s tu d ies  

(136), M onom olecu lar rea c tio n s  such as  th e  decom position  of am m onia, 

phosphine, o th e r h y d rid es , n itro u s  oxide, and fo rm ic  ac id  (85) have  been  

u se fu l. W ith th is  type of re a c tio n  th e re  is  a good chance to le a rn  m o re  

about the  re la tio n sh ip  and ap p lica tio n  of so lid  s ta te  th eo ry  to c a ta ly s is .

F  ro m  p rev io u s  w o rk  w ith the  v ap o r decom position  of hydrogen  perox ide , 

i t  is  c le a r  th a t th e re  a re  c e r ta in  fe a tu re s  of th is  feac tion  w hich m ake i t



i l

p a r t ic u la r ly  a t tra c t iv e  fo r such a study. The vapor p h a se  decom position  

of hydrogen  p e ro x id e  vapor h a s  been shown to be co m ple te ly  h e te ro g e n e 

ous a t te m p e ra tu re s  below 400 C (129). The decom position  is  c h a r a c te r 

iz e d  by: (a) being h igh ly  i r r e v e r s ib le ,  (b) having no s id e  re a c tio n s , (c) 

having  a ll  the  re a c tio n  o c cu rrin g  a t the  c a ta ly tic  su rface , (d) p o s se s s in g  

k in e tic s  s e n s itiv e  to sm a ll changes in  su rfa c e  tre a tm e n t, (e) exhibiting  

a  ra p id  su rfa c e  re a c tio n  (125). T h ese  p ro p e r t ie s  a r e  id e a l fo r the  study 

of c a ta ly s is  on sem ico n d u c to r su r fa c e s . In d u s tr ia l in te r e s ts  in  the  slow 

oxidation  of h y d ro ca rb o n s  h ave  s tim u la te d  stu d ies  of the  d ecom position  

of hydrogen  p e ro x id e  on v a rio u s  su rfa c e s  includ ing  tra n s it io n  m e ta l 

ox ides (51, 94, 101, 144). A lso  e le c tro c h e m ic a l s tu d ies  connec ted  w ith  

fu e l c e ll developm ent have  been  in te re s te d  in  the  n ick e l o x ide-hyd rogen  

p e ro x id e  sy s te m  (80).



CH A PTER H 

PREVIOUS INVESTIGATIONS

A, H ydrogen P e ro x id e  V apor D ecom position

In te r e s t  in  the  d ecom position  of hyd rogen  p e ro x id e  goes back

to L . J .  T h en ard  in  1818. P r o g r e s s  in  u n d ers tan d in g  the  m ech an ism

h as  been  slow and b a s ic  q u estio n s  re m a in  u n an sw ered . The m a jo r ity  of

th e  re p o r te d  s tu d ie s  a r e  w ith  aqueous so lu tio n s , th a t is ,  in  the  liq u id

p h ase . N ot u n til re la tiv e ly  re c e n tly  has  the v ap o r p h ase  re a c tio n  been

in v estig a ted . A rev iew  of th e se  s tu d ies  up to 1955 h as  been given by

Schum b (129). The e a r l ie s t  s tu d ie s  m e a s u re d  th e  decom position  on g la ss

o
and v a rio u s  m e ta ls  a t te m p e ra tu re s  of le s s  than  100 C. R esu lts  in d ic a ted  

a  f i r s t  o rd e r  re a c tio n . L a te r  (53, 92, 95) tlie  re a c tio n  on p y re x  and 

q u a rtz  w a lls  u sing  te m p e ra tu re s  up to 540°C w as co n sid e re d . The m o s t 

re c e n t w o rk  h a s  been  to  a la rg e  ex ten t u n d e r the  in fluence  of P . A, G ig u ere  

in  C anada, C. N. S a tte rf ie ld  in  the  U nited S ta tes , and independen tly  by 

A. B. H a r t  and A. D. W alsh in  Scotland.

G ig u e re 's  group h as  been  in te re s te d  p r im a r i ly  in  the  th e rm a l 

decom position  of hydrogen  p e ro x id e  v apo r, i. e . , the  hom ogeneous

12
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m ech an ism  above 400°C (4, 39, 40), S ince th e se  au th o rs  w e re  p rim arily - 

in te re s te d  in  the hom ogeneous re a c tio n  th e ir  study  of the  h e te ro g en eo u s  

re a c tio n  h a s  been to find su itab le  s u r fa c e s 'o n  w hich th e  hom ogeneous e f

fe c ts  could be iso la te d . Soft g la ss , P y re x , q u a rtz  and m e ta ll iz e d  su rfa c e s

w e re  in v e s tig a te d . A p p aren t ac tiv a tio n  e n e rg ie s  of betw een 13. 4 and 19

o
k c a l/m o le  in  the  ran g e  0 to 140 C w e re  re p o r te d  on th e se  su rfa c e s  a l 

though the ra te  v a r ie d  by 15 fro m  su rfa c e  to su rfa c e . T his d iffe ren ce  

w as re la te d  to  v a r ia tio n  in  a d so rb ed  m o le c u le s . In th e  ra n g e  betw een 

140 to  200°C th e  re a c tio n  w as found to be v e ry  ra p id  w ith  a  n eg lig ib le  te m 

p e ra tu re  co effic ien t. The hydrogen  p e ro x id e  m o lecu le  w as v isu a liz e d  as 

o rie n te d  w ith the w eak 0 - 0  band s tra in e d  so th a t any low th e rm a l ac tion  

could b re a k  the  bond. No com pensa tion  effec t w as o b se rv ed . I t  w as co n 

cluded  th a t a l l  su rfa c e s  decom pose  hydrogen  p e ro x id e  vap o r a t m o d e ra te  

te m p e ra tu re s .  F o r  the  tru ly  e le m e n ta ry  hom ogeneous re a c tio n  the  a c t i 

vation  en erg y  should  be 52 k c a l/m o le , th e  en erg y  a s s o c ia te d  w ith  b re a k 

ing th e  0 - 0  bond. The hom ogeneous ac tiv a tio n  en erg y  found w as 48 k c a l /  

m o le .

Low te m p e ra tu re , s ta tic  e x p e rim en ts  (39) in d ic a ted  the follow ing 

n o n -ch a in  m ech an ism  fo r the  hom ogeneous re a c tio n .

H2 O2  = 20H (2)

OH 4- HgOg = HO; (3)

HO2 + HO2 = H 2O2 + O2 (4)

HO 2 + OH = H 2O + O2 (5)
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ZHgOg = ZHgO + Og (6)

T his w as b ased  no t only on p r e s s u r e  changes but a lso  a u x ilia ry  in fo rm a 

tion  fro m  sp ec tro sco p y , m a ss  sp e c tro m e try , and e le c tr ic a l  d isch a rg e  

w ork . T hese  sam e conclusions a r e  supported  by Yeung (162),

C. N. S a tte rf ie ld 's  group a t M assa c h u se tts  In s titu te  of Technology 

h a s  added ex tensive ly  to the  u n d ers tan d in g  of h e a t and m a ss  t r a n s f e r  e f

fe c ts  a s so c ia te d  w ith the  vapor p h ase  decom position , S a tte rf ie ld  and 

S tein  (126) d e te rm in e d  the  r a te  of decom position  as  a  function  of te m p e ra 

tu re  and com position  on boro  s ilic a te , b o ric  oxide and alum inum  su rfa c e s . 

A ssum ing  the re a c ta n ts  a r e  a d so rb ed  in  a m o n o lay e r on ac tiv e  s i te s  w h ere  

the  re a c tio n  p ro c e ed s , the  follow ing equation gave the b e s t f i t  of 15 equa

tio n s  te s ted ,

% 2 0 2
r  = —  (7)

w h ere  r  = ra te  of decom position  of hydrogen  p ero x id e  vapor

K = ad so rp tio n -e q u ilib riu m  co n stan ts  fo r  su b sc rip te d  com ponent 

P  = p a r t ia l  p r e s s u re  of su b sc rip te d  com ponent 

n = co n stan t having the  value  1, 2 o r 3 

H ydrogen p ero x id e  is  v isu a lize d  to be ad so rb ed  on two ad jacen t s i te s  and 

d isso c ia tin g  to fo rm  two ad so rb ed  OH ra d ic a ls . The rem a in in g  s tep s  a re  

v isu a liz e d  using  equations (2) th rough  (5), The ac tiv e  s ite  m ay  be a ssu m e d  

to  be an e lec tro n  donor s ite . S tein  re p o r ts  th a t th is  m ech an ism  is  a lso
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c o n s is te n t w ith the  s tep s  p ro p o sed  fo r hom ogeneous and h e te ro g en eo u s  

ca ta ly tic  decom position  of the  liqu id .

H a r r i s 's  (53) study of th is  re a c tio n  is  re la te d  to the  fa c t th a t 

hydrogen  p e ro x id e  h a s  been o b se rv ed  in  the  p ro d u c t gas of th e  slow 

com bustion  of h y d ro c a rb o n s . P r o f e s s o r  A. D. W alsh and co lleag u es  

(23, 65, 156) have s im ila r ly  becom e involved  w ith hydrogen  p e ro x id e  

vapo r decom position  in  th e ir  w o rk  w ith  the  slow oxidation  of v a rio u s  

fu e ls . A side fro m  obtaining a b e t te r  u n d ers tan d in g  of v a rio u s  su rfa c e s  

w ith  re s p e c t to vapor decom position , a n o n -ch a in  L indem an  m ech an ism  

o rig in a lly  p ro p o sed  fo r the  hom ogeneous re a c tio n  (equations 2 - 6 ) ex 

p la in ed  c e r ta in  d isc re p a n c ie s  of o th e r  s tu d ie s . The f i r s t  s tep  is  w ritten ,

H 2O2 + M = 20H  + M (8 )

w h e re  M can be e ith e r  H 2O2, H 2O, CO2 , N 2, O2, o r  H e, The r a te  d e 

c re a s e s  in  th is  sam e  o rd e r .  By keeping  M la rg e  f i r s t  o rd e r  re a c tio n  

b eh av io r is  o b se rv ed . In the  ran g e  betw een 241 - 420°C the  re a c tio n  

w as found to be f i r s t  o rd e r  s in ce  the  tim e  fo r one ha lf of th e  p e ro x id e  

to re a c t  w as independent of co n cen tra tio n .

The com plete  d e ta ils  of th e ir  in te re s t in g  study a r e  unpublished . 

They found i t  convenient to c la s s ify  th re e  types of su rfa c e s . The f i r s t ,  

c a tag o ry  1 su rfa c e s , p re s e rv e d  hyd rogen  p e ro x id e . Inc luded  w e re  ac id ic  

su rfa c e s  such as new o r H F -r in s e d  q u a rtz  and P y re x , b o ric  acid , p h o s 

p h o ric  acid , and ac id ic  oxides such  as  GeO^ and TiÛ 2. C a tag o ry  2
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s u rfa c e s  inc luded  m e ta ll ic  ozddes and s a l ts .  R eac tio n s  on C a tag o ry  2 

s u rfa c e s  w e re  n o t d iffusion  c o n tro lled . In th e  th ird  ca tag o ry  th e  s u r 

face  ad so rb ed  and d e s tro y ed  h ydrogen  p e ro x id e  e x tre m e ly  rap id ly , and 

the  o v e ra ll  re a c tio n  w as th e re fo re  d iffusion  lim ited . S ilv e r and o th e r 

nob le  m e ta ls  a r e  ex am ples of th is  l a t te r  c la s s .

T hese  k in e tic  s tu d ie s  have  shed  lig h t on the  phenom ena, but 

they  le av e  m uch  to be  d e s ire d . The in te ra c t io n  of th e  c a ta ly s t  and r e 

ac ta n ts  is  only o b se rv ed  in d ire c tly  and th e re  is  l i t t le  hope of im prov ing  

th ings re ly in g  only on a  k in e tic  ap p ro ach . The value of u sing  concep ts  

developed  in  th e  g e n e ra l e le c tro n  th e o ry  of c a ta ly s is  m en tio n ed  in  s e c 

tion  lA  in  e lu c id a tin g  the  m e ch a n ism s  is  ev ident.

The f i r s t  to  apply  th e se  id e a s  to hydrogen  p e ro x id e  v ap o r d e 

com position  w as H a r t  and R oss (55, 54, 118). T h e ir p a p e rs , p u b lish ed  

s e v e ra l  y e a r s  a f te r  the  o r ig in a l w o rk  (119), a r e  of va lue  in  d raw ing som e 

co n clu sio n s  about th e  ch em ica l o r  e le c tro n ic  n a tu re  of the  c a ta ly s t  and 

i ts  a c tiv ity . The f i r s t  p u b lish ed  p a p e r  (54) re p o r ts  th a t d eco m position

on s in te re d  m ix ed  ox ides s te a d ily  in c re a s e s  w ith te m p e ra tu re  fro m  38 

o
to 100 C. A h ig h e r c a ta ly s t annealing  te m p e ra tu re  a lso  in c re a s e s  the  

c a ta ly tic  decom position ; how ever, annealing  above about 600°C re s u l ts  

in  le s s  a c tiv ity . A d e c re a se  in  the  m ag n e tic  su sc e p tib ility  a f te r  expo

s u re  to hydrogen  p e ro x id e  vapo r w as re la te d  to a  change in  th e  oxidation  

s ta te  of the su rfa c e . In th is  study  the  eq u im o la r m ix tu re s  w e re  of 

Mn2 0 g and PbO , ZnO, NiO, o r  CuO and F
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The decom position  on oxide su rfa c e s  in  the  fo rm  of vacuum  

dep o sited  m e ta l f ilm s, m e ta l  s lip s  and  c o m p re sse d  s lip s  of bulk  oxide 

w as m e a s u re d  using  a flow r e a c to r  (55), A t a g iven te m p e ra tu re  the 

oxide p roducing  the la r g e s t  am ount of decom position  w as c o n sid e red  

to be m o s t a c tiv e . When th is  cou ld  no t be u sed  a s  a c r i t e r i a  the  c a ta ly s t 

w ith the  s m a lle s t  ac tiv a tio n  e n e rg y  w as c o n s id e re d  m o s t a c tiv e . In th is  

m a n n e r the  following a c tiv ity  s e r ie s  w as ob ta ined .

M n203  is  m o re  ac tiv e  th an  PbO  > Ag2Û > C0O /C 02O3 > CU2O > NiO 

(g reen ) > CuO > F @203 > CdO > ZnO = Sn0 2  > g la ss  (pyrex).

In  o th e r w o rd s , the  P - ty p e  ox ides w e re  th e  m o s t a c tiv e  fo l

low ed by th e  N -ty p e  and then  th e  in s u la to rs  b a sed  on th e  bulk  type of 

sem ico n d u c tiv ity . T hese  data  w e re  ob ta ined  using  s in te re d  com pacts 

and ox id ized  m e ta l f ilm s .

H a rt, M cF adyen and R o ss  th en  c o n s id e re d  the  im p lic a tio n  of 

th e ir  w o rk  as  i t  re la te d  to p o s s ib le  m e c h a n ism s . The " a c tiv e  s ite "  

w as id en tified  as  a p o sitio n  w h e re  e le c tro n  exchange is  fav o rab le , such 

as ,

(a) an e x cess  e le c tro n  tra p p e d  a t the  su rfa ce , i. e . , a vac en t 

anion, o r an im p u rity ,

(b) a h o le  h e ld  a t the  su r fa c e  by cation  vacancy .

The p ro p o sed  ra te  co n tro llin g  p ro c e s s  is  fo rm u la ted  as ,

+ S = p ro d u c ts  + (9 )
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^ 2 “  ̂w h e re  S m ay  be O , O , HO , a m e ta l ion, o r  a  sp ec ie s  fro m  H^O^,

* sl«
e. g . , HO2 ". S is  an ac tiv e  su rfa ce  s ite  and is  ab le  to r e tu rn  to S 

in  a s tep  w hich is  no t r a te  co n tro llin g . They a ttr ib u te d  a fa s t  d is tu rb a n ce  

of su rfa ce  equ ilib riu m  when a sudden change in  the co n cen tra tio n  of H 2O2 

o c c u rre d  a s  due to the  d is tu rb an ce  of (S ). A t low te m p e ra tu re s  the  s u r 

face  m ay  take  p a r t  in  a s im p le  cycle  t r a n s fe r  of e le c tro n s  betw een the 

oxide and the  w h ere  e ith e r  of the  following a re  co n tro lling : •

H202(g) + 20" = H20(g) + O2 (10)

H 202(g) + 0 2 " = H 20(g )  + 0 2 (g) + 0 “ (11)

B ased  on equation (9), one can w r ite  a r a te  E xpression .

^ = % 2 0 2  * )

w h ere  r  = ra te  of decom position

(S ) = su rfa ce  ac tiv ity  of sp ec ie s  S

P r  o  = p a r t ia l  p r e s s u r e  of hydrogen  p e ro x id e
2 2

T hese  au th o rs  b e liev ed  the  key to the m ech an ism  is  connected  w ith the 

*
change in (S ) when a sudden change is  m ad e  in  the  co n cen tra tio n  of H 2O2 , 

d is tu rb in g  the su rfa c e  eq u ilib riu m .

In th e ir  f in a l p a p e r (118), decom position  on c o m p re sse d  s in te re d  

sam p les  of p u re  and doped NiO in  th re e  fo rm s  is  re p o r te d . The P - ty p e  

oxide (doped w ith Lii2 0 ) w as m o re  ac tiv e  than the N -ty p e  fo rm  (doped 

w ith Ga2 0 g). This is  the sam e tre n d  shown by the bulk a c tiv ity  p a tte rn .
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A lso a t 100°C an ac tiv ity  p a tte rn  w as re p o r te d  to be, nonsto ich io m e tric  

NiO > s to ic h io m e tric  NiO > N i/N iO  (119).

In th e se  th re e  p a p e rs  the  p u rp o se  w as to r e la te  changes of c a ta 

ly tic  ac tiv ity  due to changes in  the  p a r t ia l  p r e s s u r e s  and the  te m p e ra tu re  

(k inetic  v a r ia b le s )  to the  known tr a n s p o r t  p ro p e r t ie s  of the  so lid  film s  

(bulk sem i conductiv ity).

The ra te  equation u sed  to d e sc r ib e  a ll  th e ir  data  w as,

_  1 / 8  _  - 1 /2  
r = k (Pjj202> (P02I (Ph2°'

w h ere  the  te rm s  have  the  sam e m ean ing  a s  b e fo re . The te m p e ra tu re

o o
ran g e  co v ered  w as 38 to 135 C and the p a r t ia l  p r e s s u r e  of hyd rogen  

p e ro x id e  v a r ie d  fro m  0 .32  to 9 .9 6  m m  of Hg, The te m p e ra tu re  co effi

c ien t on a  n ic k e l-f la sh e d  film  w as d e te rm in e d  to be 11. 0 + 0, 5 k c a l p e r

o o
g -m o le  in  the  te m p e ra tu re  ran g e  of 60 to 160 C. A co m pensa tion  e ffect 

w as noted  (119).

1. R e la ted  S tudies in  the  L iqu id  P h a s e  

S ev e ra l au th o rs  (126, 85) have in d ica ted  a connection  betw een 

c a ta ly s is  in  the  vapor and liqu id . Some re la te d  s tu d ie s  of liq u id  p h ase  

decom position  w ill now be m en tioned . B axendale  (11) in d ic a te s  the  de

velopm ent of twD th e o r ie s .  The in te rm e d ia te  p ro d u c t th eo ry  is  e x p re s se d  

by

A (c a ta ly s t)  + = A(H2Û2)2 (13)

2̂ ~ ®2 (14)
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w h e re  an u n s tab le  p e ro x id ic  com pound is  a ssu m e d  to decom pose on 

c a ta ly s t A as  in d ica ted .

The o th e r th e o ry  is  b a sed  on the  a ssu m p tio n  th a t a c a ta ly s t, M, 

can e x is t in  a t  le a s t  two ox idation  s ta te s .  S ince hydrogen  p e ro x id e  can  

a c t a s  both an ox idation  and  a reducing  agent, i t  is  p o ss ib le  to  w rite ,

^ r e d u c e d  ^ 2 ^ 2  “ ^ o x id iz e d , (15)

^ o x id iz e d  + ^ 2 ° 2  ^ r e d u c e d  + ° 2  •

Schum b (129) c ite s  J .  W eiss  as  th e  f i r s t  to  in d ic a te  an  e le c tro n  t r a n s f e r

betw een  h e te ro g en eo u s  c a ta ly s t eind s u b s tra te  by p ro p o sin g  th e  r a te  con 

tro l l in g  step  in  the  d eco m p o sitio n  to  be,

^ 2 ^ 2  "^Gtal e le c tro n  = OH + OH . (17)

S tudies of the  c a ta ly tic  effec t of n ick e l oxide on hydrogen  p e ro x id e  

in  th e  liq u id  p h ase  a r e  l im ite d . The s tu d ies  p r io r  to  1955 in d ica te  th a t 

n ic k e l e x e r ts  v ir tu a lly  no c a ta ly tic  effect in  ac id  so lu tion . A cid t r e a t 

m e n t of n ick e l oxide d ep o sited  on n ick e l d e p re s s e d  the  ac tiv ity  fo r  s u r 

face  d ecom position  (80). In b a s ic  so lu tion  n ick e l hyd rox ide  h a s  only 

m ild  ac tiv ity . One a c tiv e  fo rm  a p p ea rs  to be the n ic k e l o x id e -s il ic a  gel 

m i# u r e  (129).

A re c e n t  study of the  decom position  on lith iu m  and c h ro m iu m - 

doped n ic k e l oxide (93) show ed th a t the r a te  of decom position  w as p r o 

p o rtio n a l to the  pH of th e  so lu tion , being a m ax im um  a t pH 12-13. The 

ac tiv a tio n  en erg y  is  lo w er fo r  a h ig h e r e le c tro n  ho le  co n cen tra tio n  in  

n ic k e l oxide. The change in  w ork  function  d e te rm in e d  by con tac t p o ten tia l
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w ith  re s p e c t  to  p la tin u m  h as  been  c o r re la te d  w ith  the ac tiv ity  (taken as  

th e  sp ec ific  r a te  co n stan t) in  the  d eco m position  of 0. 25 m o la r  hydrogen 

p e ro x id e  (164). The co n clu sio n s  fro m  th is  study w e re  th a t the  F e rm i 

le v e l n e a r  the  su rfa c e  c o n tro ls  the  r a te  of re a c tio n , a low ering  of the  

F  e rm i le v e l i s  re f le c te d  by a r i s e  in  th e  w ork  function  and a low ering  

of the  a c tiv ity . Donor type  m o le c u le s  a r e  ad so rb ed  on n ick e l oxide.

In r e c e n t  y e a r s  the  liq u id  p h a se  decom position  h as  been  u sed  

to c h a r a c te r iz e  a c tiv ity  on s e v e ra l  d iffe ren t ty pes of c a ta ly s ts . The 

a ssu m p tio n  m ad e  in  th e se  s tu d ie s  is  th a t a  f i r s t  o rd e r  p ro c e s s  is  o c c u r 

rin g  (28, 29, 71, 73, 76, 146, 147, 163, 164).

B. E le c tro n ic  C h a ra c te r iz a t io n  of N ick el Oxide

1. C onduction M odel 

T he c a r r i e r  t r a n s p o r t  p ro p e r t ie s  of NiO a re  c h a ra c te r iz e d  by 

th e  e le c t r ic a l  p ro p e r t ie s  of th e  so lid . S ince c a ta ly s is  and ch em iso rp tio n  

a r e  s u r fa c e  phenom ena a connection  w ith  the  e le c tr ic a l  p ro p e r tie s  of the  

s u r fa c e  is  expec ted . M any h av e  been  ac tiv e  in  d ire c tin g  re s e a rc h  to in 

c r e a s e  the  u n d ers tan d in g  of t ra n s i t io n  m e ta l oxide p ro p e r t ie s .  The in 

t e r e s t  is  re f le c te d  in  the  in fo rm a l p ro ceed in g s  of the 1965 Buhl C onference  

(127) a tten d ed  by two h u n d red  s c ie n tis ts  g a th e red  fro m  a ll o v e r the  w orld  

to d is c u s s  the tr a n s p o r t  and m ag n e tic  p ro p e r t ie s  of tra n s itio n  m e ta l co m 

pounds w ith  p a r t ic u la r  em p h asis  on NiO.

The p re s e n t  id e a s  on th e  conduction m ech an ism  s ta r t  w ith the 

w o rk  of de B o er and V erw ey  (27), who developed  a th eo ry  to explain  the
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fa c t th a t n ick e l oxide is  an in su la to r  when s to ic h io m e tric . A ssum ing  d- 

e lec tro n s  a r e  lo c a liz e d  a t m e ta l ions, conduction could tak e  p lace  if 

ions of the  sam e elem ent, but of d iffe ren t valency , ex is ted  on c ry s ta llo -  

g rap h ica lly  equ ivalen t la tt ic e  p o in ts , and if th e re  is  a te m p e ra tu re  high 

enough to o v erco m e the  high energy  b a r r i e r .  Conduction could a lso  

take  p lace  if im p e rfe c tio n s  a r e  p re s e n t;  c re a te d  by: n o n -s to ic h io m e try , 

se le c ted  im p u r it ie s , g ra in  b o u n d arie s , h e a t tre a tm e n t and p la s t ic  d e fo r

m ation  (145). The co n trib u tio n s  of M ott (102), M orin  (99), Y am ash ita  

( l6l), H eikes (61, 62), emd Van H outen (150) a r e  the foundations of c u r 

re n t p ro g re s s . The n eed  fo r m o re  e x p e rim en ts  on w ell defined  sam p les  

to c le a r  up co n trad ic tio n  betw een ex p e rim en ta l r e s u lts  and th e ir  in t e r 

p re ta tio n  is  reco g n ized  as  a n e c e s s i ty  (151), The ex p e rim en ta l re s u lts  

av a ilab le  in  the  l i te r a tu r e  a r e  la rg e ly  ob ta ined  w ith n ick e l oxide th a t is  

n o n -s to ic h io m e tr ic  o r  doped w ith lith iu m . The n o n -s to ic h io m e tr ic  r e 

su lts  fro m  the l i te r a tu r e  a r e  co m p ared  in  F ig u re  2.1.

The e n e rg y -le v e l m odel of th e  tra n s it io n  m e ta l oxides is  unique 

in  th a t the  en erg y  bands im p o r ta n t fo r  sem iconductiv ity  a r e  re la te d  to 

in n e r e lec tro n ic  bands of the a to m s in  the  s tru c tu re . A f il le d  and em pty 

band o rig in a te s  fro m  the 2p anion le v e ls  and the 4s cation  le v e ls , r e s p e c 

tively , as in  zinc oxide. The 3d le v e ls  of the  cations a r e  only p a r tia lly  

filled . In n ick e l oxide the o v e rlap  of the w ave functions of the  3d e le c 

tro n s  is  c o n s id e re d  so sm a ll th a t a 3d band does no t ex is t. The 3d e le c 

tro n s  a r e  lo c a liz e d  on ind iv idual ions and can m ove fro m  one ion to the
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n e x t by a s o r t  of hopping o r d iffusion  p ro c e s s .

In o rd in a ry  sem ico n d u c to rs  the ac tiv a tio n  energ y  is  c o n s id e re d

to be the  en erg y  re q u ire d  to ex c ite  an e le c tro n  in to  the  conduction band,

- 6 -4  -3
W ith an im p u rity  co n cen tra tio n  of 10 to 10 cm  , d eg en e racy  re s u l ts  

and the  conductiv ity  beco m es m e ta llic  in  n a tu re . In  lith iu m  doped n ick e l 

oxide no such r e s u lts  have  been  ob tained . Van H outen (150) v isu a liz e d  

th e  e x tra  p o s itiv e  ch arg e  c a r r i e r s  a s so c ia te d  w ith lith iu m  im p u r it ie s  

o r  n ick e l v acan c ie s  a s  a t tra c te d  to th a t s ite  b ecau se  i t  h a s  an e ffec tive  

n eg a tiv e  c h a rg e . The ac tiv a tio n  energ y  fo r ch a rg e  t r a n s f e r  is  thus a 

com bination  of an energy  to lo o sen  th e  c a r r i e r  and to  t r a n s f e r  i t  once 

f re e d . The tr a n s p o r t  energ y  is  re q u ire d  due to se lf  trap p in g  cau sed  by 

an induced  la t t ic e  p o la r iz a tio n  fie ld  th a t is  a s so c ia te d  w ith  a long r e s i 

dence  tim e . To explain  the  m o b ility  ac tiv a tio n  fa c to r  the  M o tt-G u rn ey  

hopping m ech an ism  (103) is  u sed .

Both M orin  (99) and Van H outen (150) have given u se fu l en erg y  

le v e l d ia g ra m s , Y am ash ita  (l6l)  c a lcu la ted  th e  o rd e r  of m ag n itu d e  of 

the  d -band  w idth by an ap p ro x im a te  quantum  m ech an ica l tre a tm e n t. The 

re s u l ts  show ed the 3d band w idth  is  0, 1 e lec tro n  v o lts ,

B o resh o v  (16) am ong o th e rs  (43, 59, 153) h a s  su g g ested  th a t 

one of the  p r im a ry  re a so n s  fo r  the  fa ilu re  of the extended th e o ry  of c a ta 

ly s is  on sem ico n d u c to rs  is  the  fa c t th a t the oxide sem ico n d u c to r, e, g , , 

NiO, m ay  n o t follow  the  s im p le  band th e o ry  of so lid s . T his is  b a se d  on 

the  fa c t the  3d le v e ls  of the f i r s t  row tra n s it io n  e lem en ts  a r e  only
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p a r t ia l ly  f il le d  and one would expect, th e re fo re , m e ta llic  conduction in  

th e  ion ic  oxide c ry s ta ls .  Such oxides as  C rgO ^, M n2 0 g, NiO, CoO, 

and  CuO have in su la tin g  p ro p e r t ie s .  To explain  th is  i t  h as  been su g 

g e s te d  th a t if  the  o v erlap  of the  w ave functions of the  3d e lec tro n s  is  

v e ry  sm a ll, the  band fo rm ed  is  v e ry  n a rro w  o r non ex is tan t. The ty p ica l 

band conduction m odel b re a k s  down. S ev e ra l Soviet s c ie n tis ts  a rg u e  

th a t in  n ic k e l oxide c a r r i e r s  p ro b ab ly  m ove in  a n a rro w  band {82, 165). 

E ven  if th e re  is  no band conduction, a  re c e n t study h as  co n firm ed  th a t 

if  n o n d eg en e ra te , the  sing le  band s ta t is t ic s  can be u sed  w ith NiO, In 

th e  c a se  of a  dep letion  sp ace  ch arg e , a  M ott-Schottky  ap p rox im ation  w as 

ap p lied . A sp ace  ch arg e  reg io n  due to exhaustion of h o les  n e a r  the  s u r 

fa c e  w as o b se rv ed  (121). F o r  a d eg en e ra te  sem ico n d u c to r the  B oltzm an  

d is tr ib u tio n  does no t apply  and no den sity  of s ta te s  function is  known 

fo r  ho le -hopp ing  co n d u cto rs . In  th is  c a se  the dependence of the space  

c h a rg e  c u rv a tu re  w ith the app lied  p o ten tia l cannot be d e riv ed .

H ubbard  (68 ) is  developing a th eo ry  to re la te  the  v a rio u s  p ro p 

e r t ie s  of so lid s  follow ing the  band th e o ry  type conduction and those  h a v 

ing hopping conduction . A pseudo  p a r t ic le  density  of s ta te s  function  

w ith  a v a r ia b le  a to m ic  sep a ra tio n  in  c ry s ta ll in e  a r r a y  is  u sed  in  the  

tre a tm e n t. The m ain  con tribu tion  of th eo ry  h as  been i ts  d e sc rip tiv e  

and  so m etim es  q u a lita tiv e ly  c o r r e c t  m odel. When su cc e ss fu l i t  has 

g iven in s ig h t in to  th e  n a tu re  of c a ta ly s is  and given new d ire c tio n  to ex 

p e r im e n ts .
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2. D efect S tate

The la tt ic e  de fec t s ta te  c h a ra c te r iz in g  n o n -s to ic h io m e tr ic  NiO 

h as  been  re p re se n te d  by a cation  vacancy  and h o le  in  the  v a lence  band. 

U sing the  n o ta tion  of Sw alin (138) the  in te ra c tio n  of oxygen w ith the n ick e l 

oxide is  re p re s e n te d  by the following s e t of equations.

1 /2  0 2 (g) = O^ -f Vj^. + e"̂  (18)

V m  = 4 1  + (19)

1/2 03(g) = 0„ + + 2 (20)

w h ere  O^ = oxygen ion  on an oxygen la tt ic e  s ite ,

^ N i “ n ic k e l vacancy  having  an e ffective  ch arg e  of 1

2"
^ N i “ n ick e l vacancy  having an effective  ch arg e  of 2

I g
e = ho le  in  the  Ni (ed  ) le v e ls

S ince th e re  is  no w idely  accep ted  no ta tion  u sed  in  th e rm o d y n a 

m ic s  of de fec ts  the  above equations have  a p p ea red  in  a v a r ie ty  of equ iva

le n t fo rm s . W ith n ick e l oxide the  h o le  o r  c a r r i e r  is  m o s t often  sy m b o l

ized  by Ni w hile  the  n ick e l vacancy  by N iO . F  o r  fu r th e r  d e ta ils  on 

no ta tion  r e f e r  to  K ro g e r and Vink (81).

E quations (18) and  (20) have both been u sed  in the  l i te r a tu r e  to 

d e riv e  the dependency of conductiv ity , a ,  upon the  p a r t ia l  p r e s s u r e  of 

oxygen, P g ^ , in  the su rro u n d in g  a tm o sp h e re  a t eq u ilib riu m . I t can be 

shown tha t.
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fo r  sing ly  io n ized  vacancy,

— 1/4
a a P o ^  ;

fo r  doubly io n ized  vacancy,

-  1 / 6  
a  aP Q ^  .

o
H auffe (60) in d ic a te s  th a t a t te m p e ra tu re s  above 1000 C re a c tio n  (19) b e 

com es n o ticeab le , y ie ld ing  as  the  o v e ra ll  equation  (2 0 ) w ith oxygen p r e s 

s u re  dependence of 1 /6 . This is  b a se d  on M ito ff 's  re s u l ts  (97), Choi 

and M oore (22) su g g es t th a t M ito ff 's  da ta  a r e  in  b e t te r  a c c o rd  w ith equa

tion  (18). E ro r  (36) found th a t in  the  te m p e ra tu re  ran g e  of 800° to 1200°C 

equation (18) and the  co rre sp o n d in g  1 /4  pow er dependence a r e  o b se rv ed .

In the  f i r s t  study  re la tin g  conductiv ity  to  de fec t s tru c tu re , Vein 

B aum back and W agner (10) e s ta b lish e d  a  1 /4  pow er dependence in  the

ran g e  betw een 800° and 1000 C. H auffe (60) in d ic a te s  th a t fro m  600 to

o — 4
1000 C w ith oxygen p a r t ia l  p r e s s u r e s  of betw een 10 to 1 a tm o sp h e re ,

th e  dependence is  betw een  1 /4  and 1 /4 . 5.

The p r in c ip le s  m aking  i t  p o s s ib le  to c o r re la te  conduction w ith 

s to ic h io m etry  and im p u rity  con ten t a r e  w e ll a cc e p ted  (67). M ito ff 's  

w ork  h as  been u se fu l in  the  q u an tita tiv e  d e te rm in a tio n  of de fec t con cen 

tra tio n . The tre a tm e n t is  b a sed  on the  hopping conduction m o d e l of 

H eikes and Johnson  (62). They a ssu m e d  ch a rg e  c a r r i e r s  w e re  no t f r e e  

to m ove th rough  the  la t t ic e  w ithou t ad d itio n a l en erg y . The c a r r i e r  r e 

m a in s  on a s ite  fo r  a tim e  g re a te r  than  the  v ib ra tio n a l freq u en cy  of th e
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la t t ic e .  The w ork  to o v e rco m e  the  p o ten tia l b a r r i e r  is  the a c tiv a tio n  

en erg y  AG. F o r  e le c tro n - tr a n s f e r  m a te r ia ls  th is  c o rre sp o n d s  to th e  

f r e e  energy  of ac tiv a tio n , r a th e r  than  en erg y  gaps, as  w ould be th e  c a s e  

in  s tan d a rd  sem ico n d u c to rs  (67). The f ra c tio n  of c a r r i e r s  above th is  

en erg y  fo r  the  n o n d eg en e ra te  sem ico n d u c to r is  exp (-A G /kT ) w h e re  k 

i s  th e  B o ltzm an  co n stan t and T the  ab so lu te  te m p e ra tu re . By c o n s id e r 

ing  two p a ra l le l  c ry s ta l  p lan es  th e  p e rp e n d ic u la r  flux  of c a r r i e r s  i s  ob 

ta in e d  by m ultip ly ing  th e  above by the  p ro b a b ility  a jum p w ill o c c u r .

The re su ltin g  equation re se m b le s  the  d iffusion  equation and, by analogy, 

th e  E in s te in  equation  re la tin g  d iffu siv ity  and m o b ility , /i, can be u sed  

to ob tain  an  e x p re ss io n  fo r c a r r i e r  m o b ility . I t  is  a ssu m e d  th a t th e  

conductiv ity , a , w hich is  the  in v e rs e  of re s is t iv i ty , p , can be w ritten ,

a  = - ^  = ep (N i^^) (21)

The te m p e ra tu re  dependence of the  conductiv ity  is  p ro p o r tio n a l to the

"1p ro d u c t T exp (-A G /k T ). The re la tiv e  e ffec t of the  T is  sm a ll and 

is  u su a lly  n eg lec ted  (67, 150). M itoff (97) h as  d e riv e d  a u se fu l equation  

fo r the  e le c tr ic a l  conductiv ity  fro m  the above concep ts by rep la c in g  th e  

f r e e  en erg y  of ac tiv a tio n  w ith an e thalpy  of ac tiv a tio n  and accounting  fo r 

the  en tropy  by e ith e r  an e x p e rim en ta lly  d e te rm in e d  co n stan t o r an a s 

sum ed  co n stan t. The e le c tr ic a l  conductiv ity  is  then  given by,

CT = C ' (Ni^^) e x p  (- ^ ^ )  (22)
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I

w h e re  C = constan t including the jum p frequency  and en tropy  te rm , 

*
A H g = ac tiv a tio n  enthalpy fo r c a r r i e r  jum p.

A t te m p e ra tu re s  above which eq u ilib riu m  is  e s tab lish ed , the  

co n cen tra tio n  of n ick e l v acan c ies  is  re la te d  by (2 0 ) to the  n u m b er of

c a r r i e r s ,  and is  given by,
111 _  1/6 o

Ni = C exp (-A H ^ /3 R T ) (23)

111
w h ere  C = constan t,

AH£ = enthalpy of fo rm atio n  fo r the  eq u ilib rium  re a c tio n ,

3+Substitu ting  th is  ex p re ss io n  in to  equation (2 2 ), no ting  th a t (Ni ) = 2 

(NiO ) g ives,
o

Î AHj A H g
a = C  P o ^ a x p ( - _ - _ )  (24)

R elating  the  conductiv ity  to the  defect s tru c tu re  u n der eq u ilib riu m  con-

o ^
d itions, M itoff found; = 53, 400 c a l/g -m o le , H g  = 5500 c a l/g -m o le ,

II: _
C = 0 ,11  g -m o le , w h ere  is  e x p re sse d  in  a tm o sp h e re s  and the  

vacancy  co n cen tra tio n  is  e x p re sse d  a s  vac an c i e s p e r  ion  p a i r . On the 

b a s is  of the  in te rre la tio n sh ip  betw een the conduction reg io n s  i t  is  p o ss ib le  

to r e la te  q u an tita tiv e ly  the  defect co n cen tra tio n  to the  p a ra m e te rs  of 

th e  low te m p e ra tu re  conductiv ity  cu rv e . See Appendix A,

3. E le c tr ic a l  C onductivity  

In d iscu ss in g  the  p rev io u s  e le c tr ic a l  conductiv ity  stud ies  with 

n ick e l oxide i t  is  convenient to p re s e n t  the re s u lts  g rap h ica lly  in  F ig u re  2.1,
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B ecau se  of the la rg e  n u m b er of s tu d ies  only re p re se n ta tiv e  cu rv es  fro m  

the  v a rio u s  s tu d ie s  a re  shown. T h ree  defin ite  reg io n s  can be reco g n ized  

and each c o rre sp o n d s  to  a  d iffe ren t m ech an ism  of e le c tr ic a l  conduction. 

E ach  of th e se  conductiv ity  reg io n s  w ill now be d isc u sse d  s e p a ra te ly ,

a . E q u ilib riu m  reg io n , M ito ff 's  p a p e r  (97) show s th a t above

o
1050 C sin g le  c ry s ta l  n ick e l oxide m a in ta in s  equ ilib riu m  w ith th e  s u r 

rounding a tm o sp h e re  w ith h ea tin g  and  cooling r a te s  as  h igh  as  125°C 

p e r  h o u r. Below th is  te m p e ra tu re  th e  c ry s ta l  cannot m a in ta in  eq u ilib riu m  

if  the  cooling r a te  is  too h igh . T h is can be seen  by looking a t F ig u re  2 ,1 , 

The change in  slope fro m  th a t of th e  do tted  lin e  in d ic a te s  th a t the  cooling

r a te  is  too ra p id  to m a in ta in  eq u ilib riu m , M itoff o b se rv ed  th a t below

o o
900 C eq u ilib riu m  is  no t m a in ta in ed  even a t cooling r a te s  a s  low as  2 C

p e r  h o u r. I t  is  in te re s t in g  to n o te  th a t s e v e ra l  p o ly c ry s ta llin e  sam p les

fa ll  on the  e x trap o la ted  eq u ilib riu m  lin e  a t m uch low er te m p e ra tu re  than

do sin g le  c ry s ta ls .  The slope  of th is  lin e  is  0 ,772 e V /g -m o le ,

b. In te rm e d ia te  reg io n . Below 1050°C a g iven d e fec t co n cen 

tra tio n  can be 'fro zen  in ' by se lec tin g  v a rio u s  cooling r a te s  such as  l 6l°C  

p e r  h o u r. T h is c au se s  a bend in  the  conductiv ity  v e rs u s  re c ip ro c a l  a b 

so lu te  te m p e ra tu re  cu rv e . The slope of th is  p o rtio n  of tiie  c u rv e  is  0, 24 

eV / g -m o le  and i t  seem s to be independen t of cooling ra te .  T h eo ry  su g 

g e s ts  th a t i t  co rre sp o n d s  to the  a v e rag e  ac tiv a tio n  en erg y  fo r  conduction.

I t  is  a ssu m e d  in  th is  reg io n  th a t the  co n cen tra tio n  of d e fec ts  re m a in s  

co n stan t; th a t is ,  cooling is  so ra p id  th a t ch em ica l eq u ilib riu m  is  no t
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m ain ta in ed  and the  su rro u n d in g  gas h a s  no e ffec t on the  d efec t concen 

tra tio n , E ro r  (36) h as  found th a t th is  a c tiv a tio n  energy  is  a function  

of the  p a r t ia l  p r e s s u r e  of oxygen a t the  tim e  the  c ry s ta l  w as in  the 

equ ilib riu m  reg io n . E r o r 's  slope of 0. 29 eV a g re e s  c lo se ly  w ith the  

p o ly c ry s ta llin e  sam p les  of H e rb s t  (63) and the  s ing le  c ry s ta l  w ork  of 

Y am  aka (160), w hile  M o rin 's  (100) and T h o r to n 's  (145) s in g le  c ry s ta l  

data, as w ell a s  N ach m an 's  (104) p o ly c ry s ta llin e  data, a re  in  a g re e m e n t 

w ith M itoff.

c. Low te m p e ra tu re  reg io n . In lo w erin g  the  te m p e ra tu re  to 

n e a r  the  c ry s ta llo g ra p h ic  N eel po in t (37, 78) an o th e r bend o c c u rs , a l 

though so m etim es  i t  i s  n o t o b se rv ed  w ith  p o ly c ry s ta llin e  sam p les  (160).

The ex ac t te m p e ra tu re  a t w hich th is  t ra n s it io n  o c c u rs  is  in d e 

penden t of the  d e fec t co n cen tra tio n  (104). Van H outen (150) o b se rv ed  

a v a r ia tio n  in  th e  tra n s i t io n  te m p e ra tu re  w ith  s in te re d  p u re  n ic k e l oxide 

fro m  198 to 308°C , S m all v a ria tio n s  in  th e  h e a t  t re a tm e n t w e re  su g 

g e s te d  a s  th e  c a u se . W right and A ndrew s (159) o b se rv e d  a low te m p e ra 

tu re  tra n s it io n  betw een 315° and  376°C , Two o th e r v a lu es , 341 C (104) 

and 393°C (63) hav e  been  re p o r te d  w ith  p o ly c ry s ta llin e  sa m p le s . Single 

c ry s ta l  da ta  is  s c a rc e  in  th is  reg ion ; how ever, the  re p o r te d  v a lu es  of 

485°C (145) and 394°C (100) a r e  c o n s is te n t w ith the p o ly c ry s ta llin e  r e 

s u lts . H eikes (61) b e lie v es  th is  phenom ena is  no t re la te d  to the  N eel 

point, as  fro m  the th e o ry  i t  is  no t expec ted  to v a ry  th is  m uch, but ra th e r  

re la te d  to som e im p u rity  o r p ro p e r ty  of n ick e l v a ca n c ie s . A  second



32

m ag n e tic  tra n s it io n  a t te m p e ra tu re s  som ew hat below the  N eel po in t 

hav e  been d isc u sse d  by C im ino et. a l . , (24) bu t the  re la tio n  is  n o t c le a r .  

I t  is  ev iden t th a t the  slope  in  th is  reg io n  v a r ie s  fro m  sam p le  to sam p le  

(from  0,22 to 0. 69 e V /g -m o le ). H o g arth  (66 ) show ed th a t the  ac tiv a tio n  

en erg y  fo r conduction betw een 111°C and 393°C in c re a s e d  a s  the  lo g a 

rith m  of oxygen p r e s s u r e .  N achm an (104) h a s  su g g es ted  th a t th is  

ac tiv a tio n  energy  c o rre sp o n d s  to conduction by th e rm a lly  a c tiv a te d  h o p 

ping. Snowden and Salt sh u t g (134) hav e  v e r if ie d  th a t ro o m  te m p e ra tu re  

conduction is  indeed  by the  hopping p ro c e s s e s .  H e ik es  (61) found the  

te m p e ra tu re  dependence f a s te r  than  p re d ic te d  by hopping alone and 

p o s tu la te s  a m ag n etic  co n tribu tion .

d. Low te m p e ra tu re  conductiv ity  w ith  lith iu m  im p u r it ie s . B e 

c au se  the low te m p e ra tu re  conduction m e ch a n ism  is  s im ila r  to th a t of 

lith iu m  doped n ick e l oxide (104) a  b r ie f  d e sc r ip tio n  of som e low te m p e r 

a tu re  r e s u lts  a r e  given. A liy  am  a re p o r te d  (77) th a t th e  N eel te m p e ra 

tu re  d e c re a se s  a s  lith iu m  is  added to  NiO. In a ttem p tin g  to shed  m o re  

lig h t on the  conduction m ech an ism  of n ic k e l oxide, K oide (77) m ad e  ex 

te n s iv e  re s is t iv i ty  m e a su re m e n ts  on lith iu m  doped NiO s ing le  c ry s ta ls  

in  the  ran g e  of 25° to 743°C . A low te m p e ra tu re  t ra n s i t io n  s im ila r  to 

the  above w as o b se rv ed  to tak e  p la ce  n e a r  the  N eel po in t. The t r a n s i 

tion  te m p e ra tu re  d e c re a se d  w ith the d e c re a s e  of the  im p u rity  con ten t. 

The ac tiv a tio n  e n e rg ie s  h e  found, denoted by above th e  tra n s it io n  

te m p e ra tu re  and E 2 below , a r e  given bàlow .



33

L ith iu m  Content,
mole%  E^, eV E ^ ,  eV E ^  -  E^, eV

0. 0 0. 667 0. 910 .243

0.93 0 .234  0 .344  .110

1.36  0. 143 0.237 ,-094

E^ - E^ is  governed  by the  change in  d iffe ren ce  of the  energy  of s e lf 

tra p p e d  s ta te  and the  a c tiv ited  s ta te . Both Eg - E^ and the N eel po in t 

d e c re a se  w ith the addition  of lith iu m  up to 0, 025%. The tra n s itio n  te m 

p e ra tu re  co incides w ith the  N eel po in t. E ^  is  re la te d  to  an itife rrom ag- 

n e tic  o rd e rin g ,

e. S u rface  o r boundary  conductiv ity , N achm an (104) found the  

v a lu es  of c a r r i e r  co n cen tra tio n  ca lcu la ted  using  conductiv ity  and Seebeck 

re s u lts  and th o se  found by ch em ica l a n a ly s is  did  no t a g re e . To explain  

th is , g ra in  boundary  conduction is  suggested , th a t is ,  if  n ic k e l oxide is  

p re p a re d  a t  no t too high a  te m p e ra tu re , the  c u r re n t  c a r r i e r s ,  N i^^, a re  

d is tr ib u te d  in  a th in  la y e r  a t the  su rface  of the  g ra in s . The m ean  e le c 

t r i c a l  conductiv ity  is  then d e te rm in ed  by equation (21) u sing  the  m o b ility  

in  the  su rface  la y e r , and the co n cen tra tio n  av erag ed  o ver the  whole g ra in . 

A lso, if the  in te rn a l dom ain has only a few c a r r i e r s ,  fo r  exam ple, if 

ch em iso rb ed  oxygen h as  n o t d iffused  too fa r  in to  the  bulk, the  e x p e r i

m en ta lly  d e te rm in ed  Seebeck coeffic ien t re p re se n ts  the  su rfa c e  la y e r , 

Thornton (145) h as  s tud ied  the re la tio n  betw een sing le  c ry s ta l  

and p o ly c ry s ta llin e  e le c tr ic a l  conductiv ity , concluding: p o ly c ry s ta llin e
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conductance is  h ig h e r than in  a s in g le  c ry s ta l ,  conductiv ity  of the  bound

a ry  is  co n sid e rab ly  h ig h e r than  bulk, and the  sam e m ech an ism  co n tro llin g  

bulk conduction co n tro ls  conduction  in  g ra in  boundary  reg io n s ,

4. E le c tr ic a l  C onductiv ity  and Chem i so rp tio n  

B ie lan sk i (13) su g g ests  e le c tr ic a l  conductiv ity  can be u sed  to 

c h a ra c te r iz e  a sem ico n d u c to r c a ta ly s t  two w ays. The f i r s t  u se s  the  

in it ia l  conductiv ity  shown by a c a ta ly s t  b e fo re  com ing in to  co n tac t w ith 

the  re a c ta n ts  w hile the  second ap p ro ach  re la te s  the  a c tiv ity  and  the  chcin- 

ges in  the  conductiv ity  du ring  th e  re a c tio n .

One of the  f i r s t  to e x p lo re  th e se  id eas  in  a sy s te m a tic  ap p ro ach  

w as T. J , G ray  (42). The change in  e le c tr ic a l  conductiv ity  during  a d 

so rp tio n  and d e so rp tio n  of oxygen on n ick e l oxide as  w ell a s  the  change 

during  the  oxidation of CO w e re  m e a s u re d . The a ssu m p tio n  w as th a t the 

m e a su re d  e le c tr ic a l  conductiv ity  change w as only due to a change in  the 

su rfa c e  conductiv ity  w hich in  tu rn  could be re la te d  d ire c tly  to the  n u m 

b e r  of c a r r i e r s  t r a n s f e r r e d  in  th e  p ro c e s s  of chem i so rp tio n . U nfo rtu 

na te ly , th is  n e a t fo rm a lism  did n o t p ro v e  as  u sefu l as  an tic ip a ted .

A lthough m any  stu d ies  have  been  p e rfo rm e d  studying conduc

tiv ity  changes during ad so rp tio n  and c a ta ly s is  (T ab le  2. 1), m o s t of the 

w ork  h as  been p e rfo rm e d  on pow ders w hich a r e  no t w ell defined, th is  

l im its  the u se fu ln ess  of the  r e s u l ts ,  as po in ted  out p re v io u s ly .

I t should be poin ted  out th a t c la s s ic a l  ad so rp tio n  s tu d ies  have
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a lso  been re p o r te d  w ith n ick e l oxide u sing  m o n o m e tric  tech n iques (72, 

21, 30, 46, 70, 79, 83).

TABLE 2.1:

SIMULTANEOUS ADSORPTION - CONDUCTIVITY STUDIES 
ON PO LYCRYSTALLINE NICKEL OXIDE

G as A dso rbed R efe ren ce G as A dso rbed R efe ren ce

Û2 10, 42, 75, 84, 124'" ace tone 13

cyclohexane 75 Hz 10, 13, 42

n -h e x e n e -1 75 NzO 84

« 2° 13 CH^ 75

iso p ro p an o l 13 CO 10, 13, 42, 75

COg 13, 75

Single c ry s ta l  NiO used .

5. E le c tr ic a l  C onductiv ity  and C a ta ly s is  

O nly a l im ite d  n u m b er of s tu d ie s  have  been m ad e  in  w hich an 

a ttem p t w as m ad e  to u se  e le c tr ic a l  conductiv ity  to  he lp  c h a ra c te r iz e  the  

so lid  s ta te  du ring  ch em ica l re a c tio n . R ecen t s tu d ies  u s in g  s in te re d  c a ta 

ly s ts  a r e  m en tio n ed  below .

a. N itro u s  oxide decom position . N itro u s  oxide decom position  

h a s  been s tud ied  m o re  than  any o th e r re a c tio n  on n ick e l oxide. Kuchynka 

(83) concluded fro m  a d so rp tio n  m e a su re m e n ts  along w ith e le c tr ic a l
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conductiv ity  change: th a t the  c h a ra c te r  of n itro u s  oxide bonding on 

n ick e l oxide changes w ith  te m p e ra tu re , the  se le c tiv ity  is  connected  to 

the  ch em ica l c h a ra c te r  of th e  N 2O - oxide bond, chem i so rp tio n  is  n o t 

accom pan ied  by c h a rg e  t r a n s fe r ,  and the  r a te  lim itin g  step  is  connected  

w ith the  fo rm a tio n  of g aseo u s oxygen,

b. O xidation of ca rb o n  m onoxide (25). T his s tan d a rd  re a c tio n  

of c a ta ly tic  r e s e a rc h  h a s  been  s tu d ied  on n ick e l oxide u sin g  e le c tr ic a l  

conductiv ity  and k in e tic  te ch n iq u es . Two e x tre m e s  a r e  rev ea led : the  

su rfa c e  s a tu ra te d  w ith  c h em iso rb e d  oxygen w hich p ro m o te s  oxidation, 

and a su rfa c e  s a tu ra te d  w ith ca rb o n  m onoxide (13), The au th o rs  in d ic a te  

th a t the  r e s u l ts  co n firm  the  value of conductiv ity  m e a su re m e n ts  fo r  c a ta 

ly tic  r e s e a rc h ,  if  ap p lied  w ith  k in e tic  da ta , s in ce  changes in  conductiv ity  

a r e  a  s e n s itiv e  in d ica tio n  of su rfa c e  ch an g es .

c. F o rm ic  ac id  d ecom position  (9). The e le c tr ic a l  and k in e tic  

p ro p e r t ie s  of the  n ic k e l o x id e -c h ro m ic  o x id e -fo rm ic  ac id  sy stem  w ere  

s tu d ied  o v e r a ra n g e  of te m p e ra tu re s .  In it ia l  re a c tio n  r a te s  w e re  u sed  

to c h a ra c te r iz e  the  k in e tic s , and an A rrh e n iu s  type te m p e ra tu re  c o e ffi

c ien t w as found to c h a ra c te r iz e  the e le c tr ic a l  p ro p e r t ie s .  S in te red  m a 

te r ia l s  ig n ited  below 700°C w e re  red u ced  p a r t ia l ly  to m e ta llic  n ick e l by 

the  fo rm ic  ac id . W ith n ick e l oxide i t  w as shown th a t the  ac tiv a tio n  energ y  

fo r the  decom position  of fo rm ic  ac id  d e c re a s e s  as  the  e lec tro n  ho le  con

cen tra tio n  in c re a s e s .

U ntil th e  p re s e n t  t im e  no w o rk  h a s  been  re p o r te d  in  w hich
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c a ta ly s is  h a s  been c a r r ie d  out on w ell-d e fin ed  n ic k e l oxide s ing le  c r y s 

ta ls  in  which the so lid  s ta te  c h a ra c te r  w as defined  in  te rm s  of p a ra m 

e te r s  re la te d  to the e le c tr ic a l  conductiv ity .

6. Seebeck  C oeffic ien t

The Seebeck coeffic ien t, 0 , is  a lso  u se fu l in  c h a ra c te r iz in g  the

e lec tro n ic  s ta te  of s ing le  c ry s ta ls .  This p ro p e r ty  of the  so lid  s ta te  is

m e a su re d  by applying a te m p e ra tu re  d iffe ren ce , A T, a c ro s s  a  sam p le

and m e a su rin g  the  EM F g en e ra ted , A E. The co effic ien t is  defined as,

A E
e -  (2 5 )

The co effic ien t is  re la te d  to the  F e rm i le v e l th rough  th e  equation,

TT = 0 T  = E ^ + A  (26)

w h ere  A = s c a tte r in g  p a ra m e te r ,  a  constan t,

T = ab so lu te  te m p e ra tu re ,

2+ 8
E | = F e rm i le v e l w ith  r e s p e c t  to  th e  f il le d  Ni (3d ), 

ir = P e l t ie r  coeffic ien t.

Some au th o rs  (104) have a ssu m ed  the  co n stan t A to be n eg lig ib le  in  the  

p a r t ic u la r  te m p e ra tu re  ran g e  of in te r e s t  h e re .

In stud ies  w ith p o ly c ry s ta llin e  n ic k e l oxide sam p les  i t  h as  been 

found th a t the  value of the  Seebeck  coeffic ien t on a given c ry s ta l  does 

no t v a ry  m uch w ith te m p e ra tu re  and thus in v e s tig a to rs  (99, 104, 109, 150) 

found th a t the p ro d u c t 0 T, w hich is  p ro p o rtio n a l to the  F e rm i lev e l, in 

c re a s e d  slig h tly  w ith te m p e ra tu re . On the  o th e r hand  the  m agn itude  of
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the  co effic ien t v a r ie d  g re a tly  fro m  study to study due ap p a ren tly  to 

d iffe ren ces  in im p u rity  co n cen tra tio n . F o r  exam ple, w ith p o ly c ry s ta l

lin e  n o n -s to ic h io m e tr ic  NiO, N achm an (104) found th a t w ith  an ex cess  

oxygen co n cen tra tio n  of 0. 2 x 10 ^ a tom s p e r  NiO m o lecu le  th e  co effi

c ien t w as about 700 ^  v /°K , w hile  a t 9. 7 x  10 ^ the  value  w as about 

100 ^  v /°K , Van Houten a lso  found th a t as  the  e x ce ss  oxygen in c re a s e d  

the Seebeck co effic ien t d e c rea se d ; h e re , how ever, lith iu m  im p u rity  

w as being added (150). A t eq u ilib riu m  i t  h a s  been re p o r te d  (159),

6 —  log + co n stan t (27)
en ^ 2  —

w h ere  P g ^  = p r e s s u r e  of oxygen, 

n = 5 to 6, 3, 

k = B oltzm an  constan t, 

e = e lec tro n ic  ch arg e .

P a rra v a n o  (110), in  a study w ith p o ly c ry s ta llin e  NiO, found th a t 

in  th e  p re s e n c e  of v a rio u s  g a se s  the  u n s tead y  s ta te  change of the  Seebeck

coeffic ien t w as of value in  in te rp re tin g  ad so rp tio n  s tu d ie s . F o r  exam ple,

o -1
w ith NiO a t  115 C and an oxygen p r e s s u r e  of 4. 0 5 x 1 0  m m . Hg. the

o o
value of 6 d ropped  fro m  595 /i v /  C to about 547 ^  v /  C in  about 100

m in u te s . A re la tio n  w as d e riv ed  betw een the  o b serv ed  change in  the

Seebeck  co effic ien t and the  p o s itiv e  h o le  co n cen tra tio n :

Nc 0 c 0 o (28)
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w h ere  N c o rre sp o n d s  to the  c a r r i e r  co n cen tra tio n  and the su b sc r ip ts  

"o "  and " c "  r e p re s e n t  the  v a lu es  of the  in d ica ted  p a ra m e te r  b e fo re  and 

a f te r  ch em iso rp tio n , re sp e c tiv e ly .

F in a lly , s e v e ra l  au th o rs  (32, 52, 166) have in d ica ted  the  value 

of u sing  a p o in t co n tac t a t  co n stan t te m p e ra tu re  on a  c ry s ta l  a t room  

te m p e ra tu re  to  give a q u a lita tiv e  id ea  of c ry s ta ll in e  h e te ro g e n e ity . A 

s e r ie s  of re c e n t p a p e rs  h a s  app lied  th is  p r in c ip le  to obtain  q u an tita tiv e  

v a lu es  of the  d is tr ib u tio n  of the Seebeck  coeffic ien t ov er the  su rfa c e  of 

the  c ry s ta l  w ith  ge rm an iu m  and p o ly c ry s ta llin e  CuO (8,163).



CH A PTER HI 

EX PER IM EN TA I. APPARATUS AND PROCEDURES

A ,  P re p a ra t io n  of the  NiO C ry s ta ls  

F iv e  n ic k e l oxide s in g le  c ry s ta ls  w e re  p u rc h a se d  fro m  the F u ji 

T itan ium  In d u s try  C o ., L td . ,  O saka, Jap an  th rough  th e ir  r e p re s e n ta 

tiv e s , M aru b en i- lid a  C o ., L td . ,  in  Chicago, I ll in o is . T hese c ry s ta ls  

w e re  re p o r te d  to be p re p a re d  fro m  raw  m a te r ia ls  of the  follow ing p u rity : 

NiO 99. 92 + %, Co 0. 003%, and F e 0. 006%. A d e ta iled  an a ly s is  of r e p 

re s e n ta tiv e  s ing le  c ry s ta ls  is  given in  A ppendix B. A d e sc rip tio n  of the  

c ry s ta ls  is  given in  T ab le  3,1.

TA BLE 3.1 

DESCRIPTION OF THE NiO BOULES

L o t No. W eight, g ra m s D iam ete r, m m Length, m m

1519 8 .5 5 -8 .5 22

1526 9 .5 5-8 33

1525 1 0 .5 4. 6-8 33. 5

1520 15 5-9 37

1305 22 5-10 40

40
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T hese  c ry s ta ls  w e re  grow n in  an oxidizing a tm o sp h e re  by 

V e rn e u il 's  flam e  fusion  m ethod  (152).

1, C leaving

In o rd e r  to obtain  a w ell defined  c ry s ta l  su rfa ce  i t  w as n e c e s 

s a ry  to c leav e  the  c ry s ta ls .  The f i r s t  m ethod  t r ie d  began w ith a  dip in  

liqu id  n itro g en  u n til th e rm a l eq u ilib riu m  w as ob ta ined  as  in d ica ted  by 

th e  te rm in a tio n  of v igo rous boiling  tak ing  p lace  on the c ry s ta l  su rfa c e .

A No. 8 E xacto  b lade  w as u sed  to c leav e  th e  c ry s ta l  he ld  in  p la ce  by 

clay . A sm a ll h a m m e r p ro v id ed  the  fo rce  re q u ire d  to c leav e  the  c ry s ta l .  

C ry s ta ls  s m a lle r  than 1 0 .5  g ra m s  c leav ed  w ith no co m p lica tio n s. In 

going to the  l a r g e r  c ry s ta ls  only the  sm a ll tip s  gave a u n ifo rm  cleavage  

p lane .

L a te r  in  the  w o rk  an o th er techn ique  s im ila r  to th a t of H all (49) 

w as found to give m uch b e tte r  r e s u l ts  w ith le s s  w aste , even w ith  la r g e r  

c ry s ta ls .  This techn ique m ad e  i t  p o ss ib le  to rem o v e  the  edges of the  

c ry s ta l  re su ltin g  in  a  sam p le  w ith only (100) p lan es  exposed. C ry s ta ls  

w e re  obtained  having  w idths of only one m il l im e te r .

The E xacto  cu tting  edge w as p laced  on the  c o rn e r  of the  c ry s ta l  

in s te ad  of p a ra l le l  to an edge, A fo rc e  w as ap p lied  w ith the  b a ll end of 

a  b a ll p e en h a m m e r. In m o s t c a se s  only a  lig h t tap  was re q u ire d  to a ffec t 

th e  c leavage. A ll the  tim e  the  c ry s ta l  r e s te d  on h igh  d ensity  a lum ina  

w ith e x tra  p ie ce s  of a lum ina  to contain  the  p iece s  c re a te d  by the  p ro c e s s .



42

The su rfa c e  of the  c leaved  c ry s ta ls  w as e sse n tia lly  sm ooth  and f la t  on 

a m a c ro sc o p ic  sc a le . M icro sco p ic  exam ination  of the  c ry s ta l  in d ica ted  

th a t the  su rfa c e  w as no t alw ays s im p le . One of the  m o re  in te re s t in g  

su rfa c e s  is  shown in  F ig u re  3 .1. P r io r  to th is  p ic tu re  the  c ry s ta l  had 

been  e tched  7 m in u tes  in  boiling n i t r ic  ac id . T his is  one of the  c a ta ly s ts  

in  run  2/13. E tch  p its  a r e  ev ident on the  su rfa c e . T h e se  p its  a r e  m o re  

c le a r ly  defined  than  p rev io u s ly  p u b lish ed  (139). On so m e of th e  sam p les  

random  c ra c k s  a p p ea re d  on the su rfa c e . P a t te rn s  of lin e s  w e re  o b se rv ed  

w ith re f le c te d  lig h t on the c ry s ta l  su rfa c e .

No docum entation  of th e se  s tru c tu re s  w as m ad e  but th ey  a re  

s im ila r  to th o se  found by Saito (123).

2, O rien ta tio n  of C ry s ta l 

C ry s ta l  grow th w as in  the  (jLOOj d ire c tio n  and upon c leav ag e  a 

(100) c ry s ta llo g ra p h ic  p lane  w as exposed . To v e rify  th e  o rie n ta tio n  of 

the  NiO c leav ed  su rfa c e s  a sam p le  w as se le c te d  a t  ran d o m . T he sam p le  

w as m oun ted  in  p la s t ic  to e n su re  th a t the  po lish ing  w ould be as  c lo se  to  

p a ra l le l  to the  c leav ag e  p lane  as  p o ss ib le . A No. 320 AB c a rb im e t w et 

p a p e r  w as u sed  u n til s c ra tc h e s  a p p ea re d  in  the  d ire c tio n  of p o lish in g .

No. 600 g r i t  p a p e r  w as then u sed  in  a  d ire c tio n  p e rp e n d ic u la r  to the 

above. The sam p le  w as p o lish ed  w ith  L inde  A b ra s iv e  w ith  a B u e le r  

po lish ing  c lo th . X -ra y  d iffrac tio n  w as p e rfo rm e d  u sin g  a J a r r e l - A s h  

High In te n s ity  M icro focus U nit w ith a L aue R eflec tion  C am era . The 

(100) o rie n ta tio n  of the  c leaved  su rfa c e  w as co n firm ed . In  a  s im ila r
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-t

F ig u re  3 .1. E tch  p its  on c leav ag e  su rfa c e  of NiO fro m  

Run 2/13. X 150.
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m a n n e r  a  la rg e  c ry s ta l  w as m ounted  and X -ra y e d  as  re ce iv ed . R esu lts  

in d ic a ted  th a t the  p lane  p e rp e n d icu la r  to the  ax is of grow th w as the 

(100) p lan e .

O th er o rie n ta tio n s  could be obtained  by using  v a rio u s  cu tting  

m ach in es  (140), but th is  w as n o t a ttem p ted . The ch em ica l m ethods r e 

q u ire d  to  rem o v e  s tra in s  and dam aged  su rfa ce  la y e r s  would in tro d u ce  

o th e r e ffec ts  w hich w e re  avoided in  the  p re s e n t  w ork .

3. P r e t r e a tm e n t  of the C ry s ta ls

A s in  o th e r  c a ta ly tic  w ork  i t  is  n e c e s s a ry  to co n tro l and specify  

th e  p re tre a tm e n t as  co m p le te ly  as  p o ss ib le . In se lec tin g  p re tre a tm e n t 

conditions the o b jec t is  to v a ry  rep ro d u c ib ly  both the  ca ta ly tic  and e le c 

t r i c a l  p ro p e r t ie s  of the  NiO sing le  c ry s ta ls .  The v a ria b le s  a r e  p a r t ia l  

p r e s s u r e  of oxygen in  the  su rround ing  a tm o sp h e re , the te m p e ra tu re  and 

tim e  of the  h e a t tre a tm e n t, and the cooling ra te .  I t  is  n e c e s s a ry  to 

an nea l c ry s ta ls  m ad e  by the  V e rn e td l m ethod  (22). The annealing  u su a lly  

h a s  been  s im ila r  to th a t u sed  by Roth and S lack (120, 133). This t r e a t 

m e n t c o n s is ts  of h ea tin g  c ry s ta ls  a t te m p e ra tu re s  ranging  fro m  1450 

o
to 1600 fo r a few h o u rs  in  an a rg o n  a tm o sp h e re  containing a sm all 

am ount of oxygen and cooling slow ly to room  te m p e ra tu re . This p ro c e 

d u re  u su a lly  re s u l ts  in  s im p le  dom ain s t ru c tu re  (123). A nnealing in  d ry

o
n itro g en  fo r 40 h o u rs  betw een 1000 and 1470 C has  a lso  been u sed  (22).

In  view of the r e s u lts  re p o r te d  in  C hap ter 2, one would expect 

a  re p ro d u c ib le  su rfa c e  if  the n ick e l oxide c ry s ta l  w as allow ed to re a ch
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ch em ica l eq u ilib riu m  w ith the  su rro u n d  a tm o sp h e re  and then  quenched 

the  c ry s ta l .  Two o th e r p o s s ib il i t ie s , pu lsing , w ith  hydrogen  above 

400°C (124) and cleav ing  in  vacuum  (149), both in  p la ce  techn iques, w e re  

c o n sid e re d  im p ra c tic a l  fo r  the  p re s e n t study. The tre a tm e n ts  u sed  a re  

g iven  in  T ab le  3, 2,

TABLE 3. 2

PR ETR EA TM EN T CONDITIONS OF NiO CRYSTALS

Run C ry s ta l
T e m p e ra 
tu re  °C

Tim e,
h o u rs

A tm o sp h ere  
m ole%  0 ^

Cooling
R ate

° C /h r .

Cooling
T im e

m in u tes

1 9 .5 1000 21 71.8 1286
500
221

9
24
38

2 9 .5 , 22 1000 20 50 .2 sam e as 1

3 8 .5 1500 4 7 5 .7 38

5 sam e a s  2

6 sam e a s  2

8 , 
q**

random  co m 
b ination  of 
a ll  c ry s ta ls

920 29 a ir 2460

'r 'r
10 8. 5 1400 10 3 4 .5 1029 23

11 sam e as 1

12"" 8 .5 920 17 a ir 100

13"" 9 .5 1400 15 100 sam e as 10

Id en tified  by w eight, see T able  3, 1.

" '^Only 100 p lan es  exposed,
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In th e  p re tre a tm e n t annea l above 920°C, an 1800 w att, H e raeu i 

g low bar fu rn ace  w as u sed . T e m p e ra tu re  w as c o n tro lled  w ith  a  F oxboro  

p o te n tio m e tric  c o n tro lle r , m odel n u m b er 4043-40E , using  a P t - P t  10%

Rh th e rm o co u p le  as  th e  c o n tro l e lem en t.

The sam p les  w e re  p la ce d  on high p u rity  a lum ina  boa ts  fu rn ish e d

by the  R e se a rc h  In s tru m e n t Co. of Norméin, O klahom a, T h ese  sup p o rted

and p ro te c te d  the c ry s ta ls  fro m  con tam ination  during  high te m p e ra tu re

f ir in g . A b r i l l ia n t  tu rq u o is  co lo r w as le f t  by th e  c ry s ta l  on th e  a lum ina

o
a t each po in t of con tac t, even a t  920 C, This h a s  been  o b se rv ed  b e fo re  

(45).

A M organ ite  T rian g le  H -5 , 1-1/8" O. D ,, 7 /8 "  1. D . , m u llite  

tube w as u sed  as  th e  fu rn ace  tube allow ing the  d e s ire d  a tm o sp h e re  to 

be m a in ta in ed . A lthough the m a n u fa c tu re r  sp ec ified  the  m ax im um  sa fe  

cooling ra te  to be 200 C p e r  hou r, fo r  th e  conditions d e sc rib e d  the  co o l

ing ra te s  re p o r te d  in  T able  3. 2 w e re  u sed  w ithout b reak ag e . The a tm o s 

p h e re  w as co n tro lled  by p a ss in g  he lium  and 99. 72% oxygen th rough  two 

s e p a ra te  B rooks ro to m e te rs  fro m  the cy lin d e rs , reg u la tin g  each  s tre a m  

by m ean s  of the  re g u la to r  n eed le  v a lv es . The h e liu m  w as G rad e  A 

q uality  obtained  fro m  the U. S. B u reau  of M ines. The oxygen w as o b 

ta in ed  fro m  Big 3 W elding Supply Com pany, The g a se s  w e re  m ixed  

p r io r  to in tro d u c tio n  into the fu rn ac e  in  a 500 cubic inch  tank . The m ix 

tu re  p a s s e d  in to  the  fu rn ac e  by a V ycor tube h e ld  in  p lace  w ith C a rb o ru n 

dum F ib e r f ra x  c e ra m ic  bulk f ib e r . The m o s t ra p id  heating  r a te s  w e re
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obtained  by se ttin g  the  p o w e rs ta t a t  25, 30 and 35 am ps su c c e ss iv e ly  

in  30 m in u te  in te rv a ls .  Cooling w as ob ta ined  by shutting off the  pow er 

com pletely , and e ith e r  le ttin g  th e  e n tire  sy s tem  re a c h  ro o m  te m p e ra tu re  

o r  pu lling  the  m u llite  tube out of th e  fu rn a c e  a t  200°C.

The 920°C annea l took p la c e  in  the  584 w att sec tio n  of a  1750 

w att H evi-D uty  m u ltip le  u n it com bustion  fu rn ac e . In the  950° and  1000° 

p re tre a tm e n ts  a  V ycor com bustion  tube w as u sed , lim itin g  th e  m ax im um  

te m p e ra tu re  but p e rm ittin g  ra p id  cooling r a te s .  T hese  r a te s  w e re  ob 

ta in ed  by cu tting  the  pow er and opening th e  u p p er h a lf of the  fu rn a c e  

a f te r  30 seconds, exposing the  tube  to the  su rro u n d in g  a tm o sp h e re . 

Oxygen con ten t in  the  fu rn ac e  a tm o sp h e re  w as d e te rm in e d  w ith a B eck - 

mcin G C-2A  ch ro m ato g rap h . A s ix  foot colum n w as p ack ed  w ith  L inde  

5A m o le c u la r  s iev e  and o p e ra ted  a t 40°C w ith a filam en t c u r r e n t  of 65 

m ill ia m p e re s . N itro g en  gas w as u se d  a s  a  c a r r ie r ,  h en ce  both a h e liu m  

p eak  and an oxygen peak  w e re  o b se rv ed . The m o le  p e rc e n t oxygen w as 

ca lcu la ted  by peak  h e igh t tech n iq u es . The va lu es  d e te rm in e d  a p p ea r in  

T ab le  3. 2.

B. K inetic  A p p ara tu s  

I so th e rm a l study of the  d ecom position  of hydrogen  p e ro x id e  

vapo r w as c a r r ie d  out in  an a p p a ra tu s  s im ila r  to th a t of H a r t  and R oss 

(55, 119) and S a tte rf ie ld  and Yeung (125). F ig u re  3 .2  is  the  sy s te m  flow 

d iag ram .



TC3 TCI

Al

RI

a

T

Reactor

1*8

HI

TC2

0
0

G H2

hOU 
0 
0

Vapor Generation

V2

ST2 N2

Flow Control

M2

Al. absorber P. stirrer

c. refrigeration co ils Rl. glass reactor

D1,D2, carrier gas purifiers 31, saturator

FI, Brooks rotometer tube ST1,ST2, surge tanks

H1,H2. heaters TCl-TCli, thermocouples

Ml. capillary manometer VI, regulator valve

M2, system manometer V2, Nupro metering valve

Figure 3 ,2 , Flow Diagram of Kinetic Apparatus,



49

1. Raw M a te r ia ls

The hydrogen  p e ro x id e  u sed  in  th is  study w as a 98% so lu tion  

fu rn ish e d  by F .M . C. C o rp o ra tio n  and a 50% solu tion  p ro v id ed  by the  

Solvay P r o c e s s  D ivision  of A llied  C hem ical C o rp o ra tio n . Both w e re  

u sed  w ithout fu r th e r  p u rif ic a tio n . D ry  n itro g en  fro m  Big 3 W elding Sup

p ly  Co. had  an e s tim a te d  p u r ity  of 99. 7% and w as th e  c a r r i e r .

B efo re  the  n itro g en  gas con tac ted  the  hydrogen  p e ro x id e  so lu 

tion , i t  p a s s e d  th rough  two gas p u rif ic a tio n  bulbs in  s e r ie s ,  D1 and D2 

of F ig u re  3. 2. D1 w as f il led  w ith C aC l2 and m ag n esiu m  p e rc h lo ra te , 

w h ile  D2 w as f il led  w ith s i l ic a  gel and soda lim e . E ach  bulb had  i ts  

ends p lugged w ith P y re x  g la ss  w ool.

2. F low  C ontro l

The flow ra te  of n itro g en  in to  the  sy stem  w as c o n tro lle d  by V2, 

a  N ypro fine  m e te r in g  valve, B4MA2. The back  p r e s s u r e  of the  sy s tem  

w as fixed  during  a ll the  ru n s , being s e t  by the  n eed le  valve  VI on the 

p r e s s u r e  re g u la to r . O rig in a lly  th e  flow ra te  w as m o n ito red  w ith  a 

B rooks ro to m e te r , F I, having e ith e r  a lA-15-1 tube w ith g la ss  flo a t o r  

a 3-15-4  tube w ith s ta in le s s  s te e l flo a t. To red u ce  o sc illa tio n  of the 

ro to m e te r  flo a t a t low flow, STl a 500 cubic inch  tank, and ST2, a one 

l i t e r  f la sk  w ith a  c a p illa ry  in le t, w e re  u sed  as  su rg e  ta n k s . M ore con

s is te n t re s u lts ,  how ever, could  be obtained  u sing  a c a p illa ry  m a n o m e te r 

ty p e  flo w m ete r. M l. C a lib ra tio n  w ith a soap bubble flo w m ete r re s u lte d
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in  a  p re c is io n  of + 3 c c /m in u te  a t 200 c c /m in u te .

3. C leaning the  G la ssw are  

E x tre m e  c a re  m u s t be e x e rc is e d  to ach iev e  the  m o s t in e r t  

b o ro  s il ic a te  r e a c to r .  The g la s s  to be u sed  in  co n stru c tin g  th e  r e a c to r  

w e re  tho rough ly  r in s e d  w ith d e ion ized  d is til le d  w a te r  (See A ppendix C) 

and then  r in s e d  w ith re a g en t g ra d e  ethanol. A fte r d ra in in g  m o s t of the  

ethanol, re a g e n t g rad e  n i t r ic  a c id  w as c a re fu lly  added. C a re  m u s t be 

taken  in  th is  o p e ra tio n  s in ce  an e x tre m e ly  v io len t re a c tio n  so m etim es  

o c c u rs . A fte r th e  fum es had  subsided , w a te r  w as added  and  the  p ie c e s  

d rie d . The p re c le a n e d  g la ssw a re  w as then  re a d y  to u se  in  the  c o n s tru c 

tion  of the  r e a c to r .  A fte r g la s s  blow ing and su bsequen t einnealing, the  

sam e  sequence  w as re p e a te d  w ith  the excep tion  of th e  in it ia l  w a te r  r in s e . 

The fin a l step  c o n s is te d  of only two w a te r  r in s e s .

The r e s t  of th e  g la ssw a re  in  the  sy stem  w as r in s e d  w ith  ethanol, 

w a te r , éind co n tac ted  w ith v ap o rs  of n i t r ic  a c id  c a r r ie d  in  n itro g en  fo l

low ed by thorough  r in s in g  w ith w a te r . S ince the  te m p e ra tu re  of th e se

o
su rfa c e s  is  a lw ays 24 C, n eg lig ib le  re a c tio n  tak es  p la ce .

The in te rco n n ec tin g  lin e s  w e re  m ade  of b o ro s il ic a te  g la ss  tu b 

ing. Tygon flex ib le  p la s t ic  tubing having  the  fo rm u la tio n  R -3604  A 

jo in ed  long leng ths of g la ss  tubing to v a rio u s  p ie ce s  of the  a p p a ra tu s .

T his tubing w as fu rn ish e d  by U. S. S tonew are Co. Only b o ro s il ic a te  

su rfa c e s  w e re  in  co n tac t w ith th e  ^ 2 " ^ 2 ^ ?  s tre a m  once i t  le f t  s a tu ra to r
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SI. A b so rb e r A-1 w as lu b r ic a te d  w ith F lu o ro lu b e  G R -544 fu rn ish e d  by 

the  H ooker C h em ica l C om pany. The F luo ro lube  w as te s te d  and  found to 

c au se  n eg lig ib le  decom position  a t  room  te m p e ra tu re  u n d e r the  conditions 

u sed . This lu b ric a n t w as a lso  u sed  in  th e  b a ll and so ck e t jo in t co n n ec t

ing the s a tu ra to r  and the  r e a c to r .

4. V apor G en era tio n  

To red u ce  te m p e ra tu re  v a r ia tio n s  w ith in  th e  r e a c to r  due to 

the  h igh ly  ex o th erm ic  re a c tio n  and to s im p lify  th e  k in e tic  tre a tm e n t, a 

low in itia l co n cen tra tio n  of hyd rogen  p e ro x id e  vap o r is  d e s ire d . This 

w as obtained  by p a ss in g  n itro g en  bubbles th ro u g h  40m l of hydrogen  

p e ro x id e  so lu tion . T h ese  bubbles w e re  g e n e ra te d  by p a ss in g  the  gas 

th rough  a f r i t te d  cy lin d e r in  a s ta n d a rd  g as  w ash ing  b o ttle . P re v io u s  

s tu d ies  have  shown th a t n e a r  a s a tu ra tio n  c o n ce n tra tio n  can  be ob ta ined  

by using  only one such b o ttle  (119) u s in g  s im ila r  cond itio n s . The co n cen 

tra tio n  of the  hydrogen  p e ro x id e  in  the  v apor depends on both the  con 

c en tra tio n  of the  so lu tion  in SI and i ts  te m p e ra tu re . The co n cen tra tio n  

of the  so lu tion  is  no t ex pec ted  to  change v e ry  m uch  due to e ith e r  d is t i l 

la tio n  o r decom position  (119), if  the  a p p a ra tu s  is  c lean . The te m p e ra 

tu re  of the hydrogen  p e ro x id e  so lu tion  w as c o n tro lle d  by m ean s  of a 

w a te r  th e rm o s ta t . The so lu tion  in 51 can be m a in ta in ed  e ith e r  above o r 

below ro o m  te m p e ra tu re .

Two bath  te m p e ra tu re s  w e re  u sed  in  the  w o rk  re p o r te d  h e re .
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o o
13. 5 C and 24 C, Steady s ta te  o p e ra tio n  of a T e c n m se h -re fr ig e ra t io n  

unit, C, m a in ta in ed  the  so lu tion  a t a te m p e ra tu re  of 13, 5°C as m e a 

su re d  by therm ocoup le  TC2 and a m e rc u ry - in -g la s s  th e rm o m e te r  in  

the  w a te r  bath . The h ig h e r te m p e ra tu re  w as ob tained  by le ttin g  the  

w a te r  bath reach  room  te m p e ra tu re , w hich w as m a in ta in ed  a t  a co n stan t 

te m p e ra tu re  of 2 4 + 1°C. In e ith e r  case , the  te m p e ra tu re  v a r ia tio n  w as

no t d e tec ted  with TC2, and fro m  th is  i t  is  a ssu m e d  th a t the  so lu tion  te m -

o
p e ra tu re  w as known + . 5 C.

In te rm e d ia te  te m p e ra tu re s  could be ob ta ined  by using  the  r e 

fr ig e ra tio n  un it and knife h e a te r s  co n tro lled  w ith a  p re c is io n  th e rm o 

re g u la to r .

5. R ea c to r

a. Tube r e a c to r .  The s im p le  tube re a c to r  shown in  F ig u re  

3. 3a gave the  m o s t s a tis fa c to ry  k in e tic  r e s u l ts .  N ot u n til the  u tm o s t 

c a re  w as taken  in  the  g lass-b lo w in g  and handling  of the  g la ss  w e re  s a t i s 

fa c to ry  re s u lts  ach ieved . F o r  fu r th e r  com m ents see  the b o ro s il ic a te  

tre a tm e n t d e sc rib e d  in A ppendix K. T his re a c to r  c o n sis te d  of a T 14/20 

o u te r fitting  jo ined  to a 12mm sec tio n  of tubing c lo sed  a t  one end w ith 

a  3" long 5mm d ia m e te r  s id ea rm  a t r ig h t ang les to the  la r g e r  tu b e 's  

a x is . A connecto r w as designed  so th a t the  r e a c to r  could be rem o v ed  

e a s ily  fro m  the r e s t  of th e  sy stem , and a lso  fo r  the  addition  o r rem o v a l 

of c a ta ly s t. I t  co n s is ted  of a T 12/5 so ck e t jo in t and T 14/20 in n e r g la ss
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grin d in g . T h ree  ind en ta tio n s  w e re  m ad e  fo r th e rm o co u p le s . A fte r 

w rapping  one la y e r  of a sb e s to s  p a p e r  o v e r the  g la ss , the tube w as 

w rap p ed  u n ifo rm ly  w ith n i c h ro m e  w ire . S ev e ra l m o re  la y e r s  of a sb e s to s  

sh ee t w e re  u sed  to co v er th is  w ire . Iro n  cons tan  tan  th e rm o co u p les  

w e re  p la ce d  s e m i-p e rm a n e n tly  in to  the w e lls  w ith the  a id  of T h e rm o 

coat HT h igh  te m p e ra tu re  ad h es iv e  (O m ega E ng ineering  Com pany).

The th e rm o co u p le s  w e re  c a lib ra te d  a t  one po in t a g a in s t a  re fe re n c e  

th e rm o co u p le  as  ou tlined  in  A ppendix D, A s lig h t te m p e ra tu re  g rad ien t 

ex is ted  o v e r th is  re a c to r  tube  during  o p e ra tio n  a s  shown below .

P o w e rs ta t  se ttin g  vo lts TCI, °C TC4, °C
o

TC3, '

10 V 63 66 64

16 121 127 124

18 134 141 138

20 166 175 170

22 201 210 208

Independen t s ec tio n a l h e a te r s  w e re  added to im p ro v e  th is  con 

dition, but w e re  in adequate . By c a re fu lly  applying in su la tio n  i t  w as p o s 

s ib le  to keep  the te m p e ra tu re  d iffe ren ce  betw een TC^ and TCg w ithin  

2°C . In re p o rtin g  the  te m p e ra tu re s  the g e o m etric  a v e ra g e  betw een the 

th e rm o co u p le s  bounding the  c a ta ly s t  w as u sed .

In itia lly  the  r e a c to r  flow r a te  w as s e t and a f te r  four h o u rs  

o
o p e ra tio n  a t 200 C, a b lank run  w as m ad e . This c o n s is te d  of a ttach in g
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a d s o rb e r  A 1 con tain ing  ZOOcc of h igh  p u r ity  w a te r  to the re a c to r  ou tle t 

and s ta r t in g  the  stop w atch  as  soon as  bubbles began to em erg e  fro m  

the  f r i t te d  g la ss  c y lin d e r. The te m p e ra tu re  w as checked  a t p o in ts  TCI 

th rough  TC4 and re c o rd e d  a s  w e re  the  m a n o m e te r  re ad in g s  Ml and M2. 

The ro to m e te r  read in g  w as a lso  re c o rd e d , A change in  the  read in g  of 

m a n o m e te r  M2 w as u sed  to in d ic a te  le a k s  in  th e  sy stem  during  the  

c o u rse  of a  run  and  betw een  ru n s . At the  end of the  run  the  sp rin g  

clam p on the  b a ll and  so ck e t jo in t betw een  R l and  Al w as rem o v ed  and 

the  two p ie c e s  se p a ra te d .

T he so lu tion  w as d ra in e d  fro m  the stopcock a t th e  bo ttom  of 

A l in to  two c lean  f la s k s . The a d s o rb e r  w as re f i l le d  w ith 100ml of w a te r  

fo r  a two m in u te  soak  to rem o v e  th e  l a s t  t r a c e s  of hydrogen  p e ro x id e . 

This h a s  been  shown to e ffec tiv e ly  rem o v e  a ll  the  hy d ro g en  p e ro x id e  

in  the  ex it s tre a m  (119).

The so lu tio n s  w e re  a c id if ie d  and t i t r a te d  w ith  s tan d a rd iz e d  

p o ta ss iu m  p e rm a n g an a te  so lu tion  acco rd in g  to the  conventional M cB ride  

m ethod  (112). The h y drogen  p e ro x id e  con ten t in  th is  so lu tion  can be c a l 

cu la ted  w ith  an ex p ec ted  e r r o r  of . 2%. The hydrogen  p e ro x id e  con ten t 

is  d ire c tly  r e la te d  to th e  ex it co n cen tra tio n  of the  r e a c to r .  Changing 

th e  se ttin g  on a v a r ia b le  t r a n s fo rm e r  re d u c ed  th e  re a c to r  te m p e ra tu re

and in  th is  w ay a  run  can  be m ad e  o v e r the  e n tire  te m p e ra tu re  ran g e

o
fro m  room  te m p e ra tu re  to 200 C, o r  h ig h e r . O nce the  g la ss  su rfa ce  

h as  been  c h a ra c te r iz e d  fro m  th e se  r e s u l ts ,  the  c a ta ly s t  w as p laced
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in s id e  the  re a c to r  tube and the  com plete  s e r ie s  re p e a te d . The m e a 

su re m en ts  d e sc r ib e d  a llow ed the  d e te rm in a tio n  of the  r a te  of d eco m 

position ,

b. F lu id  ja ck e te d  r e a c to r .  The in itia l r e a c to r  w as designed  

to obtain  sim u ltaneous k in e tic  and e le c tr ic a l  c h a ra c te r iz a tio n  of a c a ta 

ly s t  and is  shown in  F ig u re  3. 3b. H ow ever, p ro c e d u re s  w e re  n o t r e 

fined  enough to avoid con tam ination  during  c o n stru c tio n  and o p e ra tio n .

As a re su lt, i t  w as found th a t the  su rfa c e s  w e re  too ac tiv e  to  c a r r y

o
out the  study below 100 C.

The re a c to r  tube w as c o n s tru c te d  fro m  two, 15/16 inch  I. D .,

T 29/42 M ercu ry  se a l jo in ts . P e rp e n d ic u la r  to  the  ax is  of th is  tube 

two 5mm g la ss  tubes w e re  jo ined  on opposite  s id es  of the  r e a c to r  ex 

tending th rough  its  w a ll. A ja c k e t w as p laced  a ro u n d  the  r e a c to r  tube . 

W ithin th is  ja ck e t a co il w as p laced  to s e rv e  as  the  re a c ta n t p re h e a to r .

The gas en te red  the  r e a c to r  tube n e a r  the  bottom  and le f t  n e a r  the  top.

A T 10/30 o u te r jo in t fo r  a co n d en se r, a T 24 /4 0  jo in t fo r  a th e rm o 

couple w e ll and a s topcock  d ra in  w e re  a ll  connected  to the  ja c k e t as 

shown. The side a rm s  w e re  plugged during  th is  study. They w e re  to 

s e rv e  as  e lec tro d e  h o ld e rs  fo r the m e a su re m e n t of changes in  the  c a ta ly s t 's  

e le c tr ic a l  p ro p e r tie s . T hese  m e a su re m e n ts  w e re  to be m ad e  in  the 

sam e w ay as the high te m p e ra tu re s  m e a su re m e n ts  d e sc r ib e d  in  sec tio n  

C of th is  C hap ter. Sealing the m oveab le  e le c tro d e  to  p re v e n t leak ag e  

and m ask ing  any exposed ac tiv e  m a te r ia l  w as a p ro b lem . A K el-F
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d isp e rs io n , 3M KX633, w as found usefu l in  m ask in g  ac tiv e  m a te r ia ls .  

The re a c to r  sy stem  w as m ade  le a k - f re e .

A th e rm o co u p le  w ell ex tended  th rough  th e  upper end of the 

re a c to r  tube along the  c e n tra l  a x is . A round the  w ell th e re  is  a co n cen 

t r i c  l a r g e r  tube w hich h e ld  up to 10 c a ta ly s t s l ic e s .  This o u te r  tube had  

been  cu t in  evenly sp aced  in te rv a ls  in  a  s p ira l  configu ra tion . The cu ts  

w e re  the  sam e  d im ensions a s  the  c a ta ly s t c ry s ta ls ,  and a llow ed the 

o r ie n ta te d  c ry s ta l  fa c es  to be p la ce d  p e rp e n d ic u la r  to  the  re a c ta n t flow. 

The bottom  fittin g  se rv e d  as  e ith e r  a  plug o r c a ta ly s t  su p p o rt.

A p p ro x im ate ly  130 w e re  p e rfo rm e d  u sin g  50% ^ 2 ^ 2  100

ru n s  using  98% H 2O2, re sp e c tiv e ly , in  the  s a tu ra to r , SI. T h ese  ru n s  

gave encourag ing  bu t no t con clu siv e  re s u l ts  th a t decom position  w as 

o c c u rr in g  on up to 22 p ie c e s  of c ry s ta l  p la ce d  in  the  r e a c to r .  In  an 

a tte m p t to b e tte r  u n d e rs tan d  the  v a r ia b le s  involved, i t  w as decided  to 

c o n s tru c t a s im p le  tu b u la r  r e a c to r  w hich h a s  been  d e sc rib e d .

D uring the in it ia l  te s tin g  of the  f i r s t  r e a c to r  tube, the  c a ta ly s ts  

w e re  p o s itio n ed  by shaking . T his p ro c e d u re  s ig n ifican tly  in c re a s e d  

the  ac tiv ity  of the  g la ss  su rfa c e  and in  su bsequen t charg in g s  a p ie c e  of 

nylon ro d  w as u sed  to po sitio n  th e  c a ta ly s t in  d e s ire d  lo ca tio n  (A ppendix 

E).

6. G eo m etric  S u rface  A rea  

F o r  d e te rm in in g  th e  k in e tic  p a ra m e te r s  the  su rfa c e  a r e a  of the
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c a ta ly s t  is  re q u ire d . S ince th e  c ry s ta ls  a r e  in  th e  shape of sq u are  

faced  o r  re c ta n g u la r  b r ic k s  w ith  re la tiv e ly  sm ooth  c leav ed  s u rfa c e s , 

the  g e o m e tric  su rfa c e  a re a  w as u sed . This a re a  w as d e te rm in e d  w ith 

a  m o d ifica tio n  of a  p ro c e d u re  g iven by Thom as (143). E ach  c a ta ly s t 

w as in d iv id u a lly  w eighed w ith an  A insw orth  ' 'R igh t-A -W eigh ' type S, 

au to m atic  b a lan ce . The th ic k n e ss  w as then  m e a s u re d  by m ean s  of a 

c a lip e r  m ic ro m e te r .  The c ro s s  sec tio n a l a r e a  of the  sam ple  w as

3
c a lc u la te d  using  the  d en sity  of 6. 80 g m s /c m  fo r N iO . The g e o m e tric  

su rfa c e  a re a  of th e  c ry s ta ls  w as then ca lcu la ted . See A ppendix F . 

C a lcu la ted  su rfa c e  a re a s  w e re  w ith in  + 7% of the su rfa c e  a re a  o b 

ta in e d  by u s in g  the  d im ensions of the  c ry s ta l  a lone.

C. E le c tr ic a l  M ea su rem en ts  on NiO Single C ry s ta ls  

The e le c tr ic a l  p ro p e r t ie s  m e a s u re d  in  th is  w ork  w e re  the e le c 

t r i c a l  conductiv ity  and the  S eebeck  co effic ien t. The techn iques u sed  in  

the  e le c tr ic a l  m e a su re m e n ts  w e re  designed  so th a t th ey  could a lso  be 

u sed  in  the  ja ck ed  r e a c to r .  E ach  technique w ill be d e sc r ib e d  and d is 

c u sse d  below . The re s u lts  a r e  d isc u sse d  in  d e ta il in  C h ap ter IV.

1. R e s is tiv ity -S e e b e c k  C oeffic ien t C ell 

S ev e ra l m ethods w e re  u sed  in  th is  w ork  to m e a s u re  the  r e s i s 

tiv ity  and  Seebeck  co effic ien t. M ost of the  re p o r te d  m e a su re m e n ts  

w e re  taken  in a c e ll s im ila r  to th a t u sed  by P a rra v a n o  and h is  s tuden ts  

(109, 110, 135). F ig u re  3. 4 is  a  d iag ram  of th is  c e ll . The c ry s ta l  is
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m ounted  betw een two p la tin u m  fo il e le c tro d e s , each 0. 002 in ch es  th ick . 

The sp rin g  loaded  e le c tro d e s  a r e  p a ra l le l  to the  c leavage p lane  of the  

c ry s ta l .  One p la tinum  w ire  and one p la tin u m -10% rhodium  w ire  w e re  

spotw elded to each fo il. This w as done w ith the a s s is ta n c e  of M r.

K eith  W arble of Avco R ad iation  L a b o ra to ry  using  th e ir  H u g h es-A irc ra ft 

m ic ro  spotw e ld e r . T hese  w ire s  w e re  L and N No. 28 AWG th erm o co u p le  

w ire . C e ram ic  in su la tio n  w as u sed  to  s e p a ra te  th e se  w ire s  in  the  ce ll . 

G en era l E le c tr ic  F o rm e x  copper m ag n e t w ire  w as s ilv e r  so ld e red  to 

the  p la tinum  and p la tin u m -10% rhod ium  w ire s . The two ju n c tio n s  w e re  

on opposite  s id es  of th e  c e ll and, being in  th e rm a l co n tac t w ith the m ain  

c e ra m ic  su p p o rt, w e re  no t alw ays a t  the  sam e te m p e ra tu re . This m ade  

i t  n e c e s s a ry  to co m p en sa te  the  Seebeck  m e a su re m e n ts . I ro n -c o n s ta n ta n  

th e rm o co u p les  w e re  u sed  to m e a s u re  the re sp e c tiv e  junction  te m p e ra 

tu re s .  This m ad e  i t  p o ss ib le  to  co m p en sa te  and c a lcu la te  the  Seebeck 

coeffic ien t. The e le c tr ic a l  sy s te m  w as com ple te ly  sh ie ld ed  by grounded 

alum inum  fo il.

The av e rag e  te m p e ra tu re  of the c ry s ta l  w as co n tro lled  by s e t 

ting a v a r ia b le  t r a n s fo rm e r  connected  to a Hevi Duty E le c tr ic  Com pany 

422 v/att h e a te r .  T e m p e ra tu re  flu c tu a tio n s  w e re  e lim in a ted  by the  e le c 

t r ic a l  sh ield ing  w hich a lso  e lim in a ted  e x te rn a l a i r  c u r re n ts .

To m e a s u re  the re s is ta n c e  of th e  c ry s ta l  a  K eith ley  610A e le c 

tro m e te r  w as connected  th rough  a sw itch  to the  two opposite  p la tinum  

w ire s  of the  c e ll . In som e m e a su re m e n ts  D uPont No. 6216 e le c tr ic a l
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conducting p a in t w as f ire d  on the  c ry s ta l  fa c es  p r io r  to p lacing  in  the  

a p p a ra tu s . P ro v en  ohm ic e le c tr ic a l  co n tac ts  w ith NiO a r e  l is te d  in  

A ppendix H,

T h e rm a l eq u ilib riu m  w as a tta in ed  v e ry  slow ly in  th is  ce ll. 

A pprox im ate ly  th re e  h o u rs  w e re  re q u ire d  to  re a c h  s tead y  s ta te  a f te r  a 

change in  se tting  w as m ad e . Only s tead y  s ta te  re s is ta n c e  m e a s u r e 

m en ts  w e re  taken . C alcu la tio n  of the  r e s is t iv i ty  is  co v ered  in  A ppen

dix I.

The Seebeck co effic ien t w as ob ta ined  by applying a te m p e ra 

tu re  d iffe ren ce  a c ro s s  the  c ry s ta l  by p lac ing  an  a u x ilia ry  h e a te r  in  co n 

ta c t  w ith one s ide  of the  c ry s ta l .  The o th e r s id e  w as u su a lly  a t  a te m 

p e ra tu re  of 2° to 25°C lo w er. A co il of n ic h ro m e  w ire  w as u sed  as 

the  a u x ilia ry  h e a te r  in  th is  w ork . The te m p e ra tu re  of the  cold  junc tion  

w as d e te rm in ed  by op era tin g  a t s tead y  s ta te . A lthough the a u x ilia ry  

h e a t could have been grounded  during  the  m e a s u re m e n t of the  p o te n tia l 

d iffe ren ce  a c ro s s  th e  c ry s ta l ,  i t  w as no t n e c e s s a ry .

The p o ten tia l d iffe ren ce  a c ro s s  th e  c ry s ta l  w as m e a s u re d  

using  a L  and N K -3 p o te n tio m e te r  w ith a L  and N 9834 e le c tro n ic  nu ll 

d e te c to r . T e m p e ra tu re  d iffe ren c es  a c ro s s  th e  c ry s ta l  w e re  m e a s u re d  

using  each e lec tro d e -th e rm o co u p le . Since the jun c tio n s  of the  th e rm o 

couple w ire s  w e re  no t a t the sam e  te m p e ra tu re  i t  w as n o t conven ien t to 

u se  the  d iffe ren tia l m ethod  to ob tain  the  te m p e ra tu re  d iffe ren ce  a c ro s s  

the  c ry s ta l .  In add ition  to m e a su rin g  the  ind iv idua l em fs g e n e ra te d  by
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the  e le c tro d e s , i t  w as n e c e s s a ry  to m e a s u re  the  em f of the  type J  t h e r 

m ocoup les a t the  nob le  m e ta l-c o p p e r  ju n c tio n s . This EM F w as m e a 

su re d  w ith a L  and N 8657-C  p o rta b le  p o te n tio m e te r.

2. Two P o in t P ro b e  M easu rem en ts  

C ontact r e s is ta n c e  is  a  com m on so u rc e  of e r r o r  in  sem ico n 

ducto r re s is t iv i ty  m e a s u re m e n ts . M odifications of the  two po in t p ro b e  

techn ique a re  often u sed  to  e lim in a te  the  effec t of the  co n tac t r e s is ta n c e .

I t  h a s  been u se d  su cc e ss fu lly  by s e v e ra l  in v e s tig a to rs  w ith NiO (36, 97,

145, 160).

F ig u re  3. 5 is  a sch em a tic  draw ing of the  ap p a ra tu s  c o n s tru c te d  

to c a r r y  out th is  m e a su re m e n t. A sm a ll c u r re n t  fro m  the  d ry  c e ll  b a t 

te r y  w as p a sse d  th rough  the c ry s ta l  v ia  the o u te r  two w rap p ed  E n g le- 

h a rd  " F ib ro ” . 013 inch  O, D, p la tin u m  e le c tro d e s . T hese  a r e  e le c tro d e s  

2 and 5 in F ig u re  3. 5. T his sam e  c u rre n t flow ed th rough  a G en era l 

R adio M32K, 1111.1 decade r e s i s to r  connected  in  s e r ie s .  Knowing th is  

r e s is ta n c e  and m e asu rin g  the vo ltage drop a c ro s s  th is  r e s i s to r  p e rm itte d  

the ca lcu la tio n  of the  c u r re n t  th rough  the c ry s ta l .  The p o ten tia l drop  a c r o s s  

e le c tro d e s  3 and 4 is  m e a s u re d  w ith  the  p o te n tio m e te r w hile  allow ing no 

c u r re n t  to flow th rough  the d e te c to r  c irc u it .  The t ru e  r e s is t iv i ty  of the  

c ry s ta l  w as ca lcu la ted  using  the  equation,

^ 3 4 ^
p = r n -  (29)
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w h e re  = vo ltage  drop m e a s u re d  betw een e lec tro d e s  3 and 4,

A = c ro s s  sec tio n a l a r e a  of sam ple,

^12 ~ c u r re n t  th rough  s tan d a rd  r e s is to r ,

1 = d is tan ce  betw een e lec tro d e s  3 and 4.

In the  conventional m e a su re m e n t of re s is t iv i ty  the o u te r e le c tro d e s  a re  

of th e  sam e  un ifo rm  g eo m etry  as  th e  sam p le . If the  c ry s ta l  is  iso tro p ic  

and  hom ogeneous the  r e s is t iv i ty  can be ca lcu la ted  as  the  p ro d u c t of the 

p o ten tia l g ra d ie n t in  the  d ire c tio n  of c u r re n t  flow and th e  c ro s s  sec tio n a l 

a re a  d ivided by th e  c u r re n t  flow ing. The p re c is io n  of the  m e a su re m e n t 

is  lim ite d  by the m e a su re m e n t of th e  c ro s s  sec tio n a l a re a  and  the d is 

tan ce  betw een p ro b e s , V aldes and o th e rs  (148) developed a four p ro b e  

technique fro m  w hich the m ethod  ou tlined  above o rig in a ted . E quations 

a re  av a ilab le  fo r  v a rio u s  p ro b e  con fig u ra tio n s  yielding a sh ee t r e s i s 

tiv ity  fo r  an in fin ite ly  th in  s lic e . The bulk o r body re s is t iv i ty  is  o b 

ta in ed  by m u ltip ly ing  the  sh ee t r e s is t iv i ty  by the th ick n ess , bu t is  m e a n 

ingful only if  the  c ry s ta l  h a s  un ifo rm  re s is t iv i ty .

W rapped e le c tro d e s  w e re  u sed  h e re  so tha t a co m p ariso n  could 

be m ade  w ith pu b lish ed  w o rk  on th e  e le c tr ic a l  r e s is t iv i ty  of th e  s ing le  

c ry s ta ls  d iscu ssed  in  C h ap ter II, Section B,

The a ssu m p tio n  u sed  w ith th e se  w rapped  e lec tro d es  is  th a t the 

bulk re s is t iv i ty  can be ca lcu la ted  w ith equation 29 (36, 9?).

The c e ll is  p laced  in  the  sam e 422 w att fu rn ace  sec tio n  u sed  in 

the  re s is tiv ity -S e e b e c k  co effic ien t c e ll . A t te m p e ra tu re s  below 150°C
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two po in t p ro b e  m e a s u re m e n ts  w e re  n o t p o ss ib le , ap p a ren tly  b ecau se  

of the  h igh re s is t iv i ty  of the  c ry s ta l .  As the  te m p e ra tu re  in c re a s e d  

th e  vo ltage  drop a c ro s s  th e  p o te n tia l p ro b es  could be m e a su re d  re a d ily . 

M echan ica l d iff icu ltie s  w e re  en co u n te red  in w rapping  the  c ry s ta l .  At 

f i r s t  g loves w e re  u sed  in  handling , but th is  p ro c e s s  w as v e ry  tim e  co n 

sum ing. F o r  the  sake  of e ffic iency , ungloved hands w e re  u sed  fo llow ed 

w ith a benzene  r in s e  to d e g re a se . The p la tinum  w ire  w ould no t w ith 

s tand  m uch  handling . L ife tim e  of the  w ire  could be in c re a s e d  th rough  

s t r e s s - r e l i e f  annealing  by h ea tin g  to about 8l6°C  fo r  one m in u te  follow ed 

by a i r  cooling. Two po in t m e a su re m e n ts  w e re  u sed  to he lp  r e la te  r e 

su lts  of th is  e ffo rt to th e  la r g e r  body of data  a v a ilab le . See A ppendix I.

3. Low T e m p e ra tu re  M ea su rem en ts

a. Seebeck  co effic ien t. T h e rm o e le c tr ic  m ethods to ob tain  the 

sign of th e  c a r r i e r s  and a rough in d ica tio n  of the  hom ogeneity  of the  

m a te r ia l  h as  been u sed  by s e v e ra l  in v e s t ig a to rs  (32, 52). Some p r e 

l im in a ry  m e a su re m e n ts  w e re  m ad e  w ith  th is  b a s ic  technique using  the 

a p p a ra tu s  in  F ig u re  3. 6. A so ld e rin g  iro n  w ith  a  23-1 /2  w a tt h eating  

e lem en t w as m oun ted  in  a fix ed  p o s itio n  in s id e  a  sh ie ld ed  box. The te m 

p e ra tu re  d iffe re n tia l a c r o s s  the  c ry s ta l  w as co n tro lle d  by m ean s of a 

v a r ia b le  t r a n s fo rm e r  connec ted  to  th e  iro n . A sp rin g -lo a d e d  copper 

e le c tro d e  w as m ounted  to allow  c ry s ta ls  to be e a s ily  p laced  in  the  a p 

p a ra tu s ,  The copper so ld e rin g  iro n  tip  ac ted  as  one e le c tro d e  and w as
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grounded  w ith r e s p e c t  to the o th er e lec tro d e . V oltage d iffe ren tia l w as 

m e a su re d  w ith a 610A K eith ley  e le c tro m e te r . The sign of the cold 

e lec tro d e  in d ica ted  the sign of the c u r re n t  c a r r i e r .  With NiO the cold 

e lec tro d e  is  expected  to be p o s itiv e . F o r  a given p o w e rs ta t se ttin g  the  

te m p e ra tu re  d iffe ren tia l a t s tead y  s ta te  had p re v io u s ly  been d e te rm in e d  

w ith type J  th e rm o co u p les  s i lv e r - s o ld e re d  onto each  e le c tro d e . Z h u rav lev  

et. a l . , (163) u se d  a  m o d ifica tion  of th is  technique to m e a s u re  a  d i s t r i 

bution of w hat w as c a lled  the  th e rm o e le c tro m o tiv e  fo rc e  o v e r the  s u r 

face  of a p o ly c ry s ta llin e  sam ple  of CuO. A q u an tita tiv e  in te rp re ta tio n  

w as p laced  on the  value of the  voltage d iffe ren ce  d iv ided  by the  te m p e ra 

tu re  d iffe ren ce . This p ro c e d u re  would be p r e f e r r e d  if  i t  does p ro d u ce  

the  sam e  re s u l ts  a s  th e  c e ll w ith the  p la tinum  e le c tro d e s  b ecau se  of the  

e a se  and rap id ity .

b. R e s is tiv ity . T echniques to s e p a ra te  and m e a s u re  the  s u r 

face  and bulk  re s is t iv i t ie s  b a sed  on th e  w ork  done a t  John  H opkins U ni

v e rs i ty  (2, 3) have  been  applied  to som e high r e s is t iv i ty  m a te r ia ls  (98, 

111). A lthough one m u s t re a liz e  th a t a p ro b lem  of co n tac t re s is ta n c e  

c o m p lica te s  the re s u lts , som e m e a su re m e n ts  of th is  type w e re  m ade 

on n ick e l oxide s in g le  c ry s ta ls  using  the  ap p a ra tu s  shown in  F ig u re  3. 7. 

This re q u ire d  f ire d -o n  s ilv e r  e lec tro d e s  u sing  D uPont No. 6216 conduc

tive  p re p a ra tio n . The f ir in g  is  d e sc r ib e d  in  A ppendix H.
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4, A ttem pted  M ea su rem en t of E le c tr ic a l  P r o p e r t ie s  

D uring R eac tion  

An a tte m p t w as m ade  to ob ta in  som e in fo rm atio n  about s im u l

taneous e le c tr ic a l  co n d u c tiv ity -k in e tic  m e a su re m e n ts  in  th e  ja ck e te d  

re a c to r .  F ig u re  3, 3b. Two tungsten  po in ts  w e re  p u t through  the bottom  

plug. T h ese  po in ts w e re  connec ted  to the  e x te rn a l m e a su rin g  sy s te m  

via  in su la te d  copper le a d s . The co n tac t w ith the  NiO sing le  c ry s ta l  w as 

m ad e  by g rav ity . Open c irc u it  b eh av io r in d ic a ted  th e se  e le c tro p o lish e d

e le c tro d e s  w e re  e ith e r  being ox id ized  o r no t m aking  adequate  co n tac t.

o
The low te m p e ra tu re  of 95 C and the  co rre sp o n d in g  h igh  c a ta ly s t  r e s i s 

tan ce  could have  cau sed  the  d ifficu lty  a lso .

The p ro b le m s  en co u n te red  in  m aking  su ita b le  e le c tr ic a l  m e a 

su re m e n ts  using  the  e le c tro d e  holding s id e  a rm s  of the  r e a c to r  a r e  

co m p lica ted  by the  fa c t th a t hydrogen  p e ro x id e  is  decom posed  c a ta ly t

ic  a lly  on m o s t m a te r ia ls .  E le c tro d e s  id e n tic a l to th o se  in  the  R e s is tiv ity -  

Seebeck  c e ll a r e  desig n ed  to e n te r  and ho ld  the  c a ta ly s t  c ry s ta l .  The 

fix ed  e le c tro d e  could be sea le d  th rough  g la ss  w ith th e  u se  of a tu n g sten  

junc tion . The exposed  p la tinum  m u s t then  be co v e red  w ith K e l-F  as  

d e sc rib e d  in  the  A ppendix J .  The m ovab le  e lec tro d e  w ill be m o re  of a 

p ro b lem  b ecau se  one h a s  to sea l the  sy s tem  fro m  the su rro u n d in g s .

In p re l im in a ry  te s ts ,  Teflon tap e  w as w rap p ed  a ro u n d  sam p le  

e lec tro d e s  to in s u re  a  snug f i t  in  the  h o ld e rs , bu t i t  w as n o t adequate .

To m in im ize  gas le ak ag e  the  T e flo n -g la ss  gap cou ld  p o ss ib ly  be f il le d
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w ith H u o ro lu b e . The s im ila r i ty  betw een th is  design  and  th a t of the 

S e e b e c k -R e s is tiv ity  c e ll in s u re s  a va luab le  o v e rlap  of in fo rm atio n .



C H APTER IV 

EXPERIM ENTAL RESULTS AND DISCUSSION

A, K inetic  R esu lts  

In the  ch ap te r on p ro c e d u re  i t  w as m en tioned  th a t th e  in itia l 

re a c to r  w ith 35% and 50% so lu tions of hydrogen  p e ro x id e  in  th e  s a tu 

ra te  r  gave u n sa tis fa c to ry  NiO c a ta ly tic  r e s u l ts .  I t  could  n o t be con

c lu siv e ly  v e rif ie d  th a t re a c tio n  w as o c c u rrin g  on anything but th e  r e a c 

to r  w a lls . F low  ra te s  u sed  w e re  betw een 50 and 200 c c /m in . The 

re a c to r  te m p e ra tu re  w as alw ays below 100°C. In itia lly , i t  w as thought 

th a t the low te m p e ra tu re  com bined  w ith the  low su rfa c e  a re a  of the  c a ta 

ly s t  w as the  p ro b lem . The add ition  of "H itec"  h igh te m p e ra tu re  s a lt  

to  th e  r e a c to r  ja c k e t w as c o n s id e re d  to  p e rm it  o p e ra tio n  a t a  h ig h e r 

te m p e ra tu re . B efo re  the h e a t t r a n s f e r  s a lt  w as added to the  g la ss  r e 

a c to r 's  ja c k e t i t  w as decided  to check  out the  p o s s ib il ity  of reduc ing  

the w a te r  p a r t ia l  p re s s u r e .  This had  been shown to d e fin ite ly  d e p re ss  

the  r a te  of re a c tio n  (55, 118), T his red u c tio n  w as acco m p lish ed  by in 

c re a s in g  th e  co n cen tra tio n  of hydrogen  p e ro x id e  in  the  s a tu ra to r  to 98%. 

H ow ever, the sam e re s u lts  w e re  ob ta ined  w ith a la rg e  am ount of d eco m 

p o s itio n  o b serv ed  on the g la ss  su rfa c e . T h is in d ica ted  th a t a  b e tte r
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g la ss  p re tre a tm e n t techn ique  w as re q u ire d .

A s im p le  boro  s il ic a te  tube re a c to r  w as then  u sed  but showed 

the sam e h igh g la ss  a c tiv ity  in  decom posing  hydrogen  p e ro x id e . A c c i

den tal b reak ag e  of a sec tio n  of a b o ro s il ic a te  t r i a l  tube re a c to r  o c c u rre d . 

Subsequent r e p a ir  gave a su rfa c e  of a s ig n ifican t le s s  a c tiv ity . This 

w as p o s itiv e  ev idence  of the  im p o rtan c e  of g la ss  p re tre a tm e n t .  The 

fin a l p ro c e d u re  is  d isc u sse d  e lsew h e re .

System  v a r ia b le s  u sed  in  obtain ing  th e  k in e tic  da ta  a r e  l is te d

below.

E x p e rim en ta l C onditions 

S a tu ra to r  co n cen tra tio n  98% hydrogen  p e ro x id e

S a tu ra to r  te m p e ra tu re  13. 5°C and 24 C

Room te m p e ra tu re  24 4 . 5°C

Flow  ra te  40-200 c c /m in

A v erag e  sy s te m  p r e s s u r e  33. 90 in ch es  H 2O above a tm o sp h e ric

A tm o sp h eric  p r e s s u r e  72. 5 to 73. 6 cm  Hg

C a r r ie r  gas

o oR ea c to r te m p e ra tu re  25 - 220 C

By follow ing the p ro c e d u re  in  C h ap ter III one can ca lcu la te  

fo r  a given s e t of ex p e rim en ta l conditions and c a ta ly s ts  the  m il l i l i te r s  

of s tan d a rd iz e d  K M n04 re q u ire d  to s ta n d a rd iz e  the  a b so rb e r  so lu tion . 

T h is volum e is  p ro p o r tio n a l to the  m ill ig ra m s  of in  the  so lu tion .

Dividing by the  tim e  re q u ire d  to co lle c t the  sam ple, one h a s  a n u m b er
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w hich  is  re la te d  to the ex it co n cen tra tio n . I t  is  convenient to define an 

ex it c o n cen tra tio n  p a ra m e te r  by

3
^  _ m i l l i l i t e r s  of s tan d a rd iz e d  KMnO^ x 10 

tim e  to c o lle c t sam ple , sed

The fra c tio n  of hydrogen  p e ro x id e  decom posed  is  defined  by

m o le s  decom posed  on NiO c a ta ly s t
D = --------------------    —  (31)

m o le s  hydrogen  p e ro x id e  in  feed

D =  ^ ( 32)

w h e re  = ex it co n cen tra tio n  p a ra m e te r  w ith  no decom position ,

C-yy= ex it c o n cen tra tio n  p a ra m e te r  fo r  g la ss  a t given cond itions, 

Cfj = ex it co n cen tra tio n  p a ra m e te r  w ith  g la ss  and NiO.

If n eg lig ib le  re a c tio n  ta k e s  p la ce  on th e  P y re x  a t  2-5°C,

C r  = a t 25°G (33)

E quation  (33) is  v e r if ie d  in  A ppendix O.

F ro m  p re v io u s  s tu d ies  ou tlined  in  C h ap ter II, the  a ssu m p tio n  

th a t the  d eco m p o sitio n  of hydrogen  p e ro x id e  v ap o r is  f i r s t  o rd e r  w ith  

r e s p e c t  to h y d rogen  p e ro x id e  is  a re a so n a b le  a ssu m p tio n . The r a te  R, 

is  defined  as the  m o le s  of hydrogen  decom posed  p e r  u n it a re a  p e r  u n it 

tim e ,

^  _ m o le s  hydrogen  p e ro x id e  decom posed  

(cm ^ ) (tim e)

F o r  a f i r s t  o rd e r  re a c tio n ,

R = k (HgOg) (35)
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If the co n cen tra tio n  of the  h y d rogen  p e ro x id e  is  given in  g -m o le /

3
cm  ,  the  sp ec ific  r a te  co n stan t h a s  u n its  of c m /t im e . Substitu ting  (35) 

in to  the  sp ec ie s  b a lan ce  a ssu m in g  n eg lig ib le  decom position  a t the  r e 

a c to r  in le t  one finds the  sp ec ific  r a te  c o n s tan t is ,

1-D

w h e re  F  = flow r a te  of th e  r e a c to r  feed , c c /m in

(36 )

Ag = g e o m e tr ic  su rfa c e  a r e a  of the  c a ta ly s t, cm ^

1, E ffec t of T e m p e ra tu re  

S ince i t  w as n e c e s s a ry  to ev a lu a te  the  sp ec ific  r a te  constan t 

o v e r the  co m p le te  ran g e  of o p e ra tin g  te m p e ra tu re s  i t  w as convenient 

to  e x p re s s  the  e x p e r im en ta lly  d e te rm in e d  ex it co n cen tra tio n  p a ra m e te rs  

by an e x p re ss io n  of the  fo rm :

C = a  + b t + dt^ f  et^ + ft^  + e tc , (37)

By u sing  the  o r th o n o rm a l le a s t  sq u a re s  techn ique  of H all and 

C anfie ld  (50) i t  is  p o s s ib le  to obtain  th e  b e s t  f i t  of th e  da ta  to th is  equa

tio n , In add ition  to e lim in a tin g  random  e r r o r s ,  one can then  in te rp o la te  

in  a m o re  re lia b le  m a n n e r  betw een a c tu a l da ta  po in ts .

The ex p e rim en ta l v a lu es  of the  co n cen tra tio n  p a ra m e te r  and 

th e  c a lc u la te d  v a lu es  of th e  co effic ien ts  in  equation  (37) a r e  given in  

A ppendices L and M, re sp e c tiv e ly . The U n iv e rs ity 's  O sage C om puter 

w as u se d  to  ev alu a te  th e se  co effic ien ts , as  w e ll as  an e s tim a te  of the
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sam p le  v a ria n c e . In g e n e ra l the  le a s t  sq u a re  cu rv e  p ro d u ced  fro m  

the d e te rm in ed  co effic ien ts  f i t  th e  data  quite  w ell. An exam ple of the  

re s u lts  is  given in  F ig u re  4,1. In  the  fig u re , the  ex it co n cen tra tio n  

p a ra m e te rs  fo r  the  em pty re a c to r  and fo r the  ru n s  w ith v a rio u s  

am ounts of NiO s ing le  c ry s ta ls  a r e  shown a s  a  function  of te m p e ra tu re  

in  d eg rees  c en tig rad e . The p o in ts  a r e  ex p e rim en ta lly  d e te rm in e d  and 

the  c u rv es  c o rre sp o n d  to the  co m p u te r f it .

In c h a ra c te r iz in g  the  ac tiv ity  of the  c a ta ly s t the  conventional 

app roach  of fitting  the  sp ec ific  r a te  co nstan t, k, to the  A rrh e n iu s  equa

tion  (38) w as follow ed,

k = k - e x p ( " ^ ! 2 £ i î ! 2 l ’ ) (38)o RT

The O sage C om puter w as u sed  to  c a lc u la te  the  decom position ,

D, and the sp ec ific  ra te  co n stan t, k, a s  a function  of te m p e ra tu re  using  

equation (37), The A rrh e n iu s  p a ra m e te r s  a r e  found w ith  a le a s t  sq u a re s  

tre a tm e n t of the  lo g a rith m  of k and the  co rre sp o n d in g  re c ip ro c a l  ab so lu te  

te m p e ra tu re  da ta . F ig u re  4, 2 is  an exam ple  of a  g ra p h ic a l p re se n ta tio n  

of the  above.

In the  n u m e ric a l ca lcu la tio n s  i t  w as found conven ien t to drop 

the  F /Ag co effic ien t in  equation (36) and th e se  so c a lled  "p seu d o ” r a te  

co n stan ts  a r e  re p o r te d  in A ppendix N along w ith the co rre sp o n d in g  F /A ^  

te rm s .

This does n o t change the  v a lues of the  a p p a ren t ac tiv a tio n
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e n e rg ie s , although the  ca lcu la ted  values of the freq u en cy  fac to r m u s t 

be c o r re c te d . T hese  c o rre c t io n s , along with the k ine tic  p a ra m e te rs  

fo r  th e  in co m p le te ly  defined  c ry s ta ls  (Runs 2/1 th rough  2 /6 ), a r e  p r e 

sen ted  in  A ppendix N. The k ine tic  p a ra m e te rs  fo r  the c ry s ta ls  with 

w ell defined  su rfa c e s , th a t is , only c leavage p la n e s ,a re  p re se n te d  in 

T ab le  4.1,

TABLE 4,1

EX PERIM EN TA L KINETIC PARAM ETERS OBTAINED WITH NiO 
SINGLE CRYSTAL HAVING ONLY CLEAVED SURFACES

Run

■p
ap p aren t

k c a l/g -m o le

S tandard

D eviation log ko

T e m p e ra tu re  

Range °C

2 /7 8 .9 8 .61 5.8280 
6. 2190*

85 - 125

2 /8 9 .53 .4 8 5.6833
5.9595*

125 -  195

2 /9 9. 61 .0 4 5.9624 150 - 200

2/10 9 .77 1 .30 6.2669 125 - 200

2/11 6 .8 5 .5 8 4.9652 75 - 200

2/12 7 .6 5 . 09 5.1269 125 - 200

2/13 6. 02 . 14 4 .2924 100 - 200

E x trap o la ted  su rfa c e  a re a  (See Section A4 of th is  C hap ter).

T h ese  va lues a r e  b a sed  on a le a s t  sq u a re s  tre a tm e n t of the  c a l

c u la ted  r a te .  The te m p e ra tu re  ran g es  included  in  th is  tab le  w e re  s e t to
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inc lude  as  m any  c a lcu la ted  da ta  po in ts as p o ss ib le  ye t d is c a rd  po in ts 

b ased  on ex trap o la tio n  of ac tu a l ex p erim en ta l data. H a r t  and R oss (118) 

using  oxid ized  f la sh ed  n ick e l f ilm  re p o r te d  a te m p e ra tu re  coeffic ien t 

of 11, 0 + , 5 k c a l/m o le  in  the te m p e ra tu re  ran g e  fro m  60° to 160°C with 

a  hydrogen  p e ro x id e  p a r t ia l  p r e s s u r e  of 0. 88 m m  Hg, In  the  sam e 

ran g e  th e se  au th o rs  found th a t w ith  NiO on a  m e ta l s lip  the  te m p e ra tu re  

co effic ien t w as 13, 0 + 0. 5 k c a l/m o le .

Two com plica tions should  be m entioned  a t  th is  po in t w ith r e 

sp ec t to the  in te rp re ta tio n  of th e  ac tiv a tio n  e n e rg ie s . F o r  a f i r s t  o rd e r  

p ro c e s s  th e  a p p a ren t ac tiv a tio n  energy  is  the  t ru e  ac tiv a tio n  energy  r e 

duced by the h e a t of a d so rp tio n  of the  re a c ta n t (85), The second p ro b lem  

e x is ts  i f  th e  re a c tio n  is  d iffusion  lim ited . The d iffusional fa ls if ic a tio n  

of ac tiv a tio n  en erg y  h as  been d isc u sse d  by R o sn er (117), Since the  h e a t 

of ad so rp tio n  w as no t d e te rm in e d  i t  is  no t p o ss ib le  to  w ork  w ith tru e  

ac tiv a tio n  e n e rg ie s . The d iffusiona l fa ls ific a tio n  h a s  been  e s tim a te d  in 

Appendix P .

2, C om pensation  E ffect 

By p lo tting  the  lo g a rith m  of the so ca lled  freq u en cy  fa c to r , k^, 

v e rsu s  the a p p a ren t ac tiv a tio n  energy  given in Table 4,1, a s tra ig h t lin e  

re la tio n  is  o b serv ed . This re la tio n sh ip  is  shown in  F ig u re  4 ,3  ^ d  is  

e x p re sse d  by:

-  a  ^ a p p a re n t ^  (^9)
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w h e re  a  and B a re  ex p e rim en ta lly  o b se rv ed  c o n sta n ts . The v a lu e  of a 

in  th is  sy s te m  is  . 526, R oss (119) o b se rv ed  the  sam e  co m p en sa tio n  e f

fe c t on lith iu m  - dop ed NiO, I t i s  in te re s t in g  to no te  th a t th is  e ffec t h as  

been  shown to be o p e ra tin g  in  meiny h e te ro g en eo u s  re a c tio n s . R ev iew 

ing the  l i te r a tu r e  (15, 26) re v e a ls  th a t w hile  th is  e ffec t im p a r ts  g re a t 

s ig n ifican ce  on the  ac tiv a tio n  en erg y  (5) no d efin ite  ejq)lanation is  known 

(17). One in te rp re ta tio n  given by C re m e r  (26) fo r  com pensa tion  th a t 

re s u lte d  w hen the  p re tre a tm e n t te m p e ra tu re  of the  c a ta ly s t  w as changed 

w as th a t a c a ta ly s t su rfa c e  m ay  have m o re  than  one kind  of a c tiv e  c e n 

te r ,  each kind  having a  d iffe ren t en erg y  of a c tiv a tio n . P r e t r e a tm e n t  

chcinges th e  re la t iv e  c o n ce n tra tio n s  of th e  d iffe ren t a c tiv e  c e n te rs , so 

i t  is  to be expec ted  th a t th e  o b se rv ed  a c tiv a tio n  energ y  w ill change,

3, O rd e r  of R eaction  

The l i te r a tu r e  in d ic a te s  th a t th e  o v e ra ll  re a c tio n  r a te  w ith  r e 

sp e c t to hydrogen  p e ro x id e  decom position  on ca ta ly tic  s u rfa c e s  i s  f i r s t  

o rd e r  (162, 55), On n ic k e l oxide u n d e r th e  ex p e rim en ta l cond itions u se d  

h e re , the re a c tio n  h a s  been  shown to be f i r s t  o rd e r  (118, 119), To v e rify  

th e se  o b se rv a tio n s  the sam e  c a ta ly s t  w as u sed  in  two ru n s , 2 /4  and 2 /5 , 

changing only the in le t co n cen tra tio n . T his w as done by u sin g  two d if

fe re n t  s a tu ra to r  te m p e ra tu re s . U nfortunate ly , a new p ro c e d u re  w as 

t r i e d  during  the  run  w ith the  s a tu ra to r  a t 22°C w hich m ade  a ll  the  data  

qu estio n ab le  excep t the  ex p e rim en ta l p o in ts  a t 165°C, The change w as
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an a ttem p t to  obtain data in  the m in im um  tim e  by allow ing only one 

h o u r to re a c h  steady  s ta te  a f te r  each re a c to r  te m p e ra tu re  change. In 

som e c a se s  th e  N2 - H2O2 s tre a m  w as no t allow ed to  flow th rough  the  

re a c to r  u n til fifteen  m inu tes  b e fo re  the  a b so rb e r  w as connected  and the 

ru n  began. This p ro c e d u re  re s u lte d  in  a h igh lev e l of fluc tua tion  in  the  

ex p e rim en ta l va lues, so m uch so, th a t i t  w as im p o ssib le  to ca lcu la te  

the  am ount of decom position  re liab ly .

A t 165°, on the  o th e r hand, a  d ire c t  co m p ariso n  betw een the 

decom position  a t the  two hydrogen p ero x id e  com positions w as m ade  and 

the  va lu es  ap p ea r in Table 4, 2.

TABLE 4, 2

DECOMPOSITION AT TWO D IFFER EN T HYDROGEN 
PEROXIDE CONCENTRATIONS AT l65°C

Run
A b so rb e r 
T e m p e ra tu re , C

M ole F  rac tio n
•y

D ecom position  
% D

2 /4 22 2. 044 X 10"^ 18,20

2 /5 13, 5 1. 568 X 10”^ 19, 56

‘ See A ppendix O.

F ro m  equation (36) i t  is  seen  th a t fo r  a f i r s t  o rd e r  re a c tio n  the 

p e rc e n t decom position  is  independent of the in le t co n cen tra tio n . The 

above data  in d ica tes  fo r a 23% change in  hydrogen  p ero x id e  co n cen tra tio n  

the  am ount of decom position  is  re la tiv e ly  con stan t. This g ives a rough 

check  on the  assu m p tio n  of f i r s t  o rd e r  k in e tic s .
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4. E ffect of Surface  A rea  

The in itia l check  on the  e ffect of su rfa ce  a re a  w as done in  a 

q u a lita tiv e  way in  th e  f i r s t  tube re a c to r  (Appendix Q), F iv e  p ie ce s  of 

c a ta ly s t w e re  te s te d  and found to decom pose 55, 91% of the  vapor a t 

173°C. The m e a s u re d  decom position  w ith 3 and 2 c ry s ta ls ,  re sp ec tiv e ly , 

w as l6 . 58 and 11, 92%, A lin e a r  re la tio n sh ip  e x is ts  betw een the  am ount 

of decom position  and the n u m b er of c ry s ta ls  a s  the  n u m b er of c ry s ta ls  

v a r ie d  fro m  ze ro  to th re e . The decom position  ob ta ined  w ith five  c r y s 

ta ls  is  m o re  thcin the  l in e a r  re la tio n  would p re d ic t. The g eo m etric  s u r 

face  a r e a s  w e re  no t e s tim a te d  a s  the c ry s ta ls  s t i l l  had  the rough p r o 

duction  edges.

Runs 2 /7  th rough  2 /9  w e re  c a r r ie d  out u n d e r asv n early  the 

sam e  conditions as  p o ss ib le  ex cep t th a t the n u m b er of c a ta ly s t c ry s ta ls  

in  the r e a c to r  w as v a rie d . As the  c a ta ly s t w as u n ifo rm ly  p re t r e a te d  i t  

w as of in te r e s t  to co m p are  the  effect of the n u m b er of c ry s ta ls  o r  g eo 

m e tr ic  su rfa c e  a re a  on the  c a ta ly tic  ac tiv ity . This a c tiv ity  is  c h a ra c 

te r iz e d  by the am ount of decom position  a t 165 C in  T able  4, 3,

G rap h ica lly  th e se  po in ts fe ll along a s tra ig h t lin e  as  shown in  

F ig u re  4. 4, This m ean s th a t the  p e rc en ta g e  decom position  is  a l in e a r  

function of the g eo m etric  su rfa ce  a re a . H ow ever, i t  is  c le a r  th a t the  

to ta l g eo m etric  su rfa c e  a re a  in Run 2 /7  does no t re a lly  re p re s e n t  the  

e ffec tiv e  su rfa c e  a re a , as the  gas s tre a m  is  no t in  con tac t w ith a ll the 

c ry s ta ls .  The sp ec ific  r a te  co n stan t c a lcu la ted  fo r Runs 2 /7  - 2 /9  a t
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TABLE 4. 3

E F F E C T  O F CRYSTAL SURFACE AREA ON 
DECOMPOSITION OF H^O^ AT 165°C

Run T otal G eo m etric  
S u rface  A rea , cm ^

D ecom position
%

N u m ber of C ry s ta ls

2 /7 19 .40 60. 44 83

2 /8 7 .89 32. 05 16

2 /9 2 .8 8 22. 82 6

F o r  d is tr ib u tio n , see  A ppendix  E .

165 C w e re  9. 082, 9 .2 5 4 , and 17. 086 c m /s e c , re s p e c tiv e ly . In Run 2 /9  

w h e re  only 6 c ry s ta ls  w e re  d is tr ib u te d  o v e r the  r e a c to r  leng th  i t  w ill be 

a ssu m e d  the gas co n tac ts  the  co m p le te  su rfa c e . B ased  on th is  and a lso  

a ssu m in g  the  conven tional l in e a r  e ffec t of su rfa c e  a r e a  on the  r a te  (35), 

one can draw  a lin e  th rough  the  o rig in  on a g rap h  of p e rc e n t d e co m p o s i

tion  D v e rs u s  g e o m e tric  s u rfa c e  a re a .  T h is is  shown in  F ig u re  4. 4. An 

e ffec tive  a re a  fo r  Run 2 /7  and 2 /8  can then  be found by going along a 

lin e  of co n stan t D u n til th e  do tted  lin e  is  in te rs e c te d . The g e o m e tric  

s u rfa c e  a re a  co rre sp o n d in g  to  th is  po in t can  be re a d . The v a lu es  of the  

sp ec ific  r a te  co n stan t c a lc u la te d  fro m  th ese  e s tim a te d  su rfa c e  a r e a s  

a r e  given below .

Run E s tim a te d  S u rface , cm ^ E s tim a te d  k, c m /s e c

2 /7  7 .88  2 3 .3 6

2 /8  4 .1 8  17 .47

2 /9  2. 88 17. 09
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A greem en t betw een the  spec ific  r a te  con stan ts  is  expected . I t 

can  be seen  th a t using  th e se  c o r re c te d  g eo m etric  su rface  a re a s  p ro d u ces  

r a te  constan ts th a t a re  e sse n tia lly  the  sam e.

5. E ffec ts  of F low  R ate 

The data  fro m  Run 2/12 (Appendix R) show the effec t of changing 

the  flow ra te  on the k in e tic  p a ra m e te r s .  In th is  s e r ie s  seven  p ie ce s  of 

c a ta ly s t w e re  p laced  into the tube  re a c to r .  The co m p ariso n  of the  ob

s e rv e d  re s u lts  ap p ea rs  in  T able  4 ,4 .

TA BLE 4. 4

E F F E C T  OF FLOW  RA TE ON OBSERVED KINETICS IN RUN 2/12

Run
N 2 F low  
c c /m in

D ecom position
%

R eaction  R ate  F ac to rs '^ , 
_g^moles H2O2 .  
cm  - sec

2/12B 196 . 1882 3 6 .9

2/12C 293 . 0573 16.8

2/12D 488 . 0193 9.41

*
^ ^ 2 ^ 2  t9-ken as  un ity  in  th e se  ca lcu la tio n s .

In th is  tab le  a new p a ra m e te r  is  in tro d u ced , o v e ra ll r a te  fa c to r  

R. I t  is  defined by the equation,

w h e re  the sym bols have the sam e m eaning  as  b e fo re .

I t  is  w orthw hile  to co m p are  th e se  re s u lts  in  F ig u re  4.5 w ith the
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p u b lish ed  w o rk  of H art, M cFadyen, and R oss (55), I t  is  shown in  

th e ir  p u b lish ed  study th a t only a s lig h t dev iation  in th is  r a te  fa c to r  

o c c u rs . In th is  study i t  w as found th a t as  the  flow ra te  in c re a s e d  the  

o b se rv ed  r a te  fa c to r  d e c re a se d . T his is  the  sam e beh av io r o b se rv ed  

in  the  above p a p e r  on oxid ized  n ic k e l m e ta l s tr ip s  a t flow r a te s  g re a te r  

than  300 m l/m in u te .

In ch em ica l k in e tic  s tu d ie s  one m u s t con tinually  be on g u a rd  

fo r d iffusion  lim ita tio n s  and a c o rre sp o n d in g  fa ls if ic a tio n  of d e riv ed  

k in e tic  p a ra m e te r s .  If d iffusion  w e re  co n tro llin g  h e re  one would ex 

p e c t th a t the  r a te  of re a c tio n  w ould in c re a s e  w ith  flow ra te  u n til a 

lev elin g  off o c c u r re d . The o p posite  tre n d  h e re  can be exp lained  by 

co n sid e rin g  the  equation  (40), The m o le  f ra c tio n  of hydrogen  p e ro x id e  

vapo r a p p e a rs  as  a co effic ien t in  the  equation . I t  is  c a lc u la te d  by 

a ssu m in g  eq u ilib riu m  in  th e  h y d rogen  p e ro x id e  s a tu ra to r .  A s th e  flow 

r a te s  of c a r r i e r  gas th rough  the  Ü 2P 2 the  s a tu ra to r  in c re a s e s  i t  

is  c le a r  th a t the  sy stem  d e p a r ts  f a r th e r  fro m  the  eq u ilib riu m  conditions 

a ssu m e d  in  the  c a lcu la tio n s . The d e c re a s e  in  the m o le  fra c tio n  can a c 

count fo r  the  o b se rv ed  b eh av io r.

I t is  d e s ira b le  to o p e ra te  in  the  reg io n  w here  the  r a te  is  in d e 

penden t of flow r a te  and s e v e ra l  a rg u m e n ts  follow w hich ju s tify  the  

c la im  th a t the  flow ra te s  u sed  w e re  adequate  to  e lim in a te  s ig n ifican t 

d iffusional e ffec ts .

In one of the  e a r ly  ru n s  in  tube re a c to r  No, 1 the  decom position
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w as m e a s u re d  on 5 c a ta ly s t c ry s ta ls  a t two d iffe ren t flow ra te s  (A ppen

dix  Q). The re s u l ts  of th e se  ru n s  a r e  shown in  F ig u re  4. 5. I t  is  e v i

dent fro m  the f ig u re  th a t a t  a te m p e ra tu re  of 173°C and a  flow ra te  of 

25 c c /s e c ,  a d iffu siona l e ffec t e x is ts .

Som ew here betw een 25 c c /m in  and 190, one m ig h t e lim in a te  

both the  d iffusiona l e ffec ts  and a lso  re m a in  n e a r  sa tu ra tio n . The la t te r  

po in t is  the  e a s ie s t  to v e rify  as  a  c o m p ariso n  can be m ad e  of the  s a tu 

ra tio n  hyd rogen  p e ro x id e  con ten t a t th e  given conditions and the ac tu a l 

m e a s u re d  con ten t. T h is ca lcu la tio n  h a s  been p e rfo rm e d  in  A ppendix 

O and the  re s u l ts  show th a t o p e ra tin g  a t  190 c c /m in  p ro v id e s  an in le t 

co n cen tra tio n  th a t is  sa tu ra te d .

In co n sid e rin g  a check  on the  e ffec t of diffusion, the  c r i te r ia  

of H a rt, M cF adgen and  R o ss  (55) o ffe rs  som e h e lp . T h ese  au th o rs  con

cluded  th a t s in ce  th e  ac tiv a tio n  en erg y  th ey  m e a s u re d  w as sen s itiv e  to 

the  d iffe ren c es  in  the  v a rio u s  oxide su rfa c e s  they  s tud ied  and w e re  

h igh, d iffusion  c o n tro l could  be ru le d  out.

The sy s te m  they  u sed  to ob tain  the p u b lish ed  data  c o n s is te d  of 

an an n u la r r e a c to r  fo rm ed  betw een two c o n ce n tric  g la ss  tu b es . The 

c a ta ly s t w as d ep o sited  on the in n e r  su rfa c e  of th e  la r g e r  d ia m e te r  tube. 

O b serv ed  ac tiv a tio n  e n e rg ie s  ran g ed  fro m  4, 6 k c a l/g r ih o le  on Ag/Ag^O 

to 19,7 k c a l/g -m o le  on F e /F eO /F e^O ^^ , The c o rre sp o n d in g  te m p e ra tu re  

ra n g e  w as betw een 38° and  183°C and th e  flow w as la m in a r  w ith  a R ey 

no lds n u m b er on the o rd e r  of 7 fo r  the  flow ra te s  betw een 150 and 350
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c c /m in . The p a r t ia l  p r e s s u r e  of hydrogen  p e ro x id e  w as 0. 88 m m .

The fa c t th a t the  sam e effec ts  w e re  o b se rv ed  h e r e  (T ab le  4.1) 

fo r  s im ila r  op era tin g  conditions (55., 119 ) su g g es ts  the  c r i t e r ia  w ould be 

u se fu l.

F ro m  th e se  co n s id e ra tio n s  i t  a p p e a rs  th a t d iffusiona l e ffec ts  

in  the  re p o rte d  re s u lts  w ill be sm a ll o r  n eg lig ib le . A fu r th e r  ca lcu la tio n  

using  an in te re s tin g  c o rre la tio n  i s  inc luded  in  A ppendix P .

One fina l co m p ariso n  can  be m ade  w ith  r e s p e c t  to the  o b se rv ed  

b eh av io r when d iffusion  is  p o ss ib ly  co n tro llin g . Run 2 /7  is  re la te d  to 

Runs 2 /8  and 2 /9  as  the  c a ta ly s t  had  the  sam e annealing  tre a tm e n t.

T h is one run, how ever, h ad  87 sm a ll c ry s ta ls  d is tr ib u te d  in  5 p ile s  

(se e  A ppendix E). The ex it co n cen tra tio n s  fo r  th is  s e r ie s  of ru n s  is  

re p re se n te d  in  F ig u re  4 ,1, One can see  a t  the  h ig h e s t te m p e ra tu re  th a t 

som e of the  te m p e ra tu re  se n s itiv ity  h as  been  lo s t  in  Run 2/7, This 

la c k  of dependence on te m p e ra tu re  is  c h a r a c te r is t ic  of a d iffusion  con

tro l le d  re a c tio n . The b eh av io r of the  lo g a rith m  of the  pseudo r a te  con

s ta n t v e rsu s  re c ip ro c a l ab so lu te  te m p e ra tu re  is  d iffe ren t f ro m e ith e r  

Runs 2 /8  o r  2 /9 . B ecau se  of the  a g re e m e n t of the  ac tiv a tio n  en erg y  in  

R uns 2 /8  and 2 /9  and the  lo w er value  o b se rv ed  in  Run 2 /7 , i t  is  ev iden t 

d iffusion  is  o c cu rrin g  in  th is  p a r t ic u la r  run ,

6. R ep ro d u cib ility

In tre a tin g  the  data  i t  is  he lp fu l to know the  re p ro d u c ib ility  of 

each  poin t. In the  le a s t  sq u a re s  f i t  of the  data  an e s tim a te  of th e  sam p le
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v a r ia n c e  w as inc luded  in the  ca lc u la tio n s . T hese  v a lues a r e  re p o r te d  

in  A ppendix M along w ith the  co n stan ts  th a t give the b e s t  f it  using  the  

c r i te r ia  given by H all and C anfie ld  (50).

E x p e rim en ta lly  i t  w as found th a t fo r a given c a ta ly s t i t  w as 

p o ss ib le  to re p ro d u c e  the value  of C in  E quation  26 fo r a given te m p e ra 

tu re  a lm o s t exactly , r e g a rd le s s  of when the  two ru n s  w e re  m ad e . T his 

can be seen  by looking a t th e  raw  da ta  in  A ppendix L o r  the  g ra p h ic a l 

re p re se n ta tio n  of th is  in fo rm atio n  such as  F ig u re  4.1.

M ore  in te re s tin g  is  th e  c o m p ariso n  of c ry s ta ls  th a t have  had  

the  sam e  th e rm a l tre a tm e n t. Runs 2 /7  th rough  2 /9  h ave  a lre a d y  been  

m en tioned . T hese  two ru n s  have  the  sam e  ac tiv a tio n  en erg y . The a c t i 

vation  e n e rg ie s  of Runs 2/1 and 2/11 a re  4. 32 and 6. 85 k c a l/g -m o le , 

re sp e c tiv e ly . The only d iffe ren c e  betw een th e se  ru n s  is  th a t Run 2/1 

had  the  sm oothed  p roduction  edges (undefined) w hile  Run 2 /U  u sed  the  

sam e  c ry s ta l  a f te r  th e  edges h ad  b een  c leaved . By p lo ttin g  th e  ex it 

co n cen tra tio n  p a ra m e te r , C, v e rs u s  te m p e ra tu re , T, th e  co n v ers io n  

cu rve , i t  is  found th a t the two ca ta ly tic  lin e s  have  e s se n tia l ly  the  sam e  

s lope. In th is  s e r ie s  the  new edges w e re  n o t re -a n n e a le d  so the  o b se rv ed  

ac tiv a tio n  en ergy  should no t be expec ted  to be the  sam e .

Run 2 /5  c o n sis te d  of u s ing  the  sam e  c a ta ly s t a s  in  Run 2 /2  

a f te r  s e v e ra l  w eeks of s to rag e , an ethanol r in se , and an  ac tiv a tio n  in 

hydrogen  p e ro x id e  vapor (Run 2 /4 ) . The ac tiv a tio n  en erg y  o b se rv ed  in  

Run 2 /2  w as 14. 39 k c a l/g -m o le , w hile  in  Run 2 /5 , 9. 80 k c a l/g -m o le .
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I t  h a s  been shown by R o ss  (119) th a t hydrogen  p e ro x id e  re d u c es  the 

b lack  NiO su rfa c e . T h is sam e  effec t w as o b se rv ed  in  Runs 2/1 th rough  

2 /6  w h e re  the  rough, undefined edge w as on the  p e r im e te r  of the  w ell 

defined  fa c e . T his rough edge w ould change to a  g re e n ish  b lack  co lo r 

a f te r  ex p o su re  to h y d rogen  p e ro x id e  v ap o r. W here only c leav ed  edges 

e x is ted  th is  e ffec t w as n o t o b se rv ed  v isu a lly . A lso, the  r e s u l ts  of 

R uns 2 /8  and 2 /9  show no such change in  ac tiv a tio n  w ith tim e  of expo

s u re  to  th e  h y d rogen  p e ro x id e  v ap o r. Thus, one m u s t look fo r an o th er 

c au se  fo r  th e  a c tiv a tio n  en erg y  change.

Ho (64) h a s  found th a t when a  f r e s h ly  an nea led  NiO su rfa c e  

is  r in s e d  w ith  e thanol a  s ta in  fo rm s  on th e  su rfa c e  of the  c ry s ta l  th a t 

is  qu ite  d ifficu lt to rem o v e . T his su g g es ts  th a t the  re a c tio n  m ay  be 

c o m p lica ted  by the p re s e n c e  of som e o th e r m a te r ia l  a d so rb ed  on the  

su rfa c e .

In Run 2 /6  the  undefined  edges of the  sam e c a ta ly s t u sed  above 

w as coated  w ith  K e l-F . A fte r f ir in g , c a re  w as tak en  to rem o v e  the 

K e l-F  v is ib le  on th e  su rfa c e  of the  c ry s ta l  w ith  an Exacto  b lad e . I t 

w as o b se rv ed  th a t the  undefined edge d efin ite ly  h ad  a com plete  co v ering  

of K e l-F . K inetic  m e a su re m e n ts  w e re  m ade, and the p a ra m e te r s  c a l 

c u la ted . The d a ta  in d ic a ted  th a t w ith in  e x p e r im en ta l e r r o r  no sig n ifican t 

c o n v e rs io n  h ad  taken  p la ce . S ince only the  c r y s ta l 's  edges w e re  cov 

e red , a  m a jo r ity  of the su rfa ce  w as s ti l l  exposed . T his led  to th e  con

c lu sio n  tha t: (1) K e l-F  is  a v e ry  e ffec tive  m ask ing  agent, (2) th is  K e l-F
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a c ts  as a po ison  w ith  re s p e c t  to the  vapo r decom position  of hydrogen 

p e ro x id e , and (3) the  key to i ts  e ffec tiv en ess  m ay  w ell be the  s tro n g  

a d h e ren ce  of the K e l-F  film  o r  the  so lv en t u se d  such as o b se rv ed  w ith 

ethanol.

In su m m ary , w ith in  a  run  th e  k in e tic  data  a r e  rep ro d u c ib le . If 

the  c a ta ly s t  is  rem o v ed  and re p laced , one expects th e  sam e te m p e ra tu re  

c o effic ien t w ill be o b se rv ed  u n le ss  the  su rfa c e  is  con tam inated . This 

o c c u rs  e a s ily  and film s  a r e  fo rm ed  on the  su rfa c e  by w a ter, acetone, 

n i t r ic  ac id , and ethanol (64).

B. E le c tro n ic  C h a ra c te r iz a t io n  of C a ta ly s t

1. E le c tr ic a l  C onductiv ity

E x ten s iv e  e le c tr ic a l  m e a su re m e n ts  w e re  m ade  using  the  ce ll 

d e sc r ib e d  in  sec tio n  C .l  of C h ap te r III. The lo g a rith m  of the r e s i s 

tan ce  m e a s u re d  v e rs u s  the  r e c ip ro c a l  of tire ab so lu te  te m p e ra tu re  in  

d e g re e s  K elvin  w e re  p lo tted  and fitted  w ith a s tra ig h t lin e  by the  m ethod  

of le a s t  sq u a re s . The ty p ica l b eh av io r is  shown in  F ig u re  4. 6. T hese 

m e a su re m e n ts  w e re  m ad e  on random  sam p les  fro m  each of the  se ts  of 

c a ta ly s t a f te r  the k in e tic  ru n s  w e re  m ad e . Table 4. 5 l i s ts  the  re s is t iv i ty  

te m p e ra tu re  co effic ien t and the  s tan d a rd  dev iation  (in p a re n th e s is ) , in 

e lec tro n  v o lts , acco rd in g  to c a ta ly tic  run  group.

C om paring  th e se  va lu es  w ith the  h e a t tre a tm e n t te m p e ra tu re  

sp ec ified  in  T able  3 .2  r e s u lte d  in  F ig u re  4. 7. This f ig u re  b rin g s  out
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the  fac t th a t the  te m p e ra tu re  co effic ien t is  s tro n g ly  dependent on the  

h e a t t re a tm e n t te m p e ra tu re . Cooling r a te s  and oxygen p a r t ia l  p r e s 

s u re s  of Runs 2 /7 -9  and 2/12, as  w e ll a s  2/10 and 2/13, a r e  no t con 

tro llin g  fa c to rs  un d er the  chosen  cond itio n s . The o b se rv ed  te m p e ra tu re  

co effic ien ts  fa ll  w ith in  the ran g e  of th o se  p re v io u s ly  re p o r te d  in  C h ap ter 

II, Section 3. E le c tr ic a l  c h a ra c te r iz a tio n  w as a ttem p ted  only on the  

c a ta ly s ts  w hich h ad  w e ll defined su r fa c e s .

TA BLE 4. 5

RESISTIVITY TEM PER A TU R E CO EFFIC IEN TS OF NiO 
CRYSTALS, ELECTRO N  VOLTS

T e m p e ra tu re  R ange: 25° to 2 05 C

C ry s ta l
2 /7 -9

C ry s ta l
2/10

C ry s ta l
2/11

C ry s ta l
2/12

C ry s ta l
2/13

.8 9 4 (. 01 o f . 598(. 070) . 716(. 009) . 929 (. 021) . 598(. 022)

.8 1 4 (. 024) . 591 (. 105)"' ,7 1 8 ( . 014) . 925(. 006)* . 604(. 026)

. 66 0(. 021) . 713(. 008) .9 3 0 (. 019)

. 630(. 023)

. 630(. 021)

. 681(. 028)

O btained  w ith Ag p a s te  app lied .

To ob tain  r e s is t iv i ty  v a lu es  fro m  th is  c e ll i t  w as n e c e s s a ry  to 

app ly  s i lv e r  p a s te  to  two opposite  fa ces  in  o rd e r  to know th e  c ro s s  sec tio n a l
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a re a .  This in tro d u ces  an unknown con tac t re s is ta n c e . If i t  is  a ssu m ed  

th a t the  effect is  the sam e in  a ll c a se s , the r e s is t iv i t ie s  ca lcu la ted  from  

the m e a s u re d  re s is ta n c e s  w ill be usefu l on a co m p ara tiv e  b a s is .

2. C om p ariso n  w ith T w o-P oin t P ro b e  

The co m p ariso n  of the  re s is t iv i t ie s  w ith those  in  the  l i te r a tu re  

should be done on the  b a s is  of the tw o-po in t p ro b e  re s u l ts .  The e x p e r i

m en ta l po in ts using  the  p ro c e d u re  ou tlined  in  C hap ter III, Section C2, 

have  been p lo tted  on F ig u re  2 .1. The ex p erim en ta l re s u lts  fa ll w ithin 

th e  p re v io u s ly  re p o r te d  low te m p e ra tu re  r e s u l ts .  When com paring  th e  

tw o-po in t p ro b e  m e a su re m e n t w ith r e s is ta n c e  m e a su re m e n ts  betw een 

the  two p la tinum  e lec tro d e s  one no tes th a t the  te m p e ra tu re  coeffic ien t 

of the  r e s is t iv i t ie s  a re  the  sam e (see  F ig u re  4, 6),

3. E s tim a tio n  of the C oncen tra tion  of N ickel V acancies

Id e a lly .it  w ould be p o ssib le  to obtain  the n ick e l vacancy  concen 

tra tio n  by analy tica l tech n iq u es . lo d o m e tric  d e te rm in a tio n s  have been 

u se d  freq u en tly  on s in te re d  spec im ens to obtain both su rface  éind bulk 

co n cen tra tio n  (14, 21, 28, 105). The dim ethyglyoxim e m ethod  can a lso  

be u sed  (112). One p ro b lem  in  using  th e se  techn iques in  sing le  c ry s ta l  

w ork  is  in putting the sam p le  into so lu tion  in  a quan tita tive  m an n er.

I t  w as found th a t the n ic k e l oxide sing le  c ry s ta l  would not read ily  d is 

so lve in  boiling phosphoric  acid, h y d ro ch lo ric  acid , n i tr ic  ac id  o r aqua 

re g ia . E r r o r s  in  de te rm in in g  the ex cess  oxygen by the d e te rm in a tio n
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of n ick e l have been m en tioned  by H aber (47). The quan tita tive  a n a ly s is  

w ork  done in  the l i te r a tu r e  h a s , as fa r  as th e  au tho r knows, a ll been 

done w ith so lid  m a s s  sp e c tro g ra p h s , on sing le  c ry s ta ls .

F ro m  the im p lica tio n s  of M ito ff's  w ork  and the s im ila r i ty  e v i

dent in  com paring  the w ork  of v a rio u s  au th o rs , o v e r a ll the  te m p e ra tu re  

reg io n s , i t  seem ed  re a so n a b le  to e s tim a te  the  vacancy co n cen tra tio n  

b a sed  only on e le c tr ic a l  m e a su re m e n ts . The sam e id eas  have a p p a r 

en tly  been  app lied  by H e rb s t  and  F r ie d b e ry  (63) using  s in te re d  sp ec i-  

m en ts  and obtaining the  re la tiv e  s to ich io m etry  fro m  a re la tio n  betw een 

th e  in te rm e d ia te  and eq u ilib riu m  reg ion .

The d e riv a tio n  of the  equations u sed  to obtain  an e s tim a te  of 

th e  de fec t co n cen tra tio n  is  g iven in  A ppendix A. The in h e re n t a s su m p 

tion  in  both A ppendices A and I seem s rea so n a b le  on the  b a s is  of ex isting  

data . F u r th e r  s tu d ies  m ay  in d ica te  som e of the values a ssu m ed  a re  in  

e r r o r ,  re q u irin g  the n u m e ric a l re s u l ts  to be m odified . R e la tiv e  va lues 

g ive the m o s t re a so n a b le  in te rp re ta tio n  of th e  e s tim a te s  b ased  on the 

sam p le  fo r w hich the tw o-po in t p ro b e  m e a su re m e n ts  have a lso  been 

m ad e . T able 4. 6 g ives the re la tiv e  vacancy  co n cen tra tio n s  w ith re s p e c t  

to the sam p le  fro m  Run 2/12.

TABLE 4. 6

ESTIMATION OF THE RELATIV E Ni VACANCIES 

Run N iO /(N iO  )e

2 /7 -9  280
2/10 76
2/11 39 .9
2 / 12  1 . 0
2/13 no m e a su re m e n t m ade
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T hese  v a lues w e re  c a lc u la te d  u sin g  the  equations in  A ppendix

A, tak ing  th e  av e rag e  of the r e s is t iv i ty  te m p e ra tu re  co effic ien ts  in

T ab le  4, 5. The vacancy  co n cen tra tio n  in  Run 2/12 w as c a lcu la ted  to be 

-68. 29 X 10 a to m s p e r  m o lecu le  NiO.

4, Room T e m p e ra tu re  M ea su rem en ts  of R e s is ta n c e  

The only su cc e ss fu l ro o m  te m p e ra tu re  e le c tr ic a l  m e a su re m e n ts  

m ade  w e re  w ith the  a p p a ra tu s  shown in  F ig u re  3, 7 u sing  s i lv e r  p a s te  

e le c tro d e s . R e s is ta n c e  w as m e a s u re d  w ith  a  K e ith ley  610A e le c tro m e te r . 

The re s is ta n c e  read in g  on th e  c ry s ta ls  u sing  co p p er p r e s s u r e  co n tac ts  

show ed a  la rg e  v a ria tio n  in sc a le  re ad in g  depending on the  e le c tro m e te r  

se ttin g . Som e ty p ic a l re s u l ts  a r e  given below .

R e s is ta n c e  of NiO Single C ry s ta ls , ohm s 
Cu P r e s s u r e  C ontacts

E le c tro m e te r  Scale Run 506 Run 507

10^ 47

10« 6

10? 8 .5 .7 2

lo lo 1. 05 . 071

10^1 .215

lo i^ . 121

Run 507

73 

11. 1

R e s is ta n c e  w as m e a s u re d  betw een co p p er p r e s s u r e  co n tac ts  

of the  room  te m p e ra tu re  S eebeck  ce ll. F ig u re  3. 6, as a function  of the  

p o s itio n  of the co n tac ts  on the  c ry s ta l .  On one sam p le  the  re s is ta n c e
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9
v a r ie d  fro m  0.15 to 0. 98 on the 10 sca le  as  the  c ry s ta l  w as m oved.

The re s u lts  ob ta ined  w ith the  b u lk -su rfa c e  conductiv ity  a p p a ra 

tu s  w e re  encourag ing . The sam p le  u sed  is  the  sam e as  in  the  e x p e r i

m en ts  d e sc r ib e d  in  A ppendix H. The d im ensions of th e  Ag p a s te  e le c 

tro d e s  a r e  shown in  F ig u re  3. 7, The bulk r e s is t iv i ty  w as found to be

8 8 5. 28 X 10 ohm - cm  and the su rfa c e  r e s is t iv i ty  to be 724 x  10 o h m -cm .

C alcu la tio n s  ap p ea r in  A ppendix S, Two lim ita tio n s  in  u sing  th is  te c h 

nique a re :  (1) the  c ry s ta ls  can  h av e  c ro s s  sec tio n a l d im en sio n  no le s s  

than  7. 8 m m  x 7. 8 m m , and (2) th e se  te s ts  a r e  d e s tru c tiv e  in  th a t the 

Ag e le c tro d e  is  expected  to le av e  the  su rfa c e  co n tam in a ted  even a f te r  

a c id  rem o v a l.

5. Seebeck  M easu rem en ts

a. Low te m p e ra tu re . The re s u l ts  ob ta ined  w ith  the  room  te m 

p e ra tu re  S eebeck  c e ll (F ig u re  3. 6) w e re  re p ro d u c ib le . F u r th e r ,  on 

m oving the  c ry s ta ls  a change in  the  Seebeck  vo ltage  w as m e a su re d .

This is  to be expected  fro m  p re v io u s  re s u lts  (163). By s i lv e r - s o ld e r in g  

th e rm o co u p les  to the  e le c tro d e s  i t  w as found th a t apply ing  40 vo lts  to 

the  23-1 /2  w a tt so ld erin g  iro n  a s tead y  s ta te  te m p e ra tu re  d if fe re n tia l 

of 16 C w as ach ieved . S ev e ra l c ry s ta l  p re p a re d  in  the  sam e m a n n e r as  

the  c ry s ta ls  in  the  ca ta ly tic  Run 2 /2  gave s im ila r  r e s u l ts  when te s te d  

u n der th e se  cond itions. The o b se rv ed  Seebeck  vo ltage  d iffe ren c e  w ith 

re s p e c t  to the  ho t tip  ran g ed  fro m  + 0. 018 to + . 026 v o lts . The sign  in d i

ca te s  th a t the  c u r re n t  c a r r i e r s  hav e  an e ffec tive  p o s itiv e  c h a rg e . The
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co rre sp o n d in g  Seebeck coeffic ien t is  ca lcu la ted  to be + 1117 to l6 l4

o o
/I v /  C a t  an av e rag e  te m p e ra tu re  of 29. 4 C, An unsteady  s ta te  s e t of

conditions w as found a lm o s t as  effective  and m o re  rap id . A pplying 100 

vo lts  to the  so ld erin g  iro n  fo r 30 seconds and w aiting 30 seconds p r o 

duced a  te m p e ra tu re  d iffe ren ce  of 18 C a c ro s s  the c ry s ta l  w ith an a v e r-

o
age te m p e ra tu re  of 33 C, The co rre sp o n d in g  Seebeck vo ltage is  taken

to be the  fin a l voltage read ing  m inus the  in it ia l  vo ltage  read in g . F o r

exam ple, a s e t  of c ry s ta ls  w as p re tr e a te d  by heating  in  a i r  fo r four

h o u rs  a t 400°C . A co m p ariso n  of the  re s is ta n c e  and Seebeck vo ltage

m e a su re m e n ts  is  given below . T hese  sam e c a ta ly s ts  w e re  u sed  in

Run 1/0 (A ppendix Q) and the sam e ç ie a su re m e n ts  w e re  p e rfo rm e d

a f te r  re a c tio n  on one c ry s ta l* .

C ry s ta l R e s is ta n c e  V( vo lts)
ohm s X  1 0 ” ^

a .2 2  + . 0395

b .1 2  + .0 4 3

c .12 + .0 4 0

d .1 5  + .039

e .3 3  + . 035

.2 5  + .0 4 4

a f te r  re a c tio n .

The Seebeck coeffic ien t c a lcu la ted  is  of the o rd e r  of 2230 f j L v / ° C .  

N achm an h as  o b serv ed  Seebeck co effic ien ts  ranging  fro m  160 to 700juv/°C  

a t th is  te m p e ra tu re  in  a i r .  T hese  m e a su re m e n ts  in d ica te  th a t a quan tita tive
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e s tim a te  of the  Seebeck coeffic ien t cannot be d ire c tly  ob ta ined  w ith  th is  

technique. A m e a s u re  of the hom ogeniety  of th e  su rfa c e  and a v e r i f i 

cation  o f the  sign of the  ch arg e  c a r r i e r  can be m ade.

b. High te m p e ra tu re . Follow ing the p ro c e d u re  ou tlined  in  

C h ap ter III, sec tio n  C .l ,  i t  w as p o ss ib le  to m e a s u re  the Seebeck  c o e ffi

c ien t as  a function of te m p e ra tu re . The ca lcu la tio n s  ap p ea r in  A ppendix 

T and the  re s u lts  in  Table 4. 7,

TA BLE 4. 7 

SEEBECK  C O E FFIC IE N T S,/iv /°C

(C ry s ta l p re p a re d  s im ila r  to c a ta ly s t in  Run 2/10 
w ith  Ag p a s te  e lec tro d e )

Run 111 111 111 112*

A v erag e  T e m p e ra tu re , °C 137 172 201 210

A T, ?C 12.7 12.1 11. 6 10.

8, j iv /° C 9 9 .4 90. 2 - 9 9 .2 71 .2 154 .8

no Ag p a s te  e le c tro d e s .

T h ese  va lu es  a r e  m uch lo w er than  ob ta ined  in  the  p re v io u s  s e c 

tion  and a r e  in  b e tte r  a g re em e n t w ith the  l i te r a tu r e  (104). I t  can be seen  

th a t if  the  te m p e ra tu re  d iffe ren ce  had  been  d e te rm in e d  by the d iffe re n tia l 

m eth o d  the a cc u ra cy  of th e se  h igh  te m p e ra tu re  r e s u lts  w ould be .expected  to 

be  h ig h e r. As m en tioned  e lsew h e re , how ever, e r r o r s  in tro d u ced  a t  the  

p la tin u m -c o p p e r junc tions can be la rg e . E s tim a tin g  a 2 o r 3° te m p e ra tu re
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g ra d ie n t w ith in  a few d e g re e s  is  n o t a c c u ra te  enough. The va lu es  in  

T able  4. 7 have  been  ob ta ined  by a ttem p tin g  to c o r r e c t  th e se  steady  

s ta te  m e a su re m e n ts  by co m p en sa tio n  tech n iq u es , and  w e re  the b e s t  o b 

ta in a b le  w ith  th is  sy s tem . T h ese  m e a su re m e n ts  w e re  ob ta ined  by a p 

p ly ing  a,-c. c u r re n t  to the  n i c h ro m e  w ire  a u x ilia ry  h e a te r .  The a v e ra g e  

te m p e ra tu re  w as co n tro lle d  by the  vo ltage  app lied  to the  m a in  h e a te r .  

T his w o rk  d e m o n s tra te s  th a t  th e  design  is  u se fu l a s  i t  now is  to ob tain  

q u a lita tiv e  in fo rm atio n . One concludes tha t, if  ju n c tio n  d iffe re n tia ls  

a r e  avo ided  by u sin g  a  su ffic ien t leng th  of w ire s , th a t t ru e  Seebeck  c o 

e ffic ien ts  can  be ob ta ined  on s in g le  c ry s ta ls  in  any a tm o sp h e re .

C. C o rre la tio n  betw een E le c tr ic a l  and K inetic  P r o p e r t ie s

The ob jec t h e r e  is  to connec t th e  re s u l ts  ob ta ined  in  the  two 

p re v io u s  sec tio n s  w h ere  p o s s ib le .

In  c a ta ly s ts  w hich exh ib it a  com pensa tion  e ffec t th e re  a r e  two 

conven tional w ays of c h a ra c te r iz in g  ac tiv ity  of the  c a ta ly s t  (15). The 

f i r s t  m e th o d  (u sed  in  th is  w ork) is  to  co m p are  ra te  of re a c tio n  o r  con 

v e rs io n  a t a  re p re s e n ta t iv e  te m p e ra tu re . The o th e r ap p ro ach  is  to c o m 

p a re  th e  te m p e ra tu re  re q u ire d  to  a ffec t a  given co n v ers io n .

I t h as  been shown th a t a re la tio n sh ip  e x is ts  betw een the e le c 

tro n ic  ac tiv a tio n  en erg y  and  th e  annealing  te m p e ra tu re . I t  is  of in te r e s t  

to in q u ire  w h e th er a re la tio n sh ip  to the  a c tiv ity  e x is ts . F ig u re  4. 8 in d i

c a te s  th e  type  of b eh av io r o b se rv e d  fo r a  te m p e ra tu re  of 175°C. The
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m axim um  in  a c tiv ity  co rre sp o n d s  to  an e lec tro n ic  te m p e ra tu re  c o e ffi

c ien t of . 717 eV and an annealing  te m p e ra tu re  of 1000°C. On the  o th e r 

hand, no c le a r ly  defined tre n d  is  o b se rv ed  betw een the k in e tic  a c tiv a tio n  

energy  and the  e lec tro n ic  te m p e ra tu re  coeffic ien t.

The e lec tro n ic  ac tiv a tio n  en erg y  a t  low te m p e ra tu re  is  re p o r te d ly  

re la te d  to  som e p ro p e r ty  of the  n ic k e l v acan c ies  p re s e n t  in  the  c ry s ta l  

(61). The n ick e l vacancy  co n cen tra tio n  is  re la te d  to the  conductiv ity  o r 

re s is t iv i ty  of th e  so lid . I t  w ill be  of in te r e s t  then  to apply th e  equations 

developed in  A ppendix A to r e la te  the  c a ta ly tic  a c tiv ity  to the  e s tim a te d  

n ic k e l vacancy  co n cen tra tio n . The re la tiv e  va lues ca lc u la te d  hav e  been 

given in  T able  4. 6.

An a tte m p t m u s t be  m ad e  to  d e te rm in e  if  th e se  r e s u l ts  a r e  

m ean ingfu l o r  not. The only co m p ariso n  th a t can be m ad e  is  w ith  the  

da ta  of N achm an (104). In F ig u re  4. 9, N ach m an 's  chem iccilly d e te rm in e d  

n ick e l vacancy  co n cen tra tio n  is  p lo tted  a g a in s t the  te m p e ra tu re  a t  w hich 

h e  ca lc in ed  n ic k e l ca rb o n a te  to fo rm  n ick e l oxide. S ince in  th is  study 

only a ir  annealing  w as c a r r ie d  out, only one po in t can be u se d  in  the  

co m p ariso n . H ow ever, one run  w as m ade  w h ere  the p a r t ia l  p r e s s u r e  of 

oxygen w as only s ligh tly  h ig h e r than  in  a i r .  I t  is  shown on F ig u re  4. 9.

A s tra ig h t lin e  connecting N ach m an 's  data  is  ev ident euid a  s tra ig h t  lin e  

is  a lso  draw n betw een the  data  re p o r te d  h e re . This su g g es ts  th a t a s  the  

te m p e ra tu re  of the  p re tre a tm e n t in c re a s e s ,  the  co n cen tra tio n  of n ic k e l 

v acan c ies  in c re a s e s .  No data  on cooling ra te  is  p re se n te d  in  N ach m an 's
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p a p e r . One fu r th e r  p re tre a tm e n t effec t shows th a t a t  a  given te m p e ra 

tu re  an in c re a s e  in  the  oxygen con ten t of th e  a tm o sp h e re  d e c re a se s  the  

vacancy  co n cen tra tio n  (se e  F ig u re  4.10). F ig u re  4.11 re p re s e n ts  the  

a c tiv ity  p a ra m e te r ,  p e rc e n t  decom posed  p e r  u n it a r e a ,r e la te d  to the  

n ic k e l v acancy  c o n cen tra tio n . In it ia lly  th e re  is  a  tem p ta tio n  to d raw  a 

s tra ig h t  lin e  th ro u g h  th e  po in ts  showing an in c re a s e  in  ac tiv ity  w ith in 

c r e a s e  in  n ic k e l vacancy  (as expected  fro m  p re v io u s  w ork  (55, 119)). 

The data, how ever, seem  to be f it te d  b e s t  by a  c u rv e  showing a  m a x i

m um  s im ila r  to the  tre n d  shown w ith  the  e le c tro n ic  ac tiv a tio n  energ y .

o o
C ry s ta ls  t r e a te d  a t 1000 and 1400 C show a c a ta ly tic  a c tiv ity  d ire c tly  

r e la te d  to  the  co n cen tra tio n  of n ick e l v a ca n c ie s .

No c le a r  tre n d  is  re co g n ized  betw een the  k in e tic  ac tiv a tio n  

en erg y  a g a in s t the  vacancy  co n cen tra tio n .

B ecau se  of the  te n ta tiv e  n a tu re  of som e of the  equations and 

in te rp re ta tio n  of som e of the  re s u l ts  in  the  p reced in g  sec tio n s  the 

co n c lu s io n s  th a t follow  m u s t be accep ted  w ith  th o se  re s e rv a tio n s .
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CH APTER V

CONCLUSIONS

1. The decom position  of hydrogen  p e ro x id e  v ap o r h as  been 

s tud ied  on n ick e l oxide s in g le  c ry s ta ls  w ith only c leav ag e  p lan es  ex

posed , The ra te  of re a c tio n  w as m e a s u re d  on c a ta ly s ts  w ith  le s s  than 

two sq u a re  c e n tim e te rs  to ta l g e o m e tric  su rfa c e  a re a ,

2. Using a f i r s t  o rd e r  sp ec ific  r a te  con stan t, A rrh e n iu s  p a ra m 

e te r s  w e re  found. A c o rre la tio n  e ffec t w as shown betw een the freq u en cy  

fa c to r  and the a p p a ren t ac tiv a tio n  energy  fo r  the  s e r ie s  of n o n -s to ic h io 

m e tr ic  c a ta ly s ts  u sed .

3. The ca ta ly tic  a c tiv ity  is  c h a ra c te r iz e d  by the  am ount of d e 

com position  p e r  un it g e o m e tric  su rfa c e  a re a . T h is a c tiv ity  is  s en s itiv e  

to the  p re tre a tm e n t of the  n ick e l oxide.

4. A rrh e n iu s  type p a ra m e te r s  of th e  r e s is ta n c e  of n ic k e l oxide 

w e re  d e te rm in ed . A re la tio n sh ip  betw een th e se  p a ra m e te r s  and the  c o r 

respond ing  p a ra m e te rs  of the  re s is t iv i ty  w as o b se rv ed . The te m p e ra tu re  

coeffic ien t w as re la te d  to the p re tre a tm e n t te m p e ra tu re .

5. A m axim um  in  c a ta ly tic  a c tiv ity  o c cu rs  as  the  p re tre a tm e n t 

of th e  c ry s ta ls  is  changed. I t  a p p e a rs  th a t th is  can be re la te d  to the

109
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n o n -s to ic h io m e try  of the  c ry s ta l .  As the  n u m b er of e s tim a te d  v a ca n 

c ie s  in c re a s e s  the a c tiv ity  f i r s t  in c re a s e s  then  d e c re a s e s .

6. The ex p e rim en ta l tech n iq u es  d e m o n stra ted  h e re  w ill p ro v e  

u se fu l in  fu tu re  s tu d ies  in  w hich the  e le c tr ic a l  m e a su re m e n ts  can be 

m ad e  s im u ltan eo u s ly  w ith re a c tio n .
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NOM ENCLATURE

A  = c ro s s  sec tio n a l a re a , (c e n tim e te rs )^ .

Ag = g eo m etric  su rfa c e  a re a , (c e n tim e te rs )^ .

C = ex it co n cen tra tio n  p a ra m e te r ,  m l s tan d a rd iz e d  KMnO^

(seconds) ^10^.

D = m o les  decom posed  on NiO p e r  m o le  ^ 2 ^ 1  feed .

D = F ic k  d iffusiv ity , (c e n tim e te rs )^  p e r  second.

E  = ac tiv a tio n  en erg y  low te m p e ra tu re  conductiv ity ,

^ a p p a re n t “ a p p a ren t ac tiv a tio n  energy , k c a l/g -m o le .

E£ = F  e rm i le v e l,

E i = im p u rity  en erg y  le v e l.

E ^_^ = EM F betw een two conductiv ity  p ro b e s , v o lts ,

e = e lec tro n ic  ch arg e , coulom bs p e r  c a r r i e r .

F  = flow ra te  of n itro g en  c a r r i e r  gas, cubic c e n tim e te rs  p e r

m inu te .

G = e lec tro n ic  ac tiv a tio n  energy , e lec tro n  v o lts ,

k = B o ltzm an n 's  co n stan t.

k = sp ec ific  r a te  constan t, c e n tim e te rs  p e r  second.
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kg = freq u en cy  fa c to r , c e n tim e te rs  p e r  second,

1 = leng th  betw een two po in t p ro b e s ,

N = c a r r i e r  co n cen tra tio n , c a r r i e r s  p e r  cubic c e n tim e te r ,

N = n o rm a lity ,

N iO  = n ick e l v acan c ie s , a to m s  p e r  m o lecu le  NiO,

3t
(Ni ) = e le c tro n  ho le  co n cen tra tio n , c a r r i e r s  p e r  cubic c e n tim e te r ,

P  = p a r t ia l  p r e s s u r e ,

o
P p  = vapor p r e s s u r e  of anhydrous hyd rogen  p e ro x id e ,

R = gas co n stan t,

R = ra te  of re a c tio n , m o le s  ^ 2 P z  decom posed  p e r  u n it t im e  p e r

u n it g e o m e tric  su rfa c e  a re a ,

R = o v e ra ll r a te  fa c to r , defined  by equation 40,

S = v a ria n ce ,

t  = th ick n ess  of NiO c ry s ta l ,

t  = te m p e ra tu re , d e g re e s  c en tig rad e ,

T = ab so lu te  te m p e ra tu re , d e g re e s  K elvin,

Ti = te m p e ra tu re  of i - th  conductiv ity  reg ion , d e g re e s  K elvin .

*
Ti = tra n s it io n  te m p e ra tu re  of i - th  conductiv ity  reg ion , d e g re e s

K elvin,

= m o le  fra c tio n  hyd rogen  p e ro x id e  in  v ap o r, 

a = p ro p o rtio n a l to ,

Yp = ac tiv ity  co effic ien t of hydrogen  p e ro x id e .
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A E  = Seebeck vo ltage , m ic ro v o lts .

AT = te m p e ra tu re  a c r o s s  c ry s ta l ,  d e g re e s  c en tig rad e ,

0 = Seebeck  coeffic ien t, m ic ro v o lts  p e r  d eg ree  c en tig rad e .

)Li = c a r r i e r  m o b ility , (c e n tim e te r)^  p e r  v o lt second.

TT = P e l t i e r  co effic ien t,

ir = to ta l p re s s u r e .

-3p  = d en sity  of c ry s ta l ,  g ra m s  (c e n tim e te rs )  .

p = e le c tr ic a l  r e s is t iv i ty , o h m -cm .

g = e le c tr ic a l  conductiv ity , (ohm -cm ) \

$  = e le c tro n ic  w o rk  function .

S u b sc rip ts  

c = a f te r  ch em iso rp tio n .

D = donor.

e = n ic k e l vacancy  co n cen tra tio n  of ru n  2/12.

E = eq u ilib riu m  conductiv ity  reg io n .

H = k in e tic  p a ra m e te r  ob ta ined  on g la ss  and  NiO su rfa ce .

1 = in te rm e d ia te  conductiv ity  reg ion .

L  = low te m p e ra tu re  conductiv ity  reg ion ,

o = b e fo re  ch em iso rp tio n .

R = k in e tic  p a ra m e te r  ob ta ined  on g la ss  su rfa c e  a t 24°C .

W = k in e tic  p a ra m e te r  ob ta ined  on g la ss  su rfa c e .



A PPEN D IX  A

DERIVATION OF RELATION BETW EEN CONDUCTIVITY 

PA RA M ETERS AND NICKEL VACANCY CONCENTRATION

B as ic  in  th is  d e riv a tio n  a r e  th e  re s u l ts  of M itoff (97). The 

equation re la tin g  the  n ic k e l v acancy  co n cen tra tio n  to the  ab so lu te  te m 

p e ra tu re  in  th e  eq u ilib riu m  reg io n  in  a i r  is :

NiO = 0 .848 exp (-8 9 6 3 /T °K ) (41)

In g e n e ra l the  e le c t r ic a l  conductiv ity , a , can  be w ritten :

a j  = C. e x p ( I ^ S i - )  (42)
 ̂  ̂ kT

w h ere  C = co n stan t te m p e ra tu re  co effic ien t

G = te m p e ra tu re  co effic ien t of the  i - th  conductiv ity  reg io n

k = B o ltzm ann  co n stan t

o
T = T e m p e ra tu re , K 

i = E -  eq u ilib riu m  reg io n  

I -  in te rm e d ia te  reg io n  

L -  low te m p e ra tu re  reg io n  

A t the  eq u ilib riu m  tra n s i t io n  te m p e ra tu re  T g , a  g  = cry. Using equation
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(42) an  ex p re ss io n  can be w ritte n  fo r  Ĉ . in  te rm s  of C g, A G g, AGj, and 

T g . At the  low te m p e ra tu re  tra n s itio n  te m p e ra tu re , T,j,, a j  =

Thus an e x p re ss io n  can be w ritte n  re la tin g  to C ^, AGj^, AGj, and T.^. 

E lim in a tio n  of Cj g ives:

-AG jl,̂  , -AGj;

■T

Cl  -A G j  -A G e
exp exp (“ k f j )

(43)

E x p re ss io n s  fo r C g  and C g  can be ob ta ined  using  equation (42) fo r  the

condition  th a t the  conductiv ity  h a s  a  va lue  of 1. The te m p e ra tu re  c o r -

*
responding  to th is  p o in t is  denoted  by T , thus:

C g  = exp ( ^ ^ )  (44)

= exp ( ^ ^ ^  )

Substitu ting  equation (44) in to (43) a llow s one to solve fo r  the 

equ ilib rium  tra n s it io n  te m p e ra tu re ,

Tg = ----------------   (̂ 5,
AGe  a g l  1

' isr - • t;  - a g l )
■̂ E

If th is  equation can  be so lved  on the  b a s is  of ex p e rim en ta l r e 

su lts , su b stitu tio n  in to  eq u a tio n (41) a llow s ca lcu la tio n  of the  vacancy  

co n cen tra tio n .
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B ased  on the  d iscu ss io n  in  C hap ter II, Section 3, i t  is  r e a s o n 

ab le  to tak e  G g  = 1. 01 eV and Gj = 0, 239 eV. One m u s t then  exp e r im  en-

*
ta lly  d e te rm in e  only G^^, T>p, and T g .

The w orking equation  i s  then:

NiO = 0. 849 exp |^-11625 I j .  787 x  10

- i  [ .  239 - Ag J
(46)

T

T his equation w as te s te d  on the da ta  of N achm an (104) on the  

e le c tr ic a l  p ro p e r t ie s  of p o ly c ry s ta llin e  n o n -s to ic h io m e tr ic  NiO. The 

p a ra m e te r s  needed  in  e q u a tio n ('4^) w e re  d e te rm in e d  fro m  conductiv ity  

p lo ts  p re s e n te d  e a r l ie r .  The c a lcu la ted  d e fec t co n cen tra tio n s  a r e  co m 

p a re d  w ith  the  re p o r te d  n o n -s to ic h io m e try  d e te rm in e d  c h em ica lly  as  

shown in  T able  A l.

TA BLE Al

NICKEL VACANCY CONCENTRATION, ATOMS 
P E R  NiO M OLECULE

R ep o rted  (104) x  10^ P re d ic te d  x  10^ A G g, eV (104)

9 .7 17.8 .2 2

3 .7 9 .3 . 28

2 .5 7 .7 . 35

.7 6.'-6 = 41

.2 7 .6 ,4 5
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The a g re e m e n t betw een th e  two is  re m a rk a b ly  good c o n s id e r 

ing the  d iffe ren ce  in  the  m a te r ia ls  on w hich som e of th e  n u m e ric a l 

va lu es  w e re  obtained .



APPEN D IX  B

IM PURITY CONCENTRATION OF NiO SINGLE CRYSTALS 

GROWN BY VERNEUIL METHOD (152)

No q u an tita tiv e  an a ly s is  w as p e rfo rm ed . H ow ever, by re v ie w 

ing the  l i te r a tu r e  a  ran g e  of im p u rity  co n cen tra tio n  can be a ssu m e d  as  

fo llow s:

E lem en t Im p u rity  C oncen tra

Ag 0.15 - 5
Al 0 .2 4  - 500
Ca 1 - 50
Co 1 - 500
C r 5 - 140
Cu 1 - 100
F e 10 - 4400
K 1 - 27
Mg 5 - 100
P b 10
S 470
Si 25 - 700

• Sn 42

T h ese  da ta  a r e  b a sed  on the  w ork  re p o rte d  in  re fe re n c e s  36, 97, 113, and 

145 .
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A PPEN D IX  C 

DEIONIZED DISTILLED WATER

High p u rity  w a te r  is  of im p o rtan ce  in  both the  an a ly tic  w ork  

cind in  c lean ing  th e  g la ssw a re  com ing in  co n tac t w ith  th e  hyd rogen  p e r 

oxide. I t  w as, th e re fo re , n e c e s s a ry  both to  p ro c e s s  the  w a te r  supply 

a v a ilab le  and m o n ito r i ts  qua lity . The n eed  fo r  w a te r  w ith a  sp ec ific  

re s is ta n c e  g re a te r  than  2 x 10^ o h m -cm  to be u sed  in  c lean ing  g la s s 

w a re  fo r  s ta b ility  s tu d ies  w as taken  a s  a  guide to the  qua lity  of w a te r  

d e s ire d , ^

To m o n ito r the  conductiv ity  of the  w a te r  a  flow c e ll w as con 

s tru c te d  using  a p iece  of 1 /4" O. D. p o ly s ty re n e  tubing. Two p ie ce s  

of 99. 0+%  Ni w ire , , 08 in  d ia m e te r , fu rn ish e d  by the  E . H, S arg en t 

and C o ., w e re  m oun ted  p e rp e n d icu la r  to the  ax is  of the p la s t ic  tube 

. 63 m m  a p a r t .  The r e s is ta n c e  of the w a te r  w as d e te rm in ed  by allow ing 

i t  to flow th rough  th is  c e ll and read in g  a K eith ley  610A e le c tro m e te r  con

n ec ted  a c ro s s  th e se  n ic k e l e le c tro d e s . T his re s is ta n c e  w as com p ared  

w ith the  r e s is ta n c e  read in g  of v a rio u s  w a te r  sam p les  using  an In d u s tr ia l

^Solvay P ro d u c t D ivision, "A nalysis  of H ydrogen P e ro x id e , " 
A llied  C hem ica l C o rp o ra tio n , T ech n ica l B u lle tin .
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In s tru m e n ts ' C E L -C 2 dip c e ll and  a  M u elle r C ell, T h is la t te r  c e ll w as 

designed  by D r. M arv in  M u e lle r  and c o n s is te d  of two sp e c u la r ly  fin ished , 

gold p la ted  b r a s s  p la te s  w ith  a  T eflon  s p a c e r . T he c e ll co n stan ts  of 

both th e se  la t te r  c e lls  w e re  known. F low  c e ll r e s is ta n c e  read in g s  fo r 

v a rio u s  sam p les  a r e  a s  follow s:

W ater Sam ple R e s is ta n c e , ohm s

D is tille d  follow ed by Io n -E x ch an g e  8 x  10^

M inim um  a cc e p tab le  (c o rre sp o n d s  to  2 x  10^ o h m -cm ) 6. 8 x  10^

D is tille d  2. 9 X 10^

Tap 0. 9 X 10^

In a l l  the  ex p e rim en ta l w o rk  w a te r  h ad  a  r e s is ta n c e  of g re a te r  

than  6. 8 X 10^ ohm s. P ro d u c tio n  of th is  w a te r  c o n s is te d  of p ro c e ss in g  

tap  w a te r  w ith a  B a rn s te a d  s t i l l  and  then p a ss in g  th is  d is t i l le d  w a te r  

th rough  an deionizing  colum n. A m b e rlite  MB-1, fu rn ish e d  by Rohm  and 

H ass  Com pany, w as u sed  to de io n ize  the w a te r  in  a  g ra v ity  feed  colum n. 

The deion ized  d is tille d  w a te r  w as s to re d  in  po ly thy lene  c a rb o y s.



A PPEN D IX  D 

CALIBRATION OF THERM OCOUPLES

Iro n -c o n s ta n ta n  th e rm o co u p le s  w e re  u sed  to m e a s u re  the te m 

p e ra tu re  in  th e  high te m p e ra tu re  conductiv ity  ce ll, the  2 -p o in t p ro b e  ce ll, 

the  r e a c to r  and  s a tu ra to r .  C a lib ra tio n  c o n s is te d  of checking  th e  com pen

sa ted  em f a t room  te m p e ra tu re  and  com p arin g  w ith  a  s ta n d a rd  th e rm o 

couple. T his s tan d a rd  th e rm o co u p le  w as checked  a t  one p o in t by  m ean s  

of an L  and N Type G -2 M u elle r B rid g e  and NBS c a lib ra te d  p la tin u m  r e 

s is ta n c e  th e rm o m e te r . The te m p e ra tu re  w as m a in ta in ed  co n stan t w ith 

a  w a te r  bath . The th e rm o co u p le  em f w as m e a s u re d  w ith  L and N K -3 

G alv an o m ete r and E le c tro n ic  N ull d e te c to r . The z e ro  d e g re e  re fe re n c e  

junc tion  w as designed  acco rd in g  to ASTME 207-62T . The follow ing data  

w e re  re c o rd e d  a t  the c a lib ra tio n  po in t.

T e m p e ra tu re  fro m  p la tinum  re s is ta n c e  th e r -

o o
m o m e te r  using  NBS co n v ers io n  ta b le s  26. 96 C + .1  C

T herm ocoup le  EM F (w rt O C) 1 .3693  mV

T herm ocoup le  te m p e ra tu re  fro m  NBS c o n v e r

sion  ta b le s^  26. 77°C

% B S  C irc u la r  No. 561.
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On the b a s is  of th e se  r e s u lts  i t  is  a ssu m ed  the te m p e ra tu re  is  

known to . 25°C . If a given th e rm o co u p le  checks w ith the  read in g  the  

s tan d a rd  th e rm ocoup le  g ives when connected  to the  L and N 8657C p o r t 

ab le  m illiv o lt in d ic a to r, the  a c c u ra c y  is  taken  to be + . 5°C.



APPENDIX E 

LOCATION OF CRYSTALS IN THE TUBE REACTOR 

Run L oca tion  (R efe r to  F ig u re  3, 3a)

2/1 one c ry s ta l  p laced  ev ery  th re e  in ch es  w ith  r e s p e c t  to r e a c to r

in le t, to ta l 3,

2 /2  one c ry s ta l  below each T . C . P , , to ta l 3.

2 /3  one c ry s ta l  a t c e n te r  T, C .P ,

2 /5  one c ry s ta l  below each T. C. P . , to ta l 3.

2 /6  one c ry s ta l  below each T. C. P . , to ta l 3.

2 /7  83 c ry s ta ls  in  5 equal p ile s  under T . C. P . and betw een.

2 /8  9 c ry s ta ls  u n d er 1st T. C . P . , 3 betw een 1st and 2nd, 4 un d er

2nd and 6 u n d e r 3 rd  T, C .P .

2 /9  5 betw een 2nd and 3 rd  T. C .P .  and 1 betw een 1st and 2nd.

2/10 8 evenly spaced  w ith the 3rd , 5th, and 7th c ry s ta l  u n der T. C .P .

2/11 6 evenly spaced  w ith 2nd, 4th, and 6th c ry s ta l  un d er T. C .P .

2/12 5 evenly spaced  1st and 4th c ry s ta l  u n d er T. C. P .

2/13 4 evenly  spaced  w ith 1st and 4th c ry s ta l  un d er T. C .P .

ab b rev ia tion : T, C. P . = th e rm o co u p le  p o sition
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A PPEN D IX  F

GEOM ETRIC SURFACE AREAS

G eo m etric  s u r fa c e -a re a s , Ag, in  Runs 2 /7  th rough  2/13 w e re  

ca lc u la te d  using :

W Fw

w h e re  W = w eigh t of c ry s ta l , g ra m s

t  = c ry s ta l  th ick n ess , m m

2
p = d en sity  of c ry s ta l ,  g ra m s /c m

P  = shape p a ra m e te r  b a se d  on c ry s ta l  type

c d
U sing the  re p o r te d  d en sity  of 6. 80, ’ the  follow ing su rfa ce  

a r e a s  a r e  ob tained . In  th re e  ru n s  a c o m p ariso n  is  given w ith  su rfa c e  

a r e a  c a lc u la te d  w ith  d im ensions of th e  c ry s ta l  only.

Run S. A . , cm ^ S. A. (from  d im ensions)

2 /7  19.40

2 /8  7 .8 9

"“H ague, J .  R . , " R e fra c to ry  C e ra m ic s  of I n te r e s t  in  A e ro sp a c e  
A p p lica tio n s, " Ba tte lle  M em o ria l I n s t . , AD 423400 (1963).

G a r r i s o n ,  W ., " F a b r ic a tio n  and F r a c tu r e  of P o ly  c ry s ta ll in e  
NiO, " H oneyw ell R e s e a rc h  C en te r, AD 614263 (1965).
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Run S. A . , c

2 /9 2 .8 8

2/10 2 .9 6

2/11 1. 53

2/12 2 .3 3

2/13 1. 72

2
S, A. (from  d im en sio n s) 

2. 71

1. 50

1. 48

E s tim a te  of e r r o r  is  tak en  a s  the  m ax im um  d ev ia tio n  betw een 

th e  sa m p le s , nam ely , + 7%.

T he shape p a ra m e te r ,P ,  is  equal to 4 if the  edges of th e  la rg e  

fa c e  a r e  equal and th e  c ry s ta l  is  c la s s if ie d  as  type 1, If th e  edges of 

th is  fa c e  a r e  in  the  ra tio  of 2:1 o r  3:1, P  tak es  on a  value of 4. 25 o r 

4 ,6 2 , re sp e c tiv e ly . F o r  conven ience  th e  l a t t e r  a r e  c la s s if ie d  a s  type 

2 and 3,

The g e o m etric  su r fa c e  a re a s  in  Runs 2-1 th rough  2 -6  w e re  no t 

expec ted  to  be  re p re s e n ta t iv e  of the  t r u e  su rfa c e  a r e a .  The edges of 

th e se  c ry s ta ls  w e re  sanded  a s  grow n ed g es . T h is m e a n t th a t the  s u r 

face  of the  edge w as n o t w e ll defined  and rough co m p ared  to  c leav ed  s u r 

fa c e s . The c ry s ta ls  w e re  p la ce d  on a  p ie ce  of p h o tog raph ic  p a p e r  then 

exposed  to  room  lig h t. A fte r  developing , the  im ag es  w e re  cu t out and 

w eighed. Knowing the  a v e ra g e  w eigh t of the  p ap e r fo r  a u n it a re a , it  

w as p o s s ib le  to c a lc u la te  the  su rfa c e  a re a .  The e s tim a te d  su rfa c e  

a r e a s  so c a lc u la te d  a re  l is te d  below .

T h ese  e s tim a te s  a r e  ex p ec ted  to  be in  e r r o r  by + 10%. T his is
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b ased  on a co m p ariso n  betw een the ac tu a l w eight of the  c ry s ta ls  and 

the  w eight e s tim a te d  fro m  the d im en sio n s.

Run E s tim a te d  S u rface  A rea

2/1  2. 098 cm^

2 /2 ,2 /4 - 2 7 6  2. 010

2 /3  0 .820

The data  fro m  w hich the  g e o m e tric  su rfa c e  a r e a s  in  Runs 2 /7  

th rough  2 /l3 w e re  ca lcu la ted  ap p ea r below .

Run W, g ra m s  t, m m  Type W, g ra m s  t, m m  Type

2 /7

W, g ram s t, m m Type W, g ra m s t, m n

a ll of th o se  in  2 /9  and 2 /8  p lu s:
. 0373 1.1

. 0351 .9 type 1 only . 0252 1.6

. 0163 .2 . 0107 .9

. 0444 .8 . 0315 . .9

. 0097 .8 . 0146 . 4

. 0406 1.1 . 0282 .9

.0407 .9 . 0313 1. 0

. 0056 1.1 . 0367 1.3

. 0496 .9 . 0235 .8

. 0415 .9 . 0077 .7

. 0391 1. 0 . 0272 .9

. 0523 1.6 . 0368 1. 0

. 0472 .9 . 0150 . 4

.0442 1.0 . 0075 .6

. 0475 1.1 . 0189 1.1

.1002 1.2 . 0323 1. 0

. 0451 1. 0 . 0173 . 4

. 0473 .9 . 0196 1. 5
, 0454 .9 . 0296 1.1
. 0406 1. 0 . 0338 1.3
.0432 .9 . 0199 . 6
. 0312 1.7 , 0221 1=3
. 0163 . 6 .0171 1.3
. 0087 1. 0 . 0055 .4
. 0273 1.1 . 0146 .7
. 0416 1 .4 . 0116 . 4
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Run W, g ram s 

2 /7  con t'd :

t, m m  Type W ,  g ra m s  t, m m  Type

2/8

» /9

2 /U

. 0170 .7 type 1 only . 0101 . 8

. 0150 .7 . 0101 1. 0

. 0207 . 6 . 0106 .7

. 0094 .7 . 0143 . 8

. 0183 . 6 . 0108 .3

. 0309 1.1 . 0038 . 2

. 0183 .9 . 0029 .3

. 0136 .9 . 0048 . 4

. 0065 o. 6 . 0105 .9

. 0119 .7 . 0145 .7

.0185 .9 . 0005 M -

. 0158 .7 . 0035 - “

a ll  of those in  2 /9 p lu s: . 0660 .9
. 0733 .9 type 1 only . 0677 1.3
.1107 1 .0 . 0605 1.2
. 0705 1 .0 ^0296 1 .0
. 0874 .9 . 0241 .3
. 1108 1.1 . 0406 . 8
. 0622 1 .0 . 0257 .9
. 0671 1.3 . 0395 1 .0

. 0780 . 8 1 . 1387 1.2 2

. 0999 1 .0 1 . 0602 1 .0 1

.1631 1. 0 2 . 0705 . 8 1
. 0215 .7 1

. 0576 1 .0 2 . 0182 . 6 3

. 0815 .9 1 . 0286 . 8 3

. 0305 . 8 2 . 0424 1 .0 2

. 0296 .5 2 . 0282 . 6 3

. 0698 .9 2 . 0162 .9 1

. 0538 .9 2 . 0136 .7 1
. 0179 .3 1

.1402 1.2 1 . 0268 1. 0 2

. 0368 1 .0 2 . 0210 .7 4

. 0423 1. 0 1 . 0187 .9 2
. 0186 1. 0 1
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Rim W, g ra m s t, m m Type W, g ra m s t, m m Type

2/12 .1067 1,1 2 .0 5 1 5 .9 3
.10 7 5 .9 1 . 0504 1. 0 2
. 0980 1.1 2 . 0306 1.1 1

. . 0383 1 .0 2

2/13 . 0992 1. 0 1
. 0768 1. 0 2
.1091 1. 0 1
. 0877 1. 0 2



A PPEN D IX  G

CALCULATED KINETIC PA RA M ETERS RUNS 2 /1 -2 /6

Run ^apparen t»  log kp T e m p e ra tu re
  k c a l /g -m o le    R ange C

2/1 4 .3 2  1.781 50 - 200

2 /2  14.39 6 .358  125 -  200

2 /3  3 3 .2 0  14 .44  125 -  200

2 /4

2 /5  9 .8 0  4 .2 0 6  125 -  200

2 /6  7 .4 4  7 .4 4  165 -  200

pseudo  r a te  co n stan t.

The c a ta ly tic  p a ra m e te r s  w e re  a ll  ob ta ined  on NiO su rfa ce  

th a t had, in  add ition  to the  c leav ed  100 p lan es , a rough undefined  a re a  

p re s e n t  on the  edges.
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A PPEN D IX  H 

ELEC TR IC A L CONTACTS

Good e le c tr ic a l  co n tac t is  e x tre m e ly  im p o rtan t in  m aking  e le c 

t r i c a l  s tu d ies  w ith a sem ico n d u c to r lik e  NiO. One m u s t find  a  m a te r ia l  

th a t a c ts  a s  an  ohm ic co n tac t and a lso  h as  a  m in im um  co n tac t r e s is ta n c e . 

The tru e  r e s is ta n c e  of the  sem ico n d u c to r can  then  be ob ta ined . Con

ta c ts  th a t p ro v ed  to be ohm ic in  p re v io u s  in v estig a tio n s  w ith NiO a re  

lis te d  in  the  T ab le  below .

ELEC TR IC A L CONTACTS FO R NiO 

C ontact M a te r ia l R efe ren c e

S ilv er, pa in t, p r in t , p a s te , ev ap o ra ted  e

P la tin u m , p a s te , c lip s  63,124

Gold, ev ap o ra ted  e

B ra s s , p r e s s u r e  co n tac ts  e

A lum inum , ev ap o ra ted  e

N ickel, g o ld -30% n ick e l a llo y  e

^Gibbons, J . F . and B eadle , W ., "Sw itching P r o p e r t ie s  of NiO 
F ilm s , " Solid S tate  E le c tro n ic s , 1 _ , 785 (1964).
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In o rd e r  to obtain  sp ec ific  co n tac t g e o m e trie s  Du P o n t No,

6216 conductive s i lv e r  p re p a ra tio n , fu rn ish e d  by E , I. Du P o n t de 

N em o u rs  and C o ., w as u se d  in  the  p re s e n t  study. The p a s te  w as p a in ted  

on. F ir in g  took p la ce  in  the follow ing sequence: (1) fu rn ace  s e t to re a c h  

a te m p e ra tu re  of 425 C in  20 m in u te s , (2) the  c ry s ta l  w as rem o v ed  and 

the  fu rn ac e  a llow ed to cool, (3) the  o th e r s id e  of the  c ry s ta l  w as p a in ted  

and rep laced , (4) the  fu rn ac e  w as s e t to  re a c h  677°C in  19 m in u te s  fo l

low ed by a 10 m in u te  bake a t th is  te m p e ra tu re , (5) and, fina lly , a  quench 

in  a i r  to room  te m p e ra tu re . One should  be a w are  th a t w ith Ag co n tac ts  

above 100-200°C diffusion  in to  the  sp ec im en s a lm o s t in v a ria b ly  o c c u rs .

The f ire d -o n  s ilv e r  e le c tro d e s  cannot be s c ra p e d  off bu t can  

be rem o v ed  by soaking th e  c ry s ta l  in  n i t r ic  a c id  a t  25°C fo r  one h o u r. 

T ypical r e s u lts  using  s i lv e r  e le c tro d e s  in  both the  room  te m p e ra tu re  

Seebeck a p p a ra tu s  (F ig u re  3 .6 ) and the low te m p e ra tu re  conductiv ity  

a p p a ra tu s  (F ig u re  3 .7 )  a r e  given below .

E le c tr ic a l  P r o p e r t ie s  U sing S ilv e r P a s te  E lec tro d e s

Seebeck  voltage,
C onductiv ity  C ell, g fina l o b se rv ed  T re a tm e n t a f te r  

Run R es is ta n ce , ohm xlO vo ltage  M easu rem en t

1 .2 8  + . 0062 HNOg soak, f i r e
15 m in  and 30 m in

2 .3 9 6  + . 0062 HNO3 soak

3 18.1 + .  0062 p a in t w ith Ag, f i r e
1 h ou r
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C onductiv ity  C ell 
Run R es is ta n ce , ohm xlO

4 .775

5 .91

6  1.32

7 1.88

8  7.2

-8

Seebeck voltage, 
fin a l o b se rv ed  
v o ltage .________

+ . 0058

+ .0065

+ .0073

+ .0082

T re a tm e n t a f te r  
M ea su rem en t

f i r e  1 hour

f i r e  1/2 hour

HNOg soak

te s t  concluded

T his in d ic a te s  th a t a s  the  f ir in g  tim e  in c re a s e s  so does the 

o b se rv e d  o v e ra ll  r e s is ta n c e  of th e  c ry s ta l .



A PPEN D IX  I

CALCULATION OF RESISTIVITY

In o rd e r  to e s tim a te  the  d e fec t co n cen tra tio n  using  equation (46) 

in  A ppendix  A , one need s  to h av e  re s is t iv i ty  v e rs u s  te m p e ra tu re  data. 

Id e a lly  th is  w ould be ob ta ined  by the  tw o-po in t p ro b e  m ethod  e lim ina ting  

co n tac t r e s is ta n c e  and allow ing one to ca lcu la te  the  tru e  r e s is t iv i ty  of 

th e  m a te r ia l .  U nfortunately , th is  technique could n o t be u sed  below 150°C. 

If th e  co n tac t re s is ta n c e  w as known the  low te m p e ra tu re  m e a su re m e n ts  

w ith  th e  p la tin u m  fo il e le c tro d e s  could be u sed . E x p e rim en ts  w e re  p e r 

fo rm ed  to c o m p are  the r e s is t iv i ty  value using the 2 -po in t p robe , A g- 

p a in ted  c ry s ta ls ,  2 - ^  fo il e le c tro d e  and 2 w rapped  P t  e le c tro d e s . The 

e x p e r im e n ta l p o in ts  a ll  f ell on lin e s  w ith  the sam e te m p e ra tu re  co effi

c ien t, bu t w ith  v a ry in g  va lu es  of re s is t iv i ty . At a  te m p e ra tu re  of 178 °C 

th e  ra tio  of the  2 - P t  fo il e le c tro d e s  to the  2 -po in t p ro b e  re s is t iv i ty  h ad

2 _3
a v a lu e  of 1. 64 xlO o r  a conductiv ity  ra tio  of 6. 08 x  10

A fu r th e r  co m plica tion  a r i s e s  in  th a t the op era tin g  lim it  of the  

conductiv ity  ap p a ra tu s  is  n e a r  250°C . This is  b ecau se  of the  upper te m 

p e r a tu r e  l im it  on the  T e m p -R -T ap e  u sed  to give s tren g th  and s tab ility

146



147

to the  ap p a ra tu s  and to in su la te  i t  e le c tr ic a lly . T hese  Teflon and f ib e r 

g la ss  tap es  w e re  fu rn ish e d  by the  C onnecticu t H a rd  R ubber Co. This 

m e an t th a t th e  low te m p e ra tu re  tra n s it io n  could n o t be ex p erim en ta lly

d e te rm in e d  w ith  th is  equ ipm ent. The l i te r a tu r e  in d ic a te s  a  ra n g e  of

o
tra n s it io n  te m p e ra tu re  va lu es  of NiO. A value  of 394 C is  a ssu m e d  to 

be re p re se n ta tiv e  of th e  s ing le  c ry s ta ls  u sed  h e re  as  i t  is  m o s t often 

found to com e w ith in  th e  ran g e  of re p o r te d  re s u l ts .

i t  is  of in te r e s t  to  see  if  r e s is t iv i ty  da ta  fro m  the P t  fo il e le c 

tro d e s  u sing  Ag coated  NiO c ry s ta ls  and an a ssu m e d  tra n s it io n  te m p e r 

a tu re  y ie ld  a t le a s t  re la tiv e ly  c o r r e c t  va lu es  of the  d e fec t co n cen tra tio n . 

By applying th is  techn ique  th e  ra t io  of th e  n ic k e l v acan c ies  ca lc u la te d  is :

. 7 . 5 6 x 1 0 - '
(NiO ) 2 po in t

This value is  c lo se  to the  conductiv ity  ra tio  ac tu a lly  m e a su re d  

on the c ry s ta l .  I t  is  n o t expected  th a t the  ab so lu te  value of the  vacancy  

c o n cen tra tio n  h as  any s ig n ifican t m ean ing . Using th is  ca lcu la tio n  as  a 

re la tiv e  m e a s u re  m ay  be s a t is fa c to ry  and c e r ta in ly  w orth  co n sid e rin g  

when ex p e rim en ta l da ta  is  no t av a ilab le .



A PPEN D IX  J

K E L -F  COATINGS

A continuous film  coating  of K e l-F  could  be ap p lied  u sing  

" K e l-F "  p la s t ic  d isp e rs io n  types KX-633 and 643, fu rn ish e d  by M inne

so ta  M ining and M anufactu ring  Co. The fin a l coating  p ro c e d u re  w hich 

w as adopted  m ad e  i t  p o s s ib le  to co a t c ry s ta ls ,  g la ss , and  m e ta l  p a r ts  

w ith a  coating  w hich p ro v e d  to be re la tiv e ly  in e r t  in  the  hydrogen  p e r o 

xide vapo r u n d e r the  cond itions of the  e x p e r im e n ts .

C ry s ta ls  w ith  undefined  edges w e re  m a sk e d  by coating  w ith 

KX633. A fte r a i r  d ry ing  fo r 30 to 60 m in u te s , any  "K e l-F "  th a t had  

acc id en tly  sp re a d  onto the  la rg e  c ry s ta l  face  cou ld  be e a s ily  sc rap e d  

off w ith a r a z o r  b lade, tak ing  c a re  n o t to dam age the  c ry s ta l .  A 584-

w att H ev i-D uty  tu b u la r  fu rn a c e  u n it w as u se d  fo r the  h e a t tre a tm e n t.

o
In the  f i r s t  30 m in u te s  the  fu rn ace  re a c h e d  216 C. The fu rn ace  w as se t 

to 227°C fo r  10 m in u te s , 238°C fo r 10 m in , 260-271°C fo r 20 m in u te s  

and a  fin a l bake a t 260 C fo r  2 h o u rs . P ie c e s  of l a r g e r  d im ensions w e re

coated  w ith  " K e l-F "  by pa in ting  and a i r  d ry ing  a s  above. They w e re  then

o
p laced  in  a  d ry ing  oven and h e a te d  to about 400 C fo r  fo u r h o u rs , then 

a ir  quenched. The p ro c e d u re s  dev ia te  i som ew hat fro m  the m a n u fa c tu re rs  

reco m m en d ed  p ro c e d u re s  (96).
148



A PPEN D IX  K

DECOMPOSITION OF HYDROGEN PERO X ID E 

VAPOR ON BOROSILICATE GLASS

S ev era l in v e s t ig a to rs  h av e  found th a t b o ro s il ic a te  g la ss  is  th e  

b e s t  m a te r ia l  of c o n stru c tio n  w ith  r e s p e c t  to  in e r tn e s s  to hydrogen  

p e ro x id e  v ap o r (55, 125, 126). D uring  the  p re l im in a ry  c a ta ly tic  s tu d ie s  

no in c re a s e  in  re a c tio n  due to  th e  p re s e n c e  of a  c a ta ly s t could  be d e 

te c te d  on as  m any  a s  22 p ie c e s  of NiO c ry s ta ls .  I t  w as thought th a t the  

p ro b lem  w as the  low co n cen tra tio n  of the so lu tion  in  the  s a tu r a to r  (35%, 

50%) and th e  fa c t th a t the  r e a c to r  h ad  a  m ax im um  o p e ra tin g  te m p e ra tu re  

of 100 C. I t  w as la te r  d isc o v e re d  th a t the g la s s  i ts e lf  w as co m p le te ly  

o b scu rin g  the effec t of th e  c a ta ly s t. T urn ing  to the  l i te r a tu re ,  i t  w as 

c le a r  th a t p re p a rin g  th e  g la ss  r e a c to r  m ig h t w e ll be the  key  to a s u c c e s s 

fu l study . A su m m ary  of the  v a rio u s  tre a tm e n ts  th a t have  been  u se d  is  

given in  T ab le  Kl. A com m on step  in  m o s t of the  w ork  is  som e type  of 

a c id  w ash .

In the p re s e n t  study each of the  g la ss  r e a c to r s  w as d e g re a se d  

w ith  e thanol b e fo re  u se , r in s e d  w ith  w a te r , then  soaked  in  v a rio u s
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co n cen tra tio n s  of n i tr ic  acid , then  r in s e d  b efo re  i t  w as u sed . The ac tu a l 

t re a tm e n t given the th re e  re a c to r s  c o n s tru c te d  and the  subsequen t a c tiv ity  

of th e  g la ss  in  te rm s  of the  ex it co n cen tra tio n  p a ra m e te r  C a re  l is te d  in  

T ab le  K2. The s ig n ifican t im p ro v em en t in  going fro m  the  la rg e  re a c to r  

to  tube No. 1 is  re la te d  to b e tte r  co n tro l of the tre a tm e n t.

S ev e ra l conclusions can be m ad e  fro m  the re s u lts  on tube No. 1. 

The m o s t obvious is  th a t in itia lly  c lean ing  the  g la ss  b e fo re  g la ss  bio wing 

g re a tly  im p ro v es  the  in e r tn e s s .  I t  a p p ea rs  th a t th e  value  of C in c re a s e s  

w ith  tim e  exposed  to the  hydrogen  p e ro x id e  vapor, how ever, no t in d e fi

n ite ly . C ontinued ac id  w ashing and r in s in g  does noth ing  in  the  w ay of 

im p ro v in g  the g la s s . I t  w as re p o r te d  in  the l i te r a tu r e  th a t fusing  the 

g la ss  a t  490  C c au se s  an d e c re a se  in  the  ac tiv ity  (126) as m uch as  a f a c 

to r  of 20. H elium  gas w as p a sse d  th rough  tube No. 1 a s  i t  w as h ea ted  

o
to 490  C and he ld  fo r  as  m uch  a s  200 m in u te s . The only effec t w as 

in it ia lly  a  la rg e  in c re a s e  in ac tiv ity  follow ed by a g rad u a l d e c re a se .

T h ese  tre a tm e n ts  of the g la ss  do no t seem  to effec t th e  o v e ra ll a c tiv ity  

of the  g la s s .  This h e a t tre a tm e n t m ay  re s u l t  in  lo s s  of su rfa ce  Si-OH 

g ro u p s, o r  su rfa c e  dehydra tion  w hich m ig h t a l te r  th e  su rfa c e  r e a c 

tiv ity  (23).

I t  is  in te re s tin g  to pu t the ex it co n cen tra tio n  p a ra m e te r s  on the 

sam e  b a s is  w ith re s p e c t to KM nO, n o rm a lity . If th is  is  done the  values 

of C in  x 2 /1 0 a h d  Z/12 becom e 40. 6 and 42. 2, re sp e c tiv e ly . An in c re a s e  

in  flow ra te  of the  gas would cau se  an in c re a s e  in  C of 1. 58. This is
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in  a g re e m e n t w ith the  o b serv ed  v a lu es .

The second thing one o b se rv es  in Table K -3 is  the  change in

ac tiv a tio n  energy . S a tte rf ie ld  and Stein (126) have  shown th a t th e re  is

no c o rre la tio n  betw een ac tiv a tio n  en erg y  and su rfa ce  a c tiv ity  of the

o
g la s s . T h e ir ac id  tre a te d  g la ss  annea led  a t  490 C show ed the  lo w est 

su rfa c e  a c tiv ity  and the  h ig h e s t ac tiv a tio n  energy , 10 k c a l/g -m o le , co m 

p a re d  w ith betw een 3, 5 to 7 k c a l/g -m o le  fo r  ac id  w ashed  b o ro s ilic a te  

g la s s . In itia lly  the  ac tiv a tio n  en erg y  on re a c to r  tube N o. 2 is  low but 

beg ins to in c re a s e . This deac tiv a tio n  is  expected, how ever, a f te r  Run 

6 the  ac tiv a tio n  en erg y  is  m uch  la r g e r .  T his su g g es ts  th a t s in ce  a  K el- 

F  coating co v ered  the c ry s ta l  edges in  Run 2 /6 , w hich re d u c es  the  a c tiv ity  

of th e  c a ta ly s t, th e  sam e  effec t m ay  be re sp o n s ib le  fo r  th is . Indeed, 

the  te m p e ra tu re  m ay  have been  high enough to  "co n tam in a te"  the  re a c to r , 

so to speak .

T h ese  ex p e rim en ts , to g e th e r w ith  the  in fo rm atio n  fro m  e a r l ie r  

s tu d ies , r e s u lte d  in  a t re a tm e n t fo r th e  r e a c to r  tube No. 2 in  w hich m o s t 

of the  k in e tic  w ork  w as taken . The tre a tm e n t began w ith r in s in g  the  

o rig in a l p ie c e s  of g la ss  w ith ethanol, d ra in in g  and adding a sm a ll am ount 

of HNO3 , steep ing , and r in s in g  w ith de ion ized  d is til le d  w a te r  b e fo re  g la s s -  

blow ing. A fte r b low ing,the r e a c to r  w as annea led  to  600°C w ith the ends 

co v ered  lo o se ly  w ith d e g re a se d  alum inum  fo il. A t th is  po in t the  r e a c to r  

w as r in se d  w ith  ethanol, d ra in ed , f il led  w ith 3 m l of conc. HNO^ and 

a f te r  steep ing , r in s e d  only tw ice  w ith de ion ized  d is tille d  w a te r . A dditional
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w a te r  r in s e s  w ould in c re a s e  the  ac tiv ity . The im p ro v ed  in it ia l  r e s u l ts  

ob tained  w ith  th is  p ro c e d u re  a r e  a lso  in d ic a ted  in  T ab le  K2,

R ea c to r tube No. 1 w as re a c tiv a te d  som ew hat by coating  the  

in s id e  of the  r e a c to r  w ith the  K e l-F  d is p e rs io n  follow ing p ro c e d u re s  

s im ila r  to  th o se  in  A ppendix J .  A t 2 0 0 °C one coat red u ced  the  d eco m 

p o sitio n  fro m  66.1 to  41.8%. A second  co a t fu r th e r  red u ced  ac tiv ity , 

g iv ing a  d eco m position  of 28. 8%. The flow ra te  u sed  above w as 192 c c /  

m in  and th e  s a tu ra to r  te m p e ra tu re  w as 13. 5°C .

Sodium  con ten t of the  g la ss , a d so rb e d  heavy  m e ta lio n s , im 

bedded d ir t ,  and lo c a liz e d  d e fec ts  (19, 126, 142) a r e  a ll  v a r ia b le s  on the  

g la ss  su rfa c e  and  in d ic a te  th a t a  com bination  of both c h em ica l and th e r 

m a l t re a tm e n ts  a r e  re q u ire d  to  obtain  re p ro d u c ib le  s u r fa c e s . C heaney 

and W alsh su g g es t th a t the  ac id  t re a tm e n t c a u se s  a film  of s i l ic ic  ac id  

to be d ep o sited  on th e  su rfa c e  (23). Such a  su rfa c e  is  ac id ic , and n o t 

co m p le te ly  an h y d ro u s. The fa c t th a t no s ig n ifican t change in  th e  g la ss  

a c tiv ity  w as o b se rv ed  m ig h t be b e ca u se  of ex p o su re  to the  a tm o sp h e re  

(60% re la tiv e  hum id ity ) a f te r  h e a t  tre a tm e n t. F ire -p o lis h in g  the  g la ss  

h a s  been  found to d e fin ite ly  red u ce  th e  ac tiv ity . S im ila r  find ings a r e  

re p o r te d  (40). Such tre a tm e n t fo llow ed by a c id  r in s in g  g ives a  g la ss  

su rfa c e  ap p roach ing  the  f r a c tu re  type (142). A f re sh ly  f r a c tu re d  p iece  

of g la ss  p ro v id e s  th e  c le a n e s t su rfa c e  of a  s in g le  g la ss  p h ase .

The c o n s id e ra tio n s  shed  som e lig h t on the  n a tu re  of the  p ro b 

lem . By paying  a tten tio n  to the  d e ta ils  and  applying th e  t r e a tm e n t h e re .
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one can  ob ta in  a  su rfa c e  w hich is  in e r t  enough to allow  study of th e  

re a c tio n  on a v e ry  sm a ll su rfa c e  a r e a  of c a ta ly s t.

F in a lly , in  r e a c to r  tu b e  No. 1, a f te r  th e  in i t ia l  g la ss  a c tiv ity  

study  w as m ade, c o n s id e ra b le  w o rk  w as done in  studying th e  a c tiv ity  

of NiO s in g le  c ry s ta ls .  I t  w as o b se rv e d  th a t th e  a c tiv ity  of th e  g la s s  i n 

c re a s e d  s ig n ifican tly  a f te r  th e  c a ta ly s t  h ad  been  rem o v ed  re la t iv e  to  th e  

in i t ia l  a c tiv ity . S ince no re a c tio n  is  expec ted  betw een  th e  NiO and the  

s u rfa c e  of th e  g la ss  a t  th is  te m p e ra tu re , th e  in c r e a s e  w as m o s t lik e ly  

due to  s c ra tc h in g  of th e  s u rfa c e  during  ch arg ing  and  unload ing  th e  c a ta 

ly s t  o r  in tro d u c tio n  of som e im p u r it ie s  w ith  th e  c r y s ta ls .  In  su b seq u en t 

w o rk  th e  c a ta ly s ts  w e re  p o s itio n ed  w ith  th e  a id  of a  N ylon ro d . No 

s im ila r  ac tiv a tio n  w as o b se rv ed  in  r e a c to r  tube  No. 2.



TABLE Kl

TREATMENTS OF BOROSILICATE GLASS IN HYDROGEN 
PEROXIDE VAPOR DECOMPOSITION STUDIES

C hem ical Treatm ent Therm al Treatm ent Comments R eference

Soak in warm  chrom ic  
acid  5 m in,,, repeated  
HgO rinse, final r in se  
witli red istilled  H 2 O

Fusing: g la ss  brought to 
s of ting point in flam e  
of M eker burner

A ctivity  of g la ss  reduced by 
factor of 2 0. Rinsing with hot 
w ater in creased  activ ity

40

R inse, sat'd soln . boric  
acid in ethanol, dry 1  hr. 
at 2 00 C, overnight at 
500-520°C

F ilm  of s i l ic ic  acid d ecreases  
activity

95

40% HF wash, cold H^O 
rin se

Heat treatm ent 500 C in 
c r e a se s  activ ity  (causes  
com plete dehydration)

Further H 2 O rinsing or with 
non-ionic detergent or alkali 
in c re a se s  activ ity

23

2N HNO3 , 4 NXH 3 , PO 3 , 
or 1% HF, follow ed by 
w ater rinsing

"Fusing" at 490°C Acid and heat treatm ent reduce 126 
activ ity  by factor of 1 0



TABLiE K l--Continued

C h e m ic a l  T r e a tm e n t  T h e r m a l  T r e a tm e n t C o m m e n ts R e f e r e n c e

E tlia n o l r i n s e ,  c o n c . H N O g,
d i lu te  HNOo so a k , i m m e r -O o 
s io n  r i n s e  in  H ^O  d r y  a t  100 C

N o d e c o m p o s i t io n  b e lo w  
1 3 6 °C ,3 . 5% in  r a n g e  135-183°

119

40% H F  r i n s e  95 0°C  in  v a c u u m  10 m in . P r e s e r v e s  g a s e o u s  H gO g 65

A c id  t r e a t e d  g la s s  g iv e s  
m o s t  i n e r t  s u r f a c e  a lo n g  w ith  
c o a tin g  of s i l i c i c ,  b o r i c  o r  
p h o s p h o r ic  a c id .  R e p e a te d ly  
w a s h e d  a c id  t r e a t e d  s u r f a c e  
c o m p a r a b le  to  a c t iv i ty  of 
m e ta l  o x id e s , a n d  h y d ro x id e s

156

E th a n o l a n d  HN O g r e a c t io n  
a n d  s e e p in g , s o a k  in  c o n c . H N O ^ 
r i n s e  d o u b ly  d i s t i l l e d  H 2 O 
r in s e ,  d r i e d  in  f i l t e r e d  a i r  
110°C, r e p e a t  a  m a id m u m  of 6 
t im e s

D e c o m p o s it io n  o f l e s s  th a n  
1% a t  140°C

f

uiat

^R o ^s, R . A , ,  P r i v a t e  C o m m im ic a tio n , C o lle g e  o f T e c h n o lo g y , B e l f a s t  (1966).



TA±)ljjL Kl-Continued

G e n e r a l  R e m a r k s  on B o r o s i l i c a t e R e f e r e n c e

H F  r i n s e  g iv e s  H 2O f r e e  s u r f a c e .  1 m in ,  
t r e a t m e n t  w ith  b o ilin g  1% H F  ro u g h  su rfa c e *  
E tc h  10 m i.n in  1% N aO H  fo llo w e d  b y  a c id  
r i n s e

F r a c t u r e d  s u r f a c e  p r o v id e s  c le a n e s t  
s u r f a c e  of a  s in g le  p h a s e  g l a s s .  I m 
b e d d e d  d i r t  c a n  n o t b e  r e m o v e d  w ith o u t 
in t r o d u c in g  a d d i t io n a l  d e fe c ts

142

P o l i s h in g  d e b r is  m in im iz e d  by  c le a n in g . E x h ib i t  f in e  s t r u c t u r e  on r a n g e  1 0 0 -5 0 0 A  
sh o w s  p o l is h  s c r a t c h e s  w h ile  a d d it io n a l  
l a r g e r  d e fe c ts  s u c h  a s  g o u g e s  a n d  g r o s s l y  
ro u g h  a r e a s  m a y  b e  p r e s e n t ,  1 p a r t  in  10

19

un
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TABLE K2

ACTIVITY OF PY R EX  GLASS

5,, m l KMn.04  3 
P r e tr e a tm e n t  C ' -----------------  x  10 T e m p e ra tu re  N itro g en  Flow

of R e a c to r  C c c /m in

In it ia l R ea c to r

o, 1, j, d, 1, j, k

m , o

n

m

Tube No. 1 

b, q, e 

a, c, d, b, h

a, b, d, a, g

a, c, d

b , j

2 . 9 4  

3 6 .8  

1.85 

1. 44

28.1 

1.57

1. 8 9 - 2 . 3

4 .3 8

6.15

5. 21 - 5. 44 

5 .2 5  - 5 .35  

4. 52 - 4. 38 

3 .8 2 , 4 .28  

3. 78 3 .8 4

4.14

3. 73 3 .84

61

92

30

173

40

176 

54 

54

177 

54 

54

55

181
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TABLE K 2--C ontinued

jis ml KMnO  ̂ ^
C _________   X 10 T e m p e ra tu re  N itrogen  Flow

P r e tr e a tm e n t sec of R eac to r °C  c c /m in

Tube No. 1

j

a, c, d, b, g 

b

f-490/3Q m

i

f-345

b, f-490 /3h20m  

i

b, j, g

a, c, d, £-49 0 /3 Om

3. 42 

3 .3 3  

3.11 

2 .8 0

3. 55 3. 90 4.11 

3 .9 6

2 .9 9  3. 44

3 .79

3 .4 6

3. 54 3. 61 

0. 61 - 1. 00 

4 .3 0  4 .4 4

Tube No. 2

j, a, c ,  j -d , j, g - 200f / 2h

q, e

a, c, d, j- tw ic e

5 .8 0

3. 54 

34 .8

30. 8 31.8

247

24

159

167

226

181

57

181
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TABLE K 2 --Continued

P re tr e a tm e n t

m l KMn0 4  3
C -----------------X 1Ü

sec
T e m p e ra tu re  
of R ea c to r  °C

N itro g en  Flow  
c c /m in

20.1 285

3 2 .4 168

3 4 .2 24

T h ese  ex it co n cen tra tio n  p a ra m e te r s  a r e  a ll  b a sed  on a com m on
KKlnO^ n o rm a lity  of 0. OllN.
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TA BLE K2 

LEGEND

Sym bol C o rresp o n d in g  T re a tm e n t

a d e g re a se  in  e thyl a lcoho l (abso lu te)

b r in s e  w ith  deion ized  H^O

c HNO^ re a c tin g  w ith  t r a c e  of e thanol

d HNO^ soak

e annea l in  a i r  - to 600°C

f an nea l in  the  a tm o sp h e re

g d ry  in  oven

h d ry  w ith  flow on s t r e a m

i le f t  o v ern ig h t w ith  N2 flow

j H 2O soak, o r  r in s e

k N 2 flow a t sam e  conditions

1 HNO^ v ap o rs  p a s s e d  th rough  (in  N2 )

m  c a ta ly s t added - u sed  - rem o v ed

n o th e r m a te r ia l  added -  u se d  - rem o v ed

o r e a c to r  m od ified

p u sed  in  p re v io u s  s tu d ies

q blown
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TABLE K3

ACTIVITY OF PY R EX  GLASS REACTOR NO. 2

3
D ecom position  T e m p e ra tu re  m l KMnO^xlO Eg^pp^rent 

Run % of R ea c to r C R sec  k c a l/g -m o le

41. 04 3 .67

43. 5 3 .31

43, 0 7 .98

43. 11 .74

4 5 .2  14.77

47. 16 .95

2 /3 4.18 100
6 .89 150
9 .5 9 200

2 /5 2 .7 8 100
4 .4 4 150
6. 09 200

2 /6 .8 7 100
3 .4 8 150
4 .3 5 200

2 /9 0 100
4 .4 6 150

1 7 .6 0 200

2/10 .3 4 100
2 .4 0 150

20 .9 9 200

2/12 2 .3 8 150
8. 58 175

18 .38 200

T he KMnO^ n o rm a lity  u sed  in

.0 0 8 62N in  2/10 th rough 2/12.



APPENDIX L

EX PERIM EN TA L EX IT CONCENTRATION PARAM ETERS

Run C a ta ly s t B lank
c T C T C T

40.23 23 18. U 203 34.14 22
39 .69 23 18. 46 203 3 9 . 6 9 137
39 .28 23 21. 63 185 3 9 .3 0 24
38. 04 86 21. 43 186 3 7 .2 0 202
2 5 .85 90 21.74 186 36. 49 201
3 9 .67 90 3 2 .65 124 39.13 67
36. 71 90 33. 31 120 4 3 .8 6 24
35. 63 91 34.21 120 36.16 24
18.79 195 45.31 57
17.82 203

40. 04 25 30.14 162 3 9 ,4 3 23
40.16 25 38 .87 96 3 7 .88 845
40. 00 89 39. 57 96 40 .68 85
3 9 .8 4 89 32 .62 159 40. 66 85
37.12 131 40 .27 240 2 9 . 9 4 186
22 .43 197 30 .97 158 38. 79 183
22.21 198 39.18 161 3 9 . 8 6 120
32.17 161 41.26 23

40 .95 86 36.10 163 36.13 215
39.18 134 3 3 .2 0 196 37 .87 95
28. 58 214 37 .35 183 40 .78 96
37 .47 163 40 .39 24

4 3 .4 4 94 24. 21 203 40 .23 207
41. 24 94 24. 47 202 41.27 206
42. 05 94 40. 95 118 43 .37 24
3 0. 58 176 43. 57 24
30. 00 177 43 .47 24

2/ 1

2 / 2

2 /3

2 /5

41. 24 23
41. 32 67
40.,33 68

162
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Run C ata ly s t B lank
C T C T C T C T

2 /6 43. 04 63 40 .2 9 185 41.20 186 42.51 25
41.38 123 43. 00 25 41. 51 186
40 .27 172 42 .39 124
41. 08 170 4 3 .3 0 63

2 /7 44.17 64 8.18 201 see  2 /9
32. 09 119 2 0 .8 0 149
31.65 120 4 2 .2 9 24
11.36 174 43 .23 24
11. 07 173 41. 49 62

2 /8 41.94 24 13.84 196 see  2 /9
14.11 199 3 7 .3 0 124
13. 02 200

2 /9 19.24 203 34 .38 204 41.39 183
18.76 203 35 .77 200 3 9 .5 3 171
40. 81 123 40 .93 124
33. 02 155

2/10 4 0 .2 5 125 43.18 73 44. 40 170 45. 09 64
3 8 .5 8 125 31.86 148 4 2 .2 0 170 44 .76 64
16.90 189 21.33 178 33 .77 205 4 3 .8 0 137
25. 41 161 20. 52 179 45 .2 8 123 39 .63 179

44.10 123 45.19 24

2/11 21. 39 204 56.10 117 31.82 197
3 9 . 5 5 131 57.11 117 32 .47 197
33.18 162 51.23 117 48 .77 160
4 3 .4 7 73 42 .27 183 50.41 157

56 .93 67

2/12 46 .45 24 3 8 .8 0 150 45. 00 165 38.14 201
25 .83 189 46. 00 75 43. 67 165
42 .83 119 47. 07 112

2/13 4 3 .0 0 123 3 9 .6 9 153 se e  2/12
4 4 .7 9 62 24.99 203
4 3 .3 4 127

C re p re s e n ts  the ex p e rim en ta l co n cen tra tio n  p a ra m e te r  and T 
the  r e a c to r  te m p e ra tu re  in  d e g re e s  c en tig rad e .



A PPEN D IX  M

BEST F IT  C O EFFIC IEN TS TO CONCENTRATION 
PA R A M E T E R -TE M PE R A T U R E RELATION

m l KMnO,
C =

tim e
= A + BT + DT^ f  ET^ + F T ^

H = c a ta ly s t  and  g la ss  

W = g la ss

Run A B D E F

2/1 H 39.68453 .00718887 .0005621 0. 0 0. 0
W 38.7691 .067182 - .  00039196 0. 0 0. 0

2 /2  H 41.2955 - .  07025 .0 0116 00000652 0. 0
W 41.54717 - .  02222 0. 0 0. 0 0. 0

2 /3  H 79.40603 -.887014 .0065268 - ,  00001630 0. 0
W 41.54717 -.0 2 2 2 2 0. 0 0. 0 0. 0

2 /5  H 41.907729 .0863298 0008564 0. 0 0. 0
W 43.717912 - .  0143793 0. 0 0. 0 0. 0

2 /6  H 43 .75004 0182117 0. 0 0. 0 0. 0
W 41.002177 .07938404 - ,  00081661 .00000215 0. 0

2 /7  H 
W

45. 5 0 7 1 3 1 6 -. 24258 02
see  2 /9

. 0069557 00007245 . 0000001933

2 /8  H 
W

38.473577
se e  2 /9

6 5.1820333 0015482 0. 0 0. 0
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Run A B D E F

2 /9  H 59. 159902 - .  07439323 -.0006081 0. 0 0. 0
W 14.881393 .39040897 - .  0014383 0. 0 0. 0

2/10 H -28 .39797  1.8897692 - .  0148046 .000032205 0. 0
W 48.302288 - .  1607728 . 00207517 -.00000793 0. 0

2/11 H 36. 02227 . 1999038 - .  001332975 0. 0 0. 0
W 88. 639156 -.9341191 ,00874134 -0 000027653 0. 0

2 /1 2  H 47.74196 - .  077813 .0012658 ..00 0 0 0 7 7 5 0. 0
W 27.833193 .32337193 - .  0013537 0. 0 0. 0

2/13 H 48. 012936 - .  129030699 .00175405 - .  000008262161 0. 0
W 27.833193 .323372 - .  0013537 0. 0 0. 0

Rim
V arian ce  (50)

E x it C o n cen tra tion
P a ra m e te r_____

R eac to r T e m p e ra tu re  
25°C

C a r r ie r  Gas Flow  
c c /m in

2/1 H 
W

2 /2  H 
W

2 /3  H 
W

2 /5  H 
W

2 /6  H 
W

2 /7  H 
W

2 /8  H 
W

8 .2 8 4
8.9583

5 .8 0 4
7.837

1.8373
7 .837

.4 8 0 6

. 5260

.3028

.1268

.9339
see  2 /9

. 6146  
see  2 /9

39.552 

40.161 

41, 036 

43 .49  

4 3 .3 0  

43. 00 

43. 00

180

180

179

187

190

190

189



Run
V aricinee (50) 

S
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E x it C o n cen tra tio n  
P a ra m e te r C a r r ie r  G as Flow

R ea c to r T e m p e ra tu re  
25°C

c c /m in

2 /9  H .1152 43. 00 190
W .1618

2/10 H .9 2 9 7 45.197 193
W 1.63162

2 / U H .1 1274 46. 00 194
W 4.549

2/12 H . 5032 4 6 .5 0 196
W 2.653

2/13 H .21559 46. 50 196
W see  2/12

The KMnO^ n o rm a lity  in  Runs 2/1 th rough  2 /9  is  0, 0096N and 0, 00862N 

in  Run 2/10 th rough  2/13,

In c a se s  w h ere  no ex p e rim en ta l data  on b o ro s ilic a te  ex is t a t

o
25 C, is  estim ated  fro m  the ca ta ly tic  run  data  a t th is  te m p e ra tu re .



APPENDIX N

CALCULATED PSEUDO RA TE CONSTANTS AND DECOMPOSITION

Rim
R ea c to r 

T e m p e ra tu re , C
P seu d o  R ate  

C onstan t
Decom posi

%

2/1 100 . 1882 . 1715
125 .2661 .2 3 3 6
150 .3583 .3011
175 .4683 .3 7 4 0
200 . 6018 .4 5 2 2

2 /2 100
125 . 0217 . 0215
150 . 0874 . 0837
175 .2 2 4 5 .2011
200 .4 9 2 5 .3 8 8 9

2 /3 100
125
150
175 . 0235 " . 0233
200 .1142 .1079

2 /5 100 . 0070 . 0070
125 . 0617 . 0599
150 . 1477 . 1373
175 .2737 .2 3 9 4
200 .4 5 6 0 . 3662

2 /6 100 . 0233 . 0230
125 . 0208 . 0206
150 . 0180 . 0179
175 . 0197 .0 1 9 5
200 . 0307 . 0302

167



168

Rim
R ea c to r 

T e m p e ra tu re , C
P seu d o  R ate  

C onstan t
D ecom po s itio n  

%

2 /7 100 . 0392 . 0385
125 .3 0 0 6 .2597
150 . 6750 . 4908
175 1. 066 . 6558
200 1 .010 . 6356

2 /8 100
125 - .1021 . 0978
150 .2689 .2357
175 .4743 .3 7 7 7
200 .7 3 9 8 . 5228

2 /9 100
125 . 0200 . 0198
150 . 1711 .1 5 7 3
175 .3 1 5 6 .2 7 0 6
200 .4461 .3 5 9 9

2/10 100 . 0069 . 0069
125 . 1360 . 1271
150 .3 5 3 8 .2 9 8 0
175 . 5729 .4361
200 .6 1 3 2 .4 5 8 4

2/11 100 . 0888 . 0850
125 .1611 . 1488
150 .2 3 8 4 .2 1 2 2
175 .3 2 1 5 .2 7 4 9
200 .4111 .3371

2/12 100 . 0387 . 0380
125 .1 0 0 5 . 0956
150 .1 7 5 6 .1 6 1 0
175 .2873 .2 4 9 7
200

2/13 100 . 0494 . 0482
125 . 0887 . 0848
150 . 1 2 9 2 . 1212
175 .1 9 1 0 . 1739
200 .3 0 0 6 .2 6 9 6

No va lu es  b a sed  on e x tra p o la ted  data  inc luded  in  the  ta b u la ted  v a lu es

above.



APPENDIX O 

APPROACH TO SATURATION

It is  conven ien t to  u se  the ex it co n cen tra tio n  p a ra m e te r  fo r  the  

b o ro s ilic a te  re a c to r  a t  24°C as  a re fe re n c e  in  ca lcu la ting  the  p e rc e n t 

decom position . The c lo s e r  the value is  to th a t expected  fo r a co m ple te ly  

sa tu ra te d  s tre a m , the  s im p le r  the  equations becom e in tre a tin g  the  

k in e tic  da ta . A ca lcu la tio n  is  c a r r ie d  out in  th is  sec tio n  w hich shows 

th a t fo r  a ll p ra c t ic a l  p u rp o se s  the  conditions u sed  p ro v id e  an in le t s tre a m  

to th e  re a c to r  th a t is  s a tu ra te d  w ith hydrogen  p ero x id e  v ap o r.

F o r  Run 2/12th e  n itro g en  flow ra te  th rough  the  sy s tem  w as 190 

c c /m in  and the ex it co n cen tra tio n  p a ra m e te r  a t 24°C on the  b o ro s il ic a te  

su rfa ce  w as 43 x  10 The n o rm a lity  of the  KMnO^ u sed  w as 0. OO96N. A 

m l of .IN  p o ta ss iu m  p e rm an g an te  co rre sp o n d s  to 1, 701 m g. of hydrogen  

pero x id e  and the  m o le c u la r  w eight of hydrogen  p e ro x id e  is  34. 02 (129).

The m o la r  flow ra te  of hydrogen  pero x id e , M, is  d e te rm in e d  by m u lt i

plying the p ro d u c t of the  ex it co n cen tra tio n  p a ra m e te r  and the KMnO^

n o rm a lity  as in d ica ted  below,

(17. 01)(60) -3 -5
“ ('34~0z]i ^  NC = 1. 238 X 10 g -m o le s /m in .
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Knowing the  s a tu ra to r  te m p e ra tu re  and the  co n cen tra tio n  of 

th e  hydrogen  p e ro x id e  so lu tio n ,it is  p o ss ib le  to c a lc u la te  M b a se d  on 

th e  equations given by Schum b (129). This is  a cco m p lish ed  by a s s u m 

ing th a t the  n itro g en  c a r r i e r  gas leav ing  the  s a tu ra to r  is  in  eq u ilib riu m  

w ith the  so lu tion , th a t is ,  i ts  hyd rogen  p e ro x id e  co n cen tra tio n  c o r r e 

sponds to a  s a tu ra te d  v ap o r. A t eq u ilib riu m  th e  m o le  fra c tio n  of h y d ro 

gen p ero x id e  in the  vapo r Y^, is  re la te d  to the  m o le  fra c tio n  in  the  

liqu id , Xp, th rough  the a c tiv ity  co effic ien t yp and  the  vapo r p r e s s u r e  

of anhydrous hydrogen  p e ro x id e ,P p .

Y  - " P ^ P * ’p  
" p --------------

IT

w h e re  ir is  the  to ta l p r e s s u r e  in th e  sam e  u n its  a s  the  vapo r p r e s s u r e .

o
F o r  a  98% solu tion  of hydrogen  p e ro x id e  a t 13, 5 C the m o le  f ra c tio n  is  

“3
1. 568 X 10 . The m o la r  flow r a te  of hyd rogen  p e ro x id e  can now be

ca lc u la te d  fro m  th is  in fo rm atio n  since,

* — 5
M = Yp = 1.18 X 10 g -m o le s /m in .

w h e re  F ^ ^ , the  flow r a te  of n itro g en , i s  190 c c /m in  m e a s u re d  a t a

p r e s s u r e  ir and a te m p e ra tu re  T°K .

T h ese  two va lu es  a g re e  w ithiii the  e x p e rim en ta l e r r o r  a s s o c ia te d

w ith  the flow m e a su re m e n t.



APPENDIX P

A PPA R E N T ACTIVATION ENERGY OF SURFACE REACTION 

IN EXTERNAL FLOW  SYSTEMS

R o sn e r (117) h a s  d e riv e d  g e n e ra l e x p re ss io n s  fo r  e s tim atin g  

d iffu sio n a l fa lse f ic a tio n  of ac tiv a tio n  en erg y  and given ap p ro x im a te  so lu 

tio n s  fo r  th e  c a s e  of a  th in , n o n -tu rb u le n t d iffusion  la y e r  w hich develops 

along an im p e rm e a b le  c a ta ly tic  f la t  p la te . The s im ila r i ty  of the  m odel 

a ssu m e d  and the  sy s te m  u sed  in  the  p re s e n t  study  su g g es ts  applying 

th e se  p u b lish ed  re s u l ts  to th is  k in e tic  study,

A know ledge of the  tru e  re a c tio n  o rd e r  enab les the  d e te rm in a 

tio n  of th e  fa ls if ic a tio n  p a ra m e te r  E^^/E if  one know s th e  F ic k  d iffu siv ity , 

D. F ro m  the o v e ra ll re a c tio n  r a te  and the  a p p a re n t ac tiv a tio n  energy  

one can then  e s tim a te  the  tru e  ac tiv a tio n  energy .

A ssum ing  th a t th e  c h a r a c te r is t ic  c a ta ly s t leng th  is  equal to 

th e  su m m ation  of the  leng th  of th e  seven  p ie c e s  of c a ta ly s t, i t  is  p o ss ib le  

to  apply R o s n e r 's  ap p ro x im a tio n s  to the  data  of Run 2/12. At 150°C 

the  value  of th e  d iffu siv ity  fo r the  hydrogen  p e ro x id e  a  n itro g en  sy s tem  is  

c a lc u la te d  by Yeung (162) to be 0. 287 c m /s e c .  , By g ra p h ic a l techn iques
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one finds,

_ e x p e r im en ta l a p p a re n t a c tiv a tio n  en erg y  -  q 76 
E tru e  a p p a re n t ac tiv a tio n  en erg y

T his w as ob ta ined  by u sin g  a S chm idt n u m b er of 0, 991 (162) 

and a R eynolds n u m b er of 14. 8. This su g g es ts  th a t th e re  is  a  s lig h t 

d iffu siona l fa ls if ic a tio n .



APPENDIX Q

EXPERIM ENTAL RESULTS FROM  TUBE REACTOR NUMBER 1

One s e r ie s  of u sefu l ru n s  w as taken  in  r e a c to r  tube No. 1. The 

c a ta ly s t p re tre a tm e n t co n s is ted  of h eating  the  c ry s ta l  to 410°C in  a i r  fo r 

five  h o u rs  and cooling slow ly. The bath  te m p e ra tu re  w as 13, 5°C and 

the  co n cen tra tio n  in  the  s a tu ra to r  w as 98%. The re s u lts  u s in g  a flow 

ra te  of 25 c c /m in  a re  given below.

B lank C a ta ly s t, 5 c ry s ta ls

E]q)er im e n t E x it 
C oncen tra tion  

P a ra m e te r  
m l KMnOA 3
------------------   X 10^

sec

R eac to r
T e m p e ra tu re  C

E x p e rim en t E x it 
C o n cen tra tio n  

P a ra m e te r  
m l KMnO/ 3
------------------- X 10

sec

R ea c to r
T e m p e ra tu re  C

1.91

1 .9 4

10 . 20

8 .3 4

241

242 

24 

165

8 .9 4

8 . 03

0. 58

24

52

129

The decom position  is  100% w ith the  c a ta ly s t and g la s s  a t  132 C.

The am ount of decom position  on the  g la ss  alone a t 200°C am ounts, to 33.2% . 

A lthough the re s u lts  a t the  h ig h e r flow ra te  w e re  n o t as
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re p ro d u c ib le  som e re s u l ts  w e re  ob tained  a t 173°C and w ith a flow ra te  

of 175 c c /m in . The n u m b er of c ry s ta ls  w as changed and the  decom po

sitio n  m e a su re d ,

5 c ry s ta ls  55. 91% decom position

3 c ry s ta ls  16. 58% decom position

2 c ry s ta ls  11. 92% decom position



APPENDIX R

EX PERIM EN TA L EXIT CONCENTRATION PA RA M ETERS

RUN 2/12-R A T E  OF FLOW  VARIED

H = c a ta ly s t  and g la ss  su rfa ce

W = g la ss  su rfa c e

E x it C o n cen tra tio n  
P a ra m e te r

3

Run
Flow

c c /m in S u rface
m l KMnO 4 x  10'

sec
R eac to r 

T e m p e ra tu re  °C

2/12B 196 se e  A ppendix L

2/12C 293 H

293

2/12D 488

W

H

49.65  
50. 47 
66. 49 
71 .42  
70. 62 
69,49

67 .34
70 .35

98. 63 
98 .45  

144.76

187
187
150

25
71

123

169
117

191
191
153

488 W 114. 47 
119.08 
113 .4

168
114
205
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APPENDIX S

LOW TEM PER A TU R E RESISTIVITY

It w as of in te r e s t  to  see  if  a  low te m p e ra tu re  d e te rm in a tio n  of 

r e s is t iv i ty  w ould be u se fu l in  c h a ra c te r iz in g  th e  c ry s ta l .  The guard  

rin g  techn ique  d e sc r ib e d  in  C h ap te r m  Section C. 3 w as u sed . The d im en 

sions of the  c ry s ta l  and  the  f i r e d  on s ilv e r  e le c tro d e s  a r e  given on F ig u re

3, 6, R esu lts  a r e  fro m  a re p re s e n ta t iv e  te s t .

The bulk  r e s is t iv i ty  w as m e a s u re d  by p lac ing  e le c tro d e  C in  

th e  lOOv so u rc e  on th e  K e ith ley  61OA E le c tro m e te r .  The c u r re n t  flow 

betw een  e le c tro d e  C and A w e re  m e a s u re d . E le c tro d e  B w as connected  

to the  K e ith ley  ground . The c a se  of th e  in s tru m e n t w as connected  to a 

good w a te r  p ip e  g round . A pplying the  equations developed in  ASTM 

D257-61 (3), th e  bulk re s is t iv i ty  can  be ca lc u la te d  by,

A  _ A(m m ^)
^  ~  t  V “ 1 ,4m m  V

w h e re  A = e ffec tive  a r e a  of the  g u ard ed  e lec tro d e , 

t  -  a v e ra g e  th ic k n e ss  of specim en ,

Ry = volum e re s is ta n c e  of spec im en , ohm s.
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The volum e re s is ta n c e  above is  d e te rm in e d  by,

R ^ 100 V   = 5 0 x l 0 l o h m s
V Im  2. 0 X 10- am p

w h ere  Im  = the  c u r re n t  m e a s u re d  w ith e le c tro m e te r .

F  o r re c ta n g u la r  e le c tro d e s  the  effec tive  a r e a  is  found to be 

14, 8 m m ^ using  equations in the  a r t ic le  c ited . Thus the  bulk re s is t iv i ty

Q
is  ca lcu la ted  to be 5. 28 x 10 o h m -cm .

U sing the  ASTM p ro c e d u re  a  su rfa c e  r e s is t iv i ty  m ay  be d e te r 

m in ed  connecting C to the  input te rm in a l, A to th e  ground te rm in a l and 

B to the g u a rd  r in g . C u rre n t flow is  then  m e a s u re d  betw een B and C. 

The su rfa c e  re s is t iv i ty  is  defined  by,

f > s  = T

w h e re  = su rfa c e  re s is ta n c e ,

g = d is tan ce  betw een e le c tro d e s ,

P  = e ffec tive  p e r im e te r  of guarded  e le c tro d e .

Follow ing  the convention fo r d e te rm in g  g and P  (3), one c a lc u 

la te s  va lu es  of 1. 9 m m  and 17, 6 m m  re sp e c tiv e ly . The su rfa c e  r e s i s -

—8
tan ce  fo r  a m e a su re d  c u r re n t  of 1. 28 x  10 , w ith  100 vo lt app lied  is

Q

78.1 X 10 ohm s,

8
The su rfa c e  re s is t iv i ty  is  then  found to be 724 x 10 ohm s. The

u se fu ln ess  of th is  techn ique  is  l im ite d  by the  fac t a  la rg e  sam p le  is  r e 

q u ired  and the effec t of the  s i lv e r  con tam ination  is  u n te s ted .



APPENDIX T

CALCULATION OF THE SEEBECK  C O EFFIC IEN T

A stead y  s ta te  te m p e ra tu re  d iffe re n tia l is  e s ta b lish e d  a c ro s s  

a  NiO c ry s ta l  in  the  h igh te m p e ra tu re  re s is t iv ity -S e e b e c k  co effic ien t 

c e ll  (F ig u re  3. 4) by apply ing  a vo ltage  a c ro s s  the  a u x ilia ry  h e a te r .  In 

th is  appendix  the  da ta  ob ta ined  following the  p ro c e d u re  ou tlined  in  C hap

t e r  III, sec tio n  C . l  is  u sed  to  c a lc u la te  the  Seebeck  coeffic ien t. The 

NiO scimple u sed  h as  a  p re tre a tm e n t  s im ila r  to  th e  c a ta ly s ts  in  Run 2/10, 

The data  a r e  given below .

A v erag e  te m p e ra tu re  of c ry s ta l  210°C 

T h erm o co u p le  a EM F 3. 39 m v

T h erm o co u p le  c EM F 2.11  m v

T h erm o co u p le  d EM F 1, 2436 m v

T h erm o co u p le  e EM F 1.3112 m v

EM F a c ro s s  c ry s ta l ,  g -0 , 0015477 v

To co m p en sa te  th e rm o co u p les  d a n d e  and obtain  the E M F 's  w ith 

o _
re s p e c t  to 0 C ,the  p ro c e d u re  of R o e se r  (115) is  u sed . T h is c o n s is ts  of 

d e te rm in in g  the  EM F c o rre sp o n d in g  to the  junc tion  and adding th is
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c o n trib u tio n  to the  o b se rv ed  read in g . T h erm o co u p les  a and c in d ica te  

th a t ju n c tio n s  d and e a r e  a t a te m p e ra tu re  of 65°C and 41°C, r e s p e c 

tiv e ly . The co rre sp o n d in g  EM F g e n e ra te d  by d and e a r e  0. 397 m v  and

o
0. 241 m v. The EM Fs w ith r e s p e c t  to 0 C a r e  found by adding th is  to the

m e a s u re d  EM F, th a t is ,  d h as  a  co m p en sa ted  va lue  of 1. 5522 m v  w hile

e h a s  a  co m p en sa ted  va lue  of 1. 6406. Thus,

T e m p e ra tu re  by d = 214°C

o
T e m p e ra tu re  by e = 224 C 

The Seebeck co effic ien t is  then  d e te rm in e d  to  be,

1547.7 Ve= +
10°C

= 154.8 / iv /° C

The sign of the  Seebeck  vo ltage  w as such  th a t the cold  s id e  w as 

a lw ays p o s itiv e  w ith re s p e c t  to  the  ho t s id e . T h is v e r if ie s  the  P - ty p e  

conduction . The u su a l sign convention fo r  the  Seebeck  co effic ien t is  

6 = + |0 |fo r  P - ty p e  m a te r ia ls  (52).


