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A I~  I tO, CT 

Adsorp t ion  isotherms have  been measured  on  cleaned silver powder  f rom 
178 to 339cC at  oxygen pr__e~_ur~ o f  0 3 2 6  Pa  to 40 kPa  using a v a c u u m  ul t ramicro-  
balance.  Adsorp t ion  equil ibrium was found  a t  all tempera tures  a n d  pressures studied_ 
The  surface was prepared for  the reproducible  chemisorpt ion studies using an 
established me thod  o f  cyclic outgassing, oxygen adsorpt ion and  reduct ion in ca rbon  
monoxide_ Seven isotherm-~ were measured  tha t  sl~nne~i fractional  surface coveram~ 
f rom 0.17 to  1.1. The  isosteric heat  o f  adsorpt ion q was de te rmined  a t  cons tan t  values 
o f  0. Af ter  decreasing f rom 42 to  17.7 kcal too l -  1 a t  the lower  coverages,  q remains  
constant  at  18.4 __+ 0.8 kcal m o l -  ~ f rom 0 o f  0.33 to abou t  0.90 and  then decreases to 
zero a t  the highest coverages and  temperatures .  The  initial d rop  in q is a t t r ibuted  
to the format ion  o f  islands o f  a two-dimensional  surface silver oxide. The  cons tant  
value o f  q results then  f rom the comple t ion  o f  the oxide layer  a n d  m o l e o d a r  adsorp-  
t ion on  a n d / o r  th rough  the  oxide. T h e  decrease in q to zero a t  the  highest  coverages 
results f rom repulsions in the ad layer  at  T <_ 275°C a n d  absorpt ion into silver a t  
T > 302cC. 

INTRODUCTION 

The  magni tude  o f t h e  isosteric hea t  o f  adsorpt ion  q is an  impor tan t  q,l~qtity in 
atl adsorpt ion.  T h e  funct ional  relat ionship o f  q(0) w~th surface coverage a n d / o r  
surface s t ructure  m a y  provide in format ion  abou t  the ~ - s u r f a c e  bond ,  the  factors  
responsl-ble for  high catalytic activity, and  the na ture  o f  the  chemi~orbed specie~ 
Silver is unique  in its ability to  catalyze the  oxidat ion o f  ethylene to e thylene oxide 
and,  in commercia l  reactors,  oxygen part ial  pressures o f  the  o rde r  o f  40 k P a  (300 Tor r )  
are  used. Thus,  the  de terminat ion  o f  a reliable hea t  o f  adsorpt ion is impor tan t  for  
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unders tanding the silver--oxygen adso rba t e - adso rben t  system as well as  fo r  the 

epoxidat ion o f  ethylene. 
Measured  values o f  the heat  o f  adsorpt ion  o f  oxygen on  silver 67(16) ~, 71-105 

(17-25) z. 75--79(18-19) 3. and  67(16) 4 kJ(kcal)  m o l -  E and  ea leul - ted  ranges o f  67-142 
(16--34) s arid 46-88(11-21)  6 Icl(kcal) mo l -~  have been reported_ The  range in these 
values could  result f rom measurements  made  a t  different coverages,  on samples o f  
varying surface purity, o r  a combina t ion  o f  bo th  o f  these factors.  Where  a d s o r b a t e -  

adsorben t  equil ibrium exists, the isosteric heat  o f adso rp t ion  can be  readily determined.  

The  mass m o f  the gas adsorbed  per unit  area o f  the pure  adsorben t  depends  on  the 
pressure, tempera ture  and,  on some  systems, the surface structure.  F o r  a part icular  
stable surface structure,  q may  be obta ined at a cons tant  a m o u n t  o f  gas adsorbed  from 
the relationship (d In P/dT),= = q / R T  z. I f  the value o f m  can be related to  the surface 

area, the q(0) can be determined where 0 is the fractional coverage.  
Al though the specific surface area o f  cleaned silver is small, the vacuum 

ul t ramicrobalance ~ can be  used to  measure the adsorpt ion  equi l ibr ium f rom 10 - 3  
T o r t  to  supera tmospher ic  pressures. It is part icularly sui table for  s tudying the si lver-  
oxygen system where weak  ehemisorpt ive bonds  are ob ta ined  a t  higJa adso rba te  
coverages and less than a tmospher ic  pressures o f  oxygen. In fact, an ul t ramicro-  
balance, with U H V  capabilit ies is one o f  the few measuring methods  in surface 

science that  may  be applied in situ for  s tudying chemisorpt ion on surfaces f rom the 

" ideal"  condi t ions  in U H V  to  regions o f  practical interest. 

E X P E R I M ~ ' T A L  

Silver powder ,  suspended f rom a vacuum ul t ramicrobalance,  was exposed to  
oxygen at  pressures o f  0.266 to  4 x 104 Pa (2 m T  to 300 Ton ' )  and temperatures  o f  
178 to 339°C. Details a b o u t  the puri ty  o f  the silver powder  s. 9 and the procedure  
for  processing the powder  to a cleaned surface ~ o. ~ ~ with reproducible  chemisorpt ive 
behavior  s -  ~ ~ and a constant  BET surface area ' o have been published. In this s tudy,  
a 0.75 g silver sample  had a surface area o f  920 cm 2 g -  ~ based on nitrogen adsorp t ion  
a t  78 K. 

The  ul t ramic ro~av imet r i c  appara tus  s. E 2, the vacuum system s, the preparat ion 

o f  the gases 8 -  ~ ~, the measurement  and control  o f  the tempera ture  s, the determinat ion 
o f  the surface area  ~, and the specialized procedure  for  obta in ing adsorpt ion  isotherms 13 
a t  the temperatures  and  pressures o f  ~hi~ s tudy  have been reported.  The  adsorpt ion  
isotherms were obta ined  in pure  oxygen above  1.33 kPa;  below thi~ pre~sure, o x y g e n -  

nitrogen mixtures v-ere used ~be~_ use Knudsen  forces decrease the p , ~ s i o n  o f  the  
measured  mass  t'~_ 

Adsorp t ion  isotherms were measured a t  temperatures  o f  178, 199, 217, 245, 
275, 302 and  339°C_ The  mass  ~ained a t  equil ibrium was  m~.b-ur~ a t  the  p r e ~ u r e  
intervals (1.33, 2.37, 4.12 and 7.98) in each decade  o f  pressure over  the range f rom 
0 9"76 to  4 × 104 Pa. The  a~,l~! oxygen pressure was measured  to  an accurac3f o f  
5 per  cent  a t  the lowest  pressures and  to  0.05 per  cent  at  the h i o h ~ t  pressure.  Equil ib- 
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r i u m  w a s  ~enera l ly  a t t a i n e d  in  less t han  ten  m i n u t e s  a s  d e d u c e d  f r o m  o b s e r v i n g  the  

t ime  b a s e  c h a r t  r e co rd ing  o f  the  a u t o m a t i c a l l y  o p e r a t e d  u l t r a m i c r o b a l a n c e .  
A d s o r p t i o n  i soba r s  we re  o b t a i n e d  o v e r  the  s a m e  t e m p e r a t u r e  a n d  p re s su re  

r e ~ o n s  a s  f o r  the  i so therms .  A f t e r  t he  a m o u n t  a d s o r b e d  was  m o n i t o r e d  a t  3 3 9 c C .  
the  t e m p e r a t u r e  was  d e c r e a s e d  in severa l  decaemen t s  t o  178°C a n d  r e h e a t e d  in  in- 
c r e m e n t s  t o  339 ~C. C o r r e c t i o n s  fo r  b u o y a n c y  effects  were  m a d e  f r o m  s imi la r  e x p o s u r e s  

to  n i t rogen  a n d  a rgon .  W h e n  a c o n s t a n t  c o v e r a g e  was  o b t a i n e d  in  o x y g e n  fo r  a t  I c a ~  

f o u r  h o u r s  a t  a n y  t e m p e r a t u r e ,  the  t e m p e r a t u r e  was  c h a n g e d  to  a n e w  value .  T h e  
cycle,  3 3 9 - 1 7 8 - 3 3 9 ° C ,  w a s  r e p e a t e d  a t  least  th ree  t imes  a t  e ach  pressure .  A d s o r p t i o n  
i soba r s  were  n o t  m e a s u r e d  b e l o w  ! .33 P a  b e c a u s e  the  par t ia l  p r e s su re  o f  o x y g e n  in the  
c losed  sys t em c o u l d  b e  a l t e red  b y  the  a m o u n t  a d s o r b e d  o r  d e s o r b e d  f r o m  the  sample .  
A d s o r p t i o n  i soba r s  were  m e a s u r e d  f r o m  1.33 P a  to  1.33 k P a  o f  o x y g e n  in o x y g e n -  

n i t rogen  m i x t u r e s '  z. 

RESULTS 

T h e  a m o u n t  a d s o r b e d  o n  increas ing  o r  dec reas ing  the  p res su re  o r  t e m p e r a t u r e  

w a s  r e p r o d u c i b l e  a n d  reversible ,  as  expec t ed  fo r  equ i l i b r i um a d s o r p t i o n .  T h e  d a t a  
f r o m  the  a d s o r p t i o n  i soba r s  we re  r ep lo t t ed  a s  i so the rms  s ince  re(P, T)  has  o n l y  t w o  
i n d e p e n d e n t  var iables .  T h e  deta i l  o f  t he  c o m p o s i t e  i so the rms  is s h o w n  a t  the  h ighe r  

p ressures  in Fig.  1 a n d  a t  t he  l o w e r  p ressures  o n  the  l o g - l o g  p lo t  in Fig.  2. T h e  bes t  
s m o o t h  cu rves  a re  p lo t t ed  to  avo id  con fus ion .  Typ ica l  s ca t t e r  o f  t he  d a t a  p o i n t s  
a r o u n d  a given i so the rm,  as  s h o w n  in Fig_ 1 f o r  the  a d s o r p t i o n  a t  245¢C,  w a s  a l w a y s  
within  a prec is ion  o f  ~ 0 .25 ng  c m -  z o r  be t t e r  t han  +__ 1 ~/o o f a  monolayer~  A l t h o u g h  
the  sca t t e r  o f  the  da ta  b e t w e e n  0.078 a n d  7.8 T o r t  (10 to  1000 Pa)  ~ s  a t  t he  l imits o f  
unce r t a in ty ,  the  i so the rms  in this  regi'on a re  nea r ly  l inear  o n  a log  P ve r sus  m p lo t  
an d  we re  s m o o t h e d  easi ly  b y  us ing  a modi f i ed  least  s q u a r e s  m e t h o d .  T h e  va lues  f r o m  
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F'tS- 1. Adsorption isotherms for o ~  on sDver pov.~ler. The surface cover~£~ 0 were c~tc~l~tFd 
an the ~ silver arums are in a < l l l ~  ~ - - a t l o n _  - 
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Fig.  2. Log- log  p lo t  o f  the i s o ~  shown  in  Fig.  1 showing  low-pressure detail .  T h e  low c o v e r a ~  
par t  o f  the i so therms extrapola te  to a c o m m o n  po in t  o f  17.8 ng  crn -~- a nd  ~ PaL. 

T A B L E  I 

I..~O:Si ~ L I C  H E A E  ][:OR O X Y G ~  ~ R B E D  O.~  SILVER A T  V A R I O U ~  ~tYRFACE C O V E R A G E S  

Maxxodsorbed q! 
(n~ era-'-) (kcal mol-~) 

Trange o f  q !  Trar.ge o f  01H. surJ~r_t 
yah'cliO" o f  qt ( ~kr~zl mol-i)  v~,llrl;t.v o f  q± coreroge for  

6 40.5--43.5 7"> 260 - -  ~ 0. ! 62 
8 31-5--35.5 T >  ~ - -  - -  0-216 

10 24.2-26.2 T >  260 41.0-43.0  T < 2 4 5  0--~'/0 
12 17.8-18.5 7"> ~ 40.0--43.5 7"< 245 0-324 
14 17.9-18.5 7"> 260 2.8_0--M.0 ~ 7 < 2 4 5  0_378 
16 17.6-17.8 178-339 17.6-17.8 178--339 0.43~_ 
18 ! 7.6--17.8 i 78-339 17.6-17.8 178-339 0.486 
20 17.6-18.7 178-339 17.6-18.7 178-339 0.540 
22 13.5--15-0 7"> 302 18.3-19.1 178-302 0.595 
24 9.5--i 1.5 7"> 302 18.3-2D.3 178-302 0.649 
26 8.0-10.0 7"> ~ 18_7-19.5 178-302 0_703 
28 4 . 0 -  5_5 7"> 302 17.6--19.9 178--302 0.757 
30 18.6-18.8 s 1 9 9 < T < 2 4 5  s 13.0--15.0b 3"<!99  b 0.811 
32 17-6"-18-5 s 1 9 9 < T < 2 4 5  s 9-4-1 L4  b 7"<199 ~ 0.865 
34 12.5-13.5s 1 9 9 < 7 " < 2 4 5  s 4 . 0 -  6.0 b T < 1 9 9  b 0.919 

= D o u b l e  values  in  q here  m o r e  l ikely a c o n t i n t m ~ n  o f  q~. 
b D o u b l e  values  in  q here  more  l ikely resul t  f rom a "q~".  
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the  s m o o t h e d  curves  were used for  ca lcula t ing  q a t  each  mass  o f  oxy~en adsorbed .  
T h e  q a t  any  0 was ob ta ined  f rom the  d a t a  used  to  cons t ruc t  Figs_ 1 a n d  2 

by p lo t t ing  In P vs. 1 / T a t  a cons t an t  mass  adso rbed ,  e.g.,  a c o n s t a n t  0. T h e  resul t ing  
s lope is qlR  as d e d u c e d  f r o m  the  def ining re la t ionship  *. T h e  values o f  q ob ta ined  a t  
var ious  masses  o f o x y g e n  a d s o r b e d  are  given in Tab le  1. T h e  ranges give the  m a x i m u m  
var ia t ion  in q for  d a t a  po in t s  fall ing + 0.25 n g  c r n -  2 away  f r o m  the  s m o o t h e d  curve.  
W h e n  the  de t e r mina t i on  fo r  q inc luded d a t a  f r o m  all seven i so therms ,  a n d  was  single 
va lued (Table  1, a t  16, 17, 18, 19 and  20 ng  c m -  z o f  oxygen  adsorbed) ,  the  dev ia t ions  
in the  s lope led to  uncer ta in t ies  o f  + 0.2 kcal  t o o l -  t o r  app rox ima te ly  + 1 ~ o f  the  
measured  value.  Larger  uncer ta in t ies  necessari ly resul ted when  q's  h a d  to  be  deter-  
mined  f r o m  on ly  tw o  o r  th ree  available i_,othern~ a t  a c o n s t a n t  ~ adsorbed_ T h e  
increased uncer ta in ty  results,  in  par t ,  f r om the  e r ro r  in the  measu red  t e m p e r a t u r e  as 
well as f rom the  p robab le  changes  i n  the  adso rp t ion .  T h e  raw d a t a  used fo r  the  p lo ts  
in  Figs.  1 a n d  2 are  avai lable o n  reques t  f r o m  the  au tho r .  

A surface s t ruc ture  m u s t  be  a s sumed  to  ob t a in  f ract ional  coverages  0 f r o m  the  
mass  o f  oxygen adsorbed .  I f  i t  is a s sumed  one  oxygen  a t o m  will be  associa ted wi th  
o n e  silver a t o m  a t  0 ----- 1, then  for  the  ( l l i ) ,  <100> a n d  (110> surfaces,  37, 32, a n d  
22.7 ng  o f  oxygen  per  c m  2 o f  silver surface will compr i se  a mono laye r ,  co r r e spond ing  
to 7.2, 8_31 a n d  11.75 A 2 fo r  the  average area  o f  a silver a t o m  on  these three  surfaces.  
T h e  O's c o m p u t e d  are  also listed in Tab le  1 a n d  the  a p p r o p r i a t e  coo rd ina t e  labels 
a re  a t t ached  to  Figs.  1 and  2. 

DISCUSSION 

T h e  t e x t b o o k  in te rpre ta t ion  o f  the  q(0)'s in Tab le  1 cou ld  b~ as fol lows:  T h e  
" l inear"  decrease o f q  u p  to  m = 12 ng  crn - 2  is character is t ic  o f a  T e m k i n  i so therm,  
wi th  o r  w i thou t  dissociat ive adso rp t ion ,  o n  a he te rogeneous  surface  t s .  A cons t an t  
value o f  q f r o m  12 to  32 ng  c m - z  is adequa te ly  descr ibed as an  adso rp t i on  w i t h o u t  
d ~ o n ,  w i t h o u t  lateral  interact ions,  wi th  surface un i fo rmi ty  a n d  wi th  an immob i l e  
layer, e.g.,  a s imple  L a n g m u i r  in terpre ta t ion .  T h e  decrease  in q to  zero  a t  the  hi~aer  
coverages  a n d / o r  h igher  t empera tu re s  resul ts  f r o m  a mob i l e  adso rbed  species o r  
weak  lateral in teract ions .  T h e  complexi t ies  o f  t he  s i lver -oxygen sys tem are  ignored  
by the  t ex tbook  in te rpre ta t ion .  

N u m e r o u s  invest igators  have  conc luded  tha t  oxygen  adsorbs  on  silver in  b o t h  
a tomic  a n d  m o l e c u l a r  fo rms  z - 5 ,  s - ~ ,  as  is a d e q u a t e l y  referenced in recent  
reviewst~,  ~ s  Di rec t  con f i rma t ion  o f  the  existence o f  the  molecu la r  fo rm has  been 
d e m o n s t r a t e d  by  C la rkson  a n d  CiriHo us ing  e lec t ron sp in  r e sonance  s9 a n d  by  
Kil ty e t  a l 5  us ing  inf rared  spec t roscopy.  R o v i d a  e t  al.2 °" 2~ have  p rov ided  evidence  
for  the  existence o f  a n  Ordered a t o m i c  species, us ing  low energy  e lec t ron  diffractioIL 
They_ pos tu la t ed  2t  tha t  a two-d imens iona l  surface oxide  o f  (111 > A g 2 0  is f o r m e d  
o n  ( 1 1 1 )  A g t o  explain  4. x 4 L E E D  pat te rns ,  b a s i n g t h e i r  in te rp re ta t ion  o n  the  
latt ice cons tan t s  o f  A g 2 0  a n d  Ag. -Evidence  fo r  the  w e l l - k n o w n a b s o r p t i o n  o f  oxygen  
in to  silver ha s  been  de tec ted  a t  t empera tu re s  as  low as 100°C with  F E M  z 2 150-200~C 
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microgravimetrically s, and  200°C by thermal  desorpt ion z°. These thresholds o f  
absorpt ion are considered to be small amoun t s  tha t  penetra te  only  the first few 
a tomic  layers. Thus,  oxygen adsorbed on silver includes oxygen adions and  ad-  
molecule ions, where the adions m a y  form an ordered two-dimensional  "oxide'" 
o r  diffuse into the bulk at  higher temperatures .  The  likely possibilities tha t  could  
unravel  the complexit ies  o f q ( m )  in Table  1, will now be a t tempted.  

The  d rop  in the isosteric heat  f rom 42 to  i 8 kcal t o o l - t  at  low coverages is 
associated with the format ion  o f  a two-dimensional  surface oxide ra ther  than  surface 
heterogeneity.  A d rop  in q can result f rom charged ions i f  they are  close together  ~6. 
This could  be accomplished by the surface diffusion o f  oxygen adions  to  form two- 
dimensional  islands o f  silver oxide. Large stable nuclei o f  A g : O  on silver have been 
repor ted  at  super-a tmospher ic  pressures23; the partially ionic charac ter  o f  oxygen 

in built silver oxide is well known.  I f  the d rop  in q results f rom repulsions o f  "oxide 
ions"  in a two-dimensional  AgzO, is it then reasonable also to assume the  surface 
o f  the silver powder  is un i fo rm?  

Excellent a m, eement  exists between the surface coverages given by  Rovida 

et al. z~ for  a (1 ! 1 ) single crystal (Fig. 4, ref. 2 1 ) a n d  those listed in Table  i, which 
were calculated on the assumption that  the silver powder  is composed  primari ly o f  
(111 ) microfacets.  Whenever  quanti tat ive compar isons  have been possible, the 
results obtained on sing/e crystals -'°- ±~ and O A O R  cycled silver powder  s. ~o have 
shown ~ood a~oreement. One  is led to the conclusion that  ei ther  the adsorpt ion  o f  
oxygen is not  sensitive to surface s t ructure  o r  the initially polycrystalline powders  
assume low-index plane microfacets.  In ei ther  case, the decrease in q with the a m o u n t  
adsorbed should not  be at t r ibuted to surface heterogeneity.  Fur thermore ,  addi t ional  
compar isons  between the da ta  on silver powders  and  s in~e  crystals can be made  
that  do  not  appear  to be especially speculative_ 

Rovida et al. -'°" -" ~ reported the upper  bounds  o f  stability o f  a 4 x 4 super- 
s t ructure range f rom abou t  200 to 2600C between 10-"- to 1 0 - '  Ton ' ,  respectively, 
e . g ,  the 4 x 4 is stable a t  hi mher pressures (higher coverages) and  lower  temperatures .  
Thus,  the d rop  in q a t  T < 245cC and  m f rom 10-16 ng c m -  z could  be associated with 
the format /on  o f  ordered  4 x 4 arrays o f  silver oxide; the  d rop  in q a t  T > 260~C 
and  m f rom 6-12 ng e ra -  z then could be associated with the format ion  o f  islands o f  
silver oxide not  detectable by  LEED.  I f  this ass ignment  is correct ,  the  mass o f  oxygen 
adsorbed along the bounda ry  o f  4 x 4 stability is abou t  13 ng ¢m - z  o r  0t  t ~ = 0.35. 

Addit ional  a rguments  can be advanced to suppor t  the  hypothesis for  the 
format /on  o f  a surface silver oxide. The  plots o f  log m versus log P, shown in Fig. 
produce  straight lines, a t  the lower pressures, that  converge to a point  where the 
mass gain is 17.8 ± 0.8 ng cm - 2  and  the pressure is 266 Pa. (At  higher  pressures, 
the log- log plot does not  exhibit  a discernible convergence.)  The  point  o f  convergence 
o f  isotherms on  log- log plots can be interpreted as the limiting coverage o f  a par t icular  
chemisorbed  state z 6. I f  this  state is the surface oxide AgzO, as is suggested by  com-  
par ing this work  with that  o f  Rovida et  al. zz, the limiting coverage should be 0 = 
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0.50; m ----- 17.8 ng  c m  - z  co r r e sponds  to  0 ---- 0.48 for  the  mode l  o f a  ~111~> surface,  
wh ich  is in  g o o d  a g reem en t  wi th  a 0 o f  0.5 for  a surfac~ A~zO.  

Final ly,  g o v i d a  e t  al. 20 repor ted  t he  4 x 4 s t ruc ture  is f o r m e d  o n  exposure  
to  0.01 T o r t  o f O  2 a t  200°C for  I0  m in  and  t ha t  t he  oxygen  coverage  fo r  this e.~posnre 
o f  the  A g  <~ 111 ~> is a b o u t  ha l f  the  m a x i m u m  value  they  o b t a i n s !  by  expos ing  a t  ! T o r r  
for  10 min  a t  --~0¢C. A n  equ i l ib r ium coverage  can  be  ob ta ined  in 10 rain a t  200°C 
based o n  the  kinet ic  s tudies  o f  C z a n d e r n a  s, so fu r the r  c o m p a r i s o n s  are  n o t  unre~_ son-  
able.  In  Fig.  1, 22.2 ng  c m -  2 o f  oxygen will be  ob ta ined  a t  1 T o r r  a n d  199°C; ha l f  
this a m o u n t ,  1 !. 1 ng  c m -  z shou ld  c o r r e s p o n d  to  the  lower  b o u n d  where  the  4 x 4 
cou ld  be f o r m e d  a n d  is in reasonably  g o o d  ag reemen t  wi th  the  lower  b o u n d  o f  a b o u t  
! 3 ng  c m -  z deduced  above  f rom the  t em pe ra tu r e  a n d  pressure  l imits  o f  stabil i ty o f  
t h e 4  x 4_ 

In te rp re ta t ion  o f  q(m) for  m exceeding 12-16 ng  c m - 2  is r a the r  s t r a igh t fo rward  
once  the  hypothes is  o f  f o rming  a surface oxide is accepted.  T h e  "cons tant ' "  va lue  o f  
17 . ' /kca l  tool  -~ (m  f rom 12-19 ng  c m  - 2 )  is associated wi th  the  hea t  o f  f o r m a t i o n  
o f  the  surface oxide a t  the  lower  coverages  a n d  the  value  o f  19 kcal  t oo l -  t at  hi pAaer 
coverages  is a t t r ibu ted  to  the  hea t  o f  adso rp t i on  o f  molecular ly  adso rbed  oxygen  o n t o  
the  surfa_ee oxide.  T h e  gradual  d r o p  in q at  t he  lower  t empera tu re s  a n d  hig~lest 
coverages  is ascr ibed to  repulsive in terac t ions  be tween  the  cha rged  ud~.orbed 
molecules .  

T h e  a p p a r e n t  d r o p  in q a t  T > 302°C results  f r o m  m ~ s u r a b l e  a m o u n t s  o f  
oxygen abso rp t ion  in to  the  subsur face  regions.  F o r  absorp t ion ,  the  a m o u n t  o f  u p t s k e  
increases with increasing tempera ture ,  which  is an  e n d o t h e r m i c  ra ther  t h a n  an  
exo the rmic  process.  T h e  th resho ld  devia t ions  f rom each  i so therm f rom the  converg ing  
l inear plots  (dashed  lines, Fig. 2) p rov ide  detectabi l i ty  l imits for  abso rp t i on  in to  
silver at  pressures o f  266, 53 and  20 Pa for  275, 302, a n d  339°C,  respectively. 

A l t h o u g h  direct  evidence  for  fo rming  ( I  1 ! ) microfacets  (~- 20-35  A in size) 
has  n o t  been p roduced ,  Kol len 2 .  d id  show facets, several h u n d r e d  angs t roms  in size, 
can  deve lop  o n  a small  pa r t  o f  the  surface d u r i n g  O A O R  cycling. Recent ly ,  Eke rn  2s 
d e m o n s t r a t e d  the  ac t ivat ion energy fo r  deso rp t ion  o f  oxygen  f r o m  thermal ly  e tched  
(facetted) a nd  polyerystal l ine wire become  identic~a! when  the  la t ter  is subjected to  
outgass ing  a nd  oxygen  a~L~orption cycling,  s imilar  to  tha t  used on  single crystals -'°" : * 
F u r t h e r m o r e ,  R o v i d a  et  al. 2° r epor ted  the  s ame  adso rp t ion  is ob ta ined  when  silver 
single crystals are  c leaned by cyclic ou tgass ing  a n d  oxygen  adso rp t i on  o r  by ion  
b o m b a r d m e n t  a n d  anneal ing .  Thus ,  the re  is persuasive evidence n o w  available,  in 
add i t ion  to  p rev ious  a r g u m e n t s  a o t ha t  adds  cons iderable  credibil i ty to  the  suggest ion 
t ha t  ( !  i I )mic ro face t s  f o r m  du r ing  the  O A O R  cycling o f  silver powder .  

T h e  s u m  o f q  -k EA shou ld  equal  ED, where  E A a n d  ED are  the  uet ivat ion e n e r ~ e s  
o f  adso rp t ion  a nd  desorp t ion ,  i f  en t ropy  effects are  negligible. By add ing  Czande rna ' s  
values o f  22-24  kcal  m o I - *  for  E^ wi th  the  q 's  r epor t ed  in Tab le  I a t  no rma l i zed  
coverages,  a n  ED o f  41 __+ 3 kcal  t oo l -1  is ob ta ined .  Th i s  value c o m p a r e s  favorably  
wi th  repor ted  values  o f  ED o f  41.8 ~_ 3.5, 37.8, a n d  35 to  45 kcal  m o l -  * given for  
silver powders  9, f i laments  zs a n d  single crystals  z°,  respectively. A n  E D o f  41 + 3 kcal  
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t o o l -  ~ is also q u i w  interest ingly within the  p robab le  uncer ta in ty  o f  the  a e r a t i o n  
energy for  the  dissociat ion o f  silver o r / d e  2s o f  36 kcal  t o o l -  ~. For the m o d e l  g iven in 
this paper ,  the  ED wou ld  resul t  f rom the  desorp t ion  o f  mo lecu l a r  oxygen  a t  h ighe r  
coverages a n d  t he  d~=,sociation o f  silver oxide a t  lower  coverages.  

A t  the  lower  coverages,  EA m u s t  decl ine towards  zero  as q(m) rises to  42  kcal  
t o o l -  j to  ma in ta in  a cons t an t  E o  o f  --- 4!  kcal  t o o l - t  A n  E A o f  3 kcal  t o o l - 1  has  
been repor ted  a t  normal ized  coverages  be low 0 ---- 0.4 bu t  these were  measu red  
below 65~'C. 

ODNCLUSIONS 

In s u m m a r y ,  adso rp t ion  equi l ibr ium was f o u n d  fo r  the  silver-oxygen system 
f rom 178 to  339 ¢C a t  pressures o f  0.226 to 40,000 Pa.  Favorab le  c o m p a r i s o n s  between 
t h ~  work ,  where  silver powder s  were  used,  a n d  t ha t  o n  sin~Ie crystals 2°- 2~ p rov ide  
a basis for  a s suming  a (11 ! ) facet ted surface is deve loped  o n  the  p o w d e r  d u r i n g  
extensive a nd  repeated o u t ~ . ~ n g  a n d  oxygen adso rp t ion  cyc l in~  T h e  maxs a d s o r b e d  
~ias then  regated to  surface coverages  on  ( I  i 1 ) silver. A __decrease in the  isosteric hea t  
f rom 42 to  17.7 kcal  t o o l -  • a t  coveraees  f rom 0. ! 7 to  0.33 is a t t r ibu ted  to  the  f o r m a t i o n  
o f / s l a n d s  o f  a two-d imens iona l  surface oxide c o m p o s e d  o f  cha rged  ~nlons.  A t  h igher  
coverages,  the  var ia t ion o f  the  hea t  f rom 17.7 to  19 kcal t o o l -  t is a t t r ibu ted  to  ~m'owth 
o f  the  surface oxide to fo rm a m o n o l a y e r  o f  A g 2 0  a n d  to  adso rp t i on  o f  mo lecu l a r  
oxygen by a n d / o r  t h r o u g h  the  or /de .  Repuls ions  in the  molecular ly  a d s o ~  oxygen  
a t  the  coverages  o f a b o u t  0.9 p roduces  a decrease  in the  isosteric hea t  a t  low tempera°  
tures;  a t  h igher  tempera tures ,  a decrease in q a t  0 o f  0.6 results  f rom the  onse t  o f  
absorp t ion  o f  oxy~-n  in to  the  silver. 
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