
I 

and Surface Reaatlons 
on- Clean - IridiqrP ,. . . .. . 

I JOHh R e  A=, JR', 
BsZ1 hlephone Laboratories, Murray Hill, Hew Jersey - I -  

and 

ABSTRACT 

The adaorptlon of ethane, ethylene and acetylene 

on olean -1- In  a f i e l d  emission miorosaope has been 

found to sause oharaotarZstla changes in tho work hunotlon 

ROBERT 8. HAWSEN - 

of the 1ridAum suriaacs. mrther ohangea, whioh are tlme and 

g 1 ,  Institute lor  Atomla Researeh and De artment of Chenristrp g g  g g, ~ o ~ t e  -- ~ n a v e r s w ,  ~ h k -  -# - gf! ,gl  
a w a - z o  
i l a d f s  

temperature dependent, result when suah 8urraaes are heated, 

, ~ 

Plash filament experiments have ahown that the changes i n  

work Rurcrtlon upon heating are due to desorptlon reaatlone 

and that the desorbed produet aonsists principally of hydrogen, 

aasumlng a linear relationship between surtaoe uoverage and 

work ~ o t l o n ,  It has been poaeible to determine the deaorption 

WneCias from the observed rates of work !'unotlon change a t  

various teaapemtu~oa. The rsoultb are eonatetent with a 

q~akgq&rrn Involving; mtepwlse euriaae dehydrogenation in whish 
I;*;- J- . -  

,I# > < - - a  , % '  

a-palr of hydrogen atom i s  removed from the hydrocarbon 

moleauls In eaah step, fol1owed.b~ 'dasorption of the adlsorbed 
f 

wdrogen. A t  very high %bhperaturaa the ramaining carbon atoms 

are removed, presumably by evaporation. 

* 
eeb in part upon a disaertatlon submitted by John R. ~rthur,Jr.  
the Oraduate College, Iowa Btate University of Soience and 

Technology, In partial fulfillment of the mquiremsnts for  the 
degree of motor of Philosophy, sly 1961, Work N a s  performed 
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The Adsorption and Surface Reactions . . 

of Hydrocarbone on Clean Iridium 

The o'apid advanesa l a  the technology of clean 

surface8 have given tho ohemiet Borne hope of  eventually 

understanding the oomplex gas-surface in te rac t ions  involved 

in heteroganeoua oaterlysis. The f i e l d  emlsslon mlcrosoope 

introduced by ~ 1 1 e r " ~  offers o valuable tool,  heretofore 

largely unexglolted, f o r  studying recct ions  of this type. 

We have used the f i e l d  emlsalon microscope t o  study a very  

fundmental  aspect of ctatalytic hydrogenation, namely the 
.. . 

adsosption etnd ourface react ions  of.hydrocarbons on 

tranrsition metal surfaoes, Specifloally,  ethane, ethylene, 

and acetylene were studied on iridium, a typ ica l  c a t a l y s t  

metal, 

me imge i n  a f i e l d  cmiasion microsoope results 

from var ia t ions  in the Intensity of emitted e lec t rons  from 

the varloua ~ u r f a c e  regions of  the emitter.  Adsorption of 

gas on the surfsoe generally aauaes uhanges i n  both over-all 

emiaision and relative emlseion from nehghboring regions on 

the surface. Thus from changes In the  emission pa t t e rn  

one oan i n f e r  the  existence o f  adaoxptlon and desorptlon 

proaeases, ~ f o k t w ~ t e X y ,  it I s  not poaadble to determine 

the aotual con~entss t$on of adsorbed specie8 f rom these 

changes, Xt is, however, poss ible  to follow the rate at 

which the exnlssion var ies  and from th i s '  obtain information 

about the kinetics of the ourfaue.proceersela involved, One' 

must grooeed c~?ut iously,  hawevex?, f o r  It i s  not always c l e a r  

how changes hn emi.asion oorrespond t o  changes i n  coverage, . 



I& ahouLb 8 leo  be noted &hat lnforma%lon based on ahangee 

i n  emla8ion ourrent l a  obtained principally from the regions 

of' low work funotion, generally the high Index erylatsnl faaeo* 

The miorosaope udled i n  th ie  work waa ao designtad 

that 16 could be liotally imaa~ssd i n  l l q u l d  helilunb3 %%la 

had the twofold advanlag@ of cooling the @ait&t%r and main- 

taining nearlp gerfesab vaauum oonclitlons, The temperature 

of the emitDer oauld then be ~ a i n e d  fo  any deehmd value by 

eXeotricm1 Reab5ng of the supporting filament, while the 

reeircrtranae of th$a filmcsnt gravided an cnesurate inQ;toa$ion 
L 

of the emitter temperature, $he emitter W ~ I  domd with the 

gaa t o  be studled fronu a moleaular bemn g~oduced by warmingg 

a sidearm oontaining a small amount 09 thds eondensad g a ~ e  

With %his sbrrange~~ent, gas impinged on the emitter) from one 

side only, and only wlbn the sidearm was warmed. It is 

hportmt %o note that a t  no bime waa the adrsorbed material 

in equi~ibrdum w A t h  that vapor# deraorption mie c3ompltately 

Irreversibls atme the $aB leaving the surfaae wae taken 

up by the cbold wax18 of tihe Cuba, 

Tka emilararion gattame resulting from the cfdrsorption 

of ethane, ethylme, or auatylene and the  ahangee i n  these 

pattern$ maulking from heating have been reported In detai l  
I 

el~awhereb3 Won an analysle of the p a t t e n s  and work 

fhotionra resulting f r o m  verloue treatments we have been able 

to  drew a number of eonolusione about the interaotlons of 

them hydrooarbans with iridium, Ethane is only weakly 

adsorbed# heating t o  100°K i a  eufficlent t o  desorb most of it, 



.. though a small f ~ a c t i o n  remains whioh la not removeBl.below 

2000°K. Ethylene and acetylene adsorbed above 50°K are 

strongly bound t o  the surface, being ~ubetantially lmmobile 

below 700°K. Ethylene and aoctylene adsorbed at 4'K, however, 

arequite mobile and appear to be only weakly bound. We 

eonclude there l e  a slight activation energy, - 0.1 ev, for 

strong adsorption of the unsaturated hydrocusbons, vdxLck may 

be associated with opening of the carbon-carbon bond, From 

about 400' - 700°K both ethylene and aaetylene undergo surface 
se~ctions which cause marked ohanges in the work function, 

Above 700' the decomposition products from both apecles begin 

to migrate over the aurface and agglomerate, eventually 

building up s b r p  ?lcIgea.before being removed around 2000°K, 

B l o w  TOO0 the eml&rsion patterns i r e  remarkably uniform, 
-! 

Indicating that the aurface is faarly homogeneous for adsorption. 

with acetylene 

caused marked irrever~ible changes In the work function, 

Figure 1 ahowe the, ohangee In work A%notlon meetaurn8 after 

flashing; surfaces covered with ethylene and acetylene to auc- 

ceesivsly higher temperatures for 10 seconds. The eurves bear 

certain ~ M l a r l t i e e ,  yet there i a  an additional small peik 

centered at 250°K observed with ethylene. This peak is quite 

reproducible, and somev~hat more pronounced for very light 

ethylene coverages. 



In order t o  test whether these work flrnctlon 

ohanges were produced. by Besorption processes, flash 

-. desorption expe~ irnente~*~  were cronducted with ethylene on 

an iridium filament.6 Evolution of gas frorn the filament 

occurred frorn 250 - ?OO°K; the preseure riae could partially 

. .  (but not ooncbusivaly) be resolved into two bursts, one.fsom 

250 - 400°, the second from 400 - 700°K. 'The rapid' gumping 

of the desorbed gas by the Rot ion.gaue;e filament suggested 
Q) 

that the aompoeXtion of both bursts was principally hydrogen, 

Experiments with hydrogen alone ahowed that it was removed 

from Iridfum in the regLon 250 - 450°K, 
On the baels of these reaults  we haveproposed 3 

that ethylene on ilridlium undergoeer a step-wise dehydrogena; 

tion, loaltng two hydrogen atoms a-round 300' at a rate 

controlled by the desorptlon of hydrogen from the metal. 

Since the residue from dehydrogenstion of adsorbed ethylene 

at 30O0K loses hydsogen.ebove 400°K in the same manner as . 

. adsorbed acetylene,' i t  1 e  presumed that this residue is 
Q 

adsorbed acetylene. 

In an effort to check this hypothersirs wo have 

measured the rate of the work function changes at vasloua 

.temperaturea Between 4QQ - 6 5 0 ~ ~  for both ethylene an8 

acetylene. The exg~rhments were conduoted by dosing the 

Notar preliminary resulte7 of experiments usLng an omegatron 
mase spectrometer to analyze the d e s o r p t l o n  products appear to 
verify our conclusion thbt hydrogen is the principal desosption 
psoduc t , 



mioroscope t i p  with hydrocarbon to produce a'unlform, 

saturated layer, then heating the t i p  t o  a pre-sat 

temperature until the rate o f  work function change 

' DcbCSmu very small, interrupting the heating periodloally 

far  masauremcnta of emissign, 

The experlmol~tally dotemined variations of work 

funation with time and temperature were ursed to infer  the 
. . 

.klnetia mechanism of ~ u r f a c e  r@actions b y  means of the 

following assumptions and theory; 

1. Since work function change A9p Is our meaeured 

quantlty rather than fractlon of surface 8 

covered with unseacted species, it l a  neuessary 

to infer 8 from LV. We have asaumed tha t  8 1s 
. . 

related to L@j &.z., 

where the extreme valtaee of Acp.are asslamed t o  

correspond to 8 - 1 and 8 = 0. 

2, We scswrne that the Laotherma1 rate of deoorption 

is given by the Bolanyi-Wigner equation 

in which x is the kinet ic  order of the surface 

react ion and AH i a  its activation energy, 



3. We aasume that the aativation energy.for deaorption 

varies linearly with work f'unotlon. Hlguchl, Ree . 

I 8 
and wring have dlercuseed a theore t ica l  basis for 

this aeoumption. In view of assumption 1 thi8 i s  

equivalent t o  the assumptlonr . . 

nH - ?.Ho-. a0 (3)  

Combining Eqe. 2 grid 3 we obtain 

. a  

Thla  has the form of the Becker-Zeldovitoh equation (9) 

whose general valiaty has been discussed by Hlguchi, Ree 

and &yringel' Equation (4) m y  be Integrated t o  obtain, 

6 -y 
where yi a B ( t ) / h ~ ,  yi - a@(o)/R~# and F(x)~ S d9 - -~i(-x) 

X 

Values o f  Ei(x),  the exponential integral hnct ion ,  have been 
' 

]I1 tabulated., . . .  



. ... 

.J!hls treatment was applied to work function-time- 

temperature data obtained i n  the temperature range400 - ~OO'K, 
which according t o  our model ~Aould refleut the BefUrdrogena- 

t ion of  adsorbed acetylene (whether aaetylene or ethylene has 

Pnitiollby bema adsorbed). Equation (1) waa used to convert 

work t h e t i o n  data t o  surface fractlonsj values of A& and 

"min for ethylene and aoetylene were taken from F i g s ,  ha 

andlb, respectively and were subotantially the values of 
. . 

AV' a t  700°K (AQ-) and 300°R ( ~ 9 ~ ~ ) .  Dependence of surface 

fraction of w e a c t e d  species on time and ternperaturn thua 

calculated is  presented as  experimental p ~ $ n t a  in Figs. 2a 

and 2b. V~lues  of MOB & and x were selahted t o  obtain best 

fits, through Eq. (5), for the experimental data at eaoh 

temperature. Temperatures and values of the parameters AHo 

and a are preeented i n  Table 1. The solid aumres in Fig ,  2 

were obtained i n  BRis manner. Beawuee the dlependenc.e of Q 

on t a t  a given temperature re f l ec t s  a rether  small. variation 

i n  8, preoision in estimation of AH - Ho - a@ f rom this 
c 

dependence is greater than  that for estimation of AHo or a 

only3 the data 0% T a b l e 1  oan be ueed to aonstmxct graphs of 

the variation of AH with 8. which aooording to our model 

should be linear and the same v~hether ethylene or aaetglene 

were initially ade30rbed. Figure 3 presents such graphs, 

whiah are i n  reasonable agreement with expectation, 



The l imited variation In 6 .  i n  k1net;lc da'ta a t  a 

given temperature also made theoretiaal kinet ic  Isotherms 

insensit ive  t o  the parameter x .  In Fig. 2a, for  example, 

ousves 1 and 1' were aalaulated for first and second order 

kinetios (x-P and 2)  respect% vely, and (by ddilrercnt 

choices of AH, and a) can be nude a u b s t ~ n t i a l l y  coincident. 

If the same parmeters Allo and a are used to calculate 

curves a t  a dif ferent  temperature, the curve caloulated 

using first order kinet ics  ( x m l )  is i n  much better agree- 

ment with experiment than that calaulated ueing second order 

kinet ics)  (oompare curvek 5 and 5', calculated using para- 

meters obtained front curves 1 and 1'). 

We can auggest three general mechanisms consistent 

with' first order dehydrogenation klnetlcs. These are 
*A 

+ H;?(g) MC-CM - (C2)sdaorbed 
Q*GPfS 

f a s t  -%(d ,. 
4+ 

f n e t  or b) . MC-C* .+ H - (C2)adsorbed. + , 

ma+ * 



* 
where the  stare denote bonding t o  the metal, 

These meoh9urisms lead t o  iden t i ca l  isoth&rmal r a t e  

expressions, and hence oannot be distinguished from isothermal 

r a t e  data, Varioue possible t r ans i t ion  s t a t e s  can be imagined, 

however, their g l a u s i b i l i t i e a  discussed a n d ' c o r r e s p o n ~ n g  

ec t iva t lon  energies estimated and compared with experiment, 

For each mechanirsrn we have calculated ac t iva t ion  energiea based 

on the following t r ans i t ion  s t a t e s t  

I, Carbon-carbon bonds those of i n i t i a l  s t a t e ,  

C-H bond(s) broken, H-H o r  H-Ir bonds not ye t  
I i formed 

11,' Carbon-carbon bonds those of final s t a t e ,  
. . 

C-H bond(8) broken, H-H or H - I r  bonds not yet 
' -  

I X I .  Carbon-carbon, H-H o r  H - I r  bonds those of f-1- 

s t a t e  i n  the r a t e  determining process, 

While lacking complete knowledge of the  bond energies Involved, 

we have made reasonable e s t i m t l o n s  where neoessasy, The 

energiea of B-H and C-H bonde were taken as 103 and 98 kcal, 

respectively ( the  C-3 bond energy was assumed the +me as i n  

ethane ) . l2 The aa t iva t ion  energy f o r  $esorption of hydrogen ' , 

from iridium is 17 kcal, while t h a t  for adsorption i s  negligible$ 6 

from thile the hydrogen-isiditam bond energy was , ca l cu la ted , to  be 

b(17+103) = 60 k ~ a l .  The energy of the  carbon-corbon bond 

@ 
lie have previously presented arguments for suppo h g  h h ~ t  . ' ,  

. . 

9 adsorbed acetylene has. an ethane-like s t ructure .  



i n  ( c ~ ) ~ ~ ~ ~ ~ ~ ~ ~  WBB aasumeh grea te r  than t h a t  in HC-CH by an 
WQeS 

anrount equal t o  the differenoe between uarbon-oarbon double . : 

and single band energies, namely 65 kca1.12 The act lvs t ion  

'energies calculated from the above data are .  ehovm in Table 2. 

M i l e  such calculat ions a r e  cer ta in ly  very approxi- 
. . 

mate, It appears s l g d f i c a n t  t h a t  only the energies I n  

column I11 fa l l  olose, t o  the experimental range of 30.046 kcal. 

Thus t o  account f o r  t h i s  ac t iva t ion  energy i t ,  i s  .necessary t o .  

suppose tha t  the t r ans i t ion  s t a t e  f a i r l y  closely approximates. ' 

the f l n a l  s t a t e  in aharaoter of bonds formed,. If th i e  i s  so, 

then mechanianr A mat be considered unlikely, f o r  it does not 

seem reasonable that  a well developed bond could be formed i n  

the t r ans i t ion  state between hydrogen atom8 i n i t i a l l y  on . 

adgacent carbon$ and therefore i n i t i a l l y  seperated by .about 
. . 

0 

2.5 A. Furthermore, the desorptlon of hydrogen from graphite . 

must lnvollvs a meclhmiam s imi lar  t o  A and should therefore 

require a compsrable ao t iva t ion  energy. Redmond and waiker13 

recently reported a value of 137 koal f o r  the removal of 

hydrogen from $rephits a t  low coverage, whiah is remrlkably 

obose t o  *he cahoulated energy, 131 kcal, f o r  mechanism A via 

t r ans i t ion  state  11, 

We oonulude tha t  the  exper lmenta l ' a~ t lva t lon  energy 

oan be sa t i s fac to r i ly ,  explained by e i t h e r  rnechanirsm: 93 o r  C j  : 

i,g., the dehydrogenation of ethylene .and acetylene Involves - 
a surface dissociation followed by deeorption of hydrogen. . . 



The ac t iva t ion  energy for t h a , d i s ~ o c i a t i o n  is ' : 

approximately equal t o  the enthalpyj hence the  'reverse 

, r e a c t i o n  should require a negl igible  dotivation energy. 

. . 
Variation i n  dersorption ac t iva t ion  energy with .' 

coverage i s  'usually asoribeQ e i t he r  t o  n heteroganeoua 

eurfaae o r  t o  changes i n  bond strength produced'by the 

e l e c t r i c  f i e l d  of the surface double lay=ro8 The apparent 

homogeneity of the iridium surf ace for ,  hydrocarbon adsorp- 

t i o n  haa been described3 hence we a t t r i b u t e  the  dependence 

of aot lvat ion energy with coverage t o  in te raa t ion  with the  

f i e l d  of the surface dipoles, Acoording t o  the mechanism 

we have presented, t h i s  in te rac t ion  must act t o  decrease. . 

the  C-H bond energy and/or increase the I r - H  bond energy 

a t  high coverage (low work function) i n  order t o  decrease 

the aat ivat ion energy. Since hydrogen adsorption increases 

the work funstion of iridlum, the surfaoe f i e l d  will a l t e r  

the  C-H and Xr-H bond energies i n  the oggoaite'sense. A n  

' increase i n  work function w i l l  then produce an increase in ..: 

reaction enthalpy and ac t iva t ion  energy, a s  observed. 

. . A , r a t h e r  almple model. has been found adequate t o  ,. : . 

explain the changes i n  f i e l d  emlsslon from iridium covered'  ' . . 

with adsorbed hyclrooarbona. It would be highLy desirable  . . 

t o  apply the powerful t oo l s  of f i e l d  ion microscopy and 

slow eleotron Ulffraotlon t o  these systems in order t o  
. , 



obtain detailed Infomation about surface structure and 

orientation on an atomic! saale. Knowleclge of surfaae 

stmature and erurface .kinetics 1 s  essential. for an under- 

standing of uatalytic reactions. 

We are lndebted t o  the Journal  of Chemical Physlas 

for germlesion t o  republish ~igures la an8 lb. 



Table 1. Parameters used in desorption .curves, of Fig. 2 

Curve No. Temperature mo a 

Ethylene 

40 ' koal 10 kcal 

Aoetylene 



Table 2. Activation energies. from bond energy data 

Mechanism Activation Ener~y (kcal) for h a n s i t i o n  Sta te  
1 I1 XI1 
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Fig. la - Change in work function w i Z h  flaah temperature 

. .  for ethylene on iridium, 

Fig .  lb - Change in  work funotion wlth f lash tempe$ature 

f o r  acetylene on 2sidiu.m. 

Fig .  28 - Tine  dependends of surface coverage a t .  varioua 

f l a ~ h  temperctures for ethylene on iridium. 
, . 

Fig. 2b - Time dependence. of surfioe coverage at various 

f laah. temperatures f o r .  acetylene on lrf d i m .  

Fig. 3 - Varia t ion of activation energy for desosptlon 

with coverage, 



R A S H  TEMP O K  

F i g .  l a .  Change i n  work f u n c t i o n  w i t h  f l a s h  temperature 
For e thy lene  on i r i d i u m .  



F i g .  I b .  Change i n  work f u n c t i o n  w i t h  f l a s h  teniperature 
f o r  ace ty lene  on i r i d i u m .  
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F i g .  2a. T i n ~ e  dependence o f  su r f ace  coverage a t  ' va r i ous  f l a s h  
temperatures f o r  e thy lene  on i r i d i u m .  



I I I I 
C2H2 ON IRIDIUM , 

t (seconds) 

F i g .  2b. Time dependence o f  su r f ace  coverage 
a t  va r i ous  f l a s h  temperatures f o r  
ace ty lene  on i r i d i u m .  



F i g .  3 .  V a r i a t i o n  o f  a c t i v a t i o n  energy 
f o r  d e s o r p t i o n  w i t h  coverage. 




