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ABSTRACT
The adsorption of ethane, ethylene and acetylene
on clean iridium in a fleld emission microscope has been
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found to ecause characteristic changes in the work function

of the iridium surface. PFurther changes, vhich are time and
temperature dependent, result when such surfaces are heated,
Flash tilameht experiments have shown that the changes in

work function upon heating are due to desorption reactions

and that the desorbed product consists principally of hydrogen.
By assuming & linear relationship between surface coverége and
work function, it has been posaible to determine the desorption
kinetics from the observed rates of work function change at
various temperaturcs. The results are consistent with a
mechenism involving stepwise surface dehydrogenation in which

a pair of hydrogen atoms 1is removed from the hydrocarbon
molecule in each step, followed by desorption of the adsorbed
hydrogen. At very high temperatures thé—remaining carbon atoms

are removed, presumably by evaporation,

*
gased in part upon g dissertation submitted by John R. Arthur,Jdr.
0 the Graduate College, JIowa State Unlversity of Science and
Technology, in partial fulfillment of the requirements for the
degree of Doctor of Phllosophy, July 1961, Work was performed
in part in the Ames Laboratory of the U. 8. Atomic Energy Commission,
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- The Adsorption and Surface Reactions
of Hydrocarbons on Clean Iridium

The prapid sdvances in the technology'of clean
aurfacee have given'the chemlist sdme hope of eventually
understanding the complex gas-surface interactions involved
in heterogeneous catalysia, The fleld emission microscope

introduced by Millert’?

offers a vaiuabie tool, heretofore
largely unexploited, for studying reactions of this type.
We have used the field emission microscope to study a very"'
fundaﬁental aspect of catalytic hydrogenation, namely the
‘adsorption end surface reactions of hydrocarbons on -
transition metal surfaces, Specifically, ethane, ethyleﬂe,
and acetylene were studied on iridium, a typical catalyst
metal,

The imege 1in a field'emiésion microscope results .
from var;ations in the intensity of emitted electrons from
the various surface regions of the emittér, Adsorption'of
gas on the surface gene;ally causes dhanges in both over=-all
emiszion and relative emission from neighbor;ng regions on
the surface, Thus from changes in ﬁhe emission pattern
one can infer the existence of adsorption and desorption
processes, Unfortunately, it 18 not possible to determine
the actuai concentration of adsorbed specles from these
changes., It 18, however, possible to follow the rate at
‘which the emission varies and from this obtain information
about the kinetics of the surface processes involved. One

must proceed cautiously, however, for it 1s not always clear 1

how changes in emlssion correspond to changes in coverage,
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It should also be noted thet information based on changes
in emission current 1is obtainqd principally from the regions
~of low work function, generally the high index erystal taaeu;

o fThe microscope used in this work was so designed
that 1t could be totally immersed in liquid helium.3 Tnis
-had.the<twofold advantage of cooling the emitter and main-
tainins nearly perfesct vacuum conditione, The temperature
of the emitter could then be ralsed to anyhdesirad value by
electrical heating of the supporting filament, while the
resistance of this filament provided an aqeurate indication
of the emitter temperature, The emitter wae dosed with the
gas to be étudied from & molecular beam produced by warming
' a sidearm oontaining & small amount of the condensed gas.:
With this arrangement, gee impinged on the emitter from one
side only, &and only when the sidearm was warmed, It is
1mpor£én§ to note that at no time was the adsorbed material
in equilibrium with the vaporj desorption was completely
1rreversibia_gince the.gan leaving.theAsuffaoe was taken
up by the ¢old walls of the tube. |

The emission petterns resulting from the adsorption

of ethane, ethylene, or acetyléne and the changes in these
patterns resulting from heating have been reported in detail
elaewhera.3 From an analysis of the patterns and work
funoctions resulting from various treatments we have been able
to draw e number of conelusions about the interactlions of
these hydrocarbons with iridium. Ethane 1s only weakly
adsorbed; heating to 100°K is sufficlent to desorb most of it,




though & shall fraction remains which 1s not removed below
2000°K. Ethylene and acetylene adsorbed above 50°K are |
strongly bound to the surface, being substantially immobile _
below TO0°K. Ethylene and acetylene adsorbed at 4°K, however,
aréﬂquite mobile and appear to be only weakly bound. We '
conclude there is a slight activation energy, ~ 0.1 ev, for
strong adsorption of the unsaturated hydrocarbons, which may
be associated with opening of the carboﬁ-carbon bond. From
about 400° - TOO°K both ethylene and acetylene undergo surfacé
reactions which cause marked changes in the work function,
‘Above 700° the decomposition products from both species begin
to migrate over the surface and agglomerate, eventually |
building up sharp ridges. before being removed around 2000°K.
Below 700° the emission pa?terns are remarkably uniform,
indicating that the surface 1s fairly homogeneous fox adsorption.
Heating iridium covered with ethylene or acetylene
caused marked irreversible changes in the‘work functioh.
Figure 1 shows the changes in work function meaﬁured after
flashing surfaces covered with ethylene and acetylene to suc=-
cessively higher temperatures for 10 seconds. The curves bear
certain similarities, yet there is an additional small peék
centered at 250°K observed with ethylene. Thils peak is quite
repréducible, and somewhat more pronounced for very light

ethylene coverages.
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In order to test whether these work function
changes were produced by desorption processes, flash
desorption experiments 8,5 were conducted with ethylene on |
an 1r1d1um filament.6 Evolution of gas from the filament
- ocecurred from 250 = 700°K, the pressure rise could partially
(but not conclusively) be resolved into two bursts, one from
250A- 400°, the second from 400 - 700°K. The rapid*pumping‘
of the desorbed gas by fhe hot lon gauge filament suggested
that the compositipn of both bursts was princlpally'hydrogen.Q
Experiments with hydrogen alone showed thut it was removed
from iridium in the region 250 = 450°K., |

On the basis of these results we have proposeds>
that'ethylene on iridium undergoes a steb-wise dehydrogena«
tion, losing two hydrégen atoms-éround 300° at a rate
controlled by the desorption of hydrOgen from the metal,
Sihce the fesidue from dehydrogenation of adsorbed ethyiene
~at 300°K loses hydrogen above 400°K in the same menner as |
_adsorbed acetylene, it 15 presumed that this residue 18
_adsorbed acetylens. '

In an effort to check this hypothesis we have
measured the rate of the work function changes at various
temperatures betwegn 400 - 650°K for both ethylene and
acetylene. The experiments were conducted by dosing the

oNote: Preliminary resu1t57 of experiments using an omegatron
mass spectrometer to analyze the desorption products appear to.
verify our conclusion that hydrogen is the principal desorption
product.
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microscopé tip with hydrocarboh to produce‘a‘uniform;

- saturated layer, then heating the tip to & pre-set

temperature until the rate of work functioh change

become very small, interrupting the heating periodically

for measurements of emission,

The‘experimentally determined variations of\wOrk

function with time and temperature were used to infer the

‘kinetic mechanlsm of surface reactlions by means of thé

following essumptions and theory:

1.

2,

Since work function change A9 1s our measured
quantity rather than fraction of surface @

covered with unreacted specles, 1t is necessary

‘to infer 6 from .®. We have assumed that 0 1s

‘ I‘el&ted to g’l\q’} .;.'.’g.’

L0 -AD ’
& =7 mafw (1)
mex min '

whére the extreme values of AP are assumed to
correspond to & = 1 and 6 = 0,
We assume that the isothermal rate of desorption |

is given by the Polanyl-Wigner equation

gD tepleayr) ()

in which x 18 the kinetie order of the surface

reaction and AH 4is 1its activation energy.
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3. We assume that the aoﬁivation‘energy.for deaorption

varies linearly with work function. Higuchi, Reé :

8

and Fyring® have discussed a theoretical basis for

this assumption. In view of assumption 1 this 1s

equivalent to the assumptions
AI'! == :.’E‘Ho‘,o;e | " (3)

Combhining Eqs. 2 and 3 we obtain

- %.g - X 6Xexpl-aH_/RTlexp ab/RT . (4)

This has the form of the Becker-Zeldovitsh equation (9)

-48 o s e (4a)

whose general validity hae been discussged by Higuchi, Ree

10

and Eyring. Equation (4) mey be integrated to obtain

Flyg)- F(y) 1fx =1  (58)
X1 exp(-aH /RT]t = | -

a/RT [e"’r - e 4 +‘F(§r' )-;F( ]1: X = ‘2 (55)

| S
where 7, = af(t)/RT, Yy = 0f8(0)/RT, and F(x)= I"§§- dy = -Ei(-x) -
x ' L
Values of Ei(x), the exponentlal integral funetion, have been

tabulatedqll
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,This treatment was applied to work function-tiﬁé:‘
temperature data obtained in the temperature range‘koo -‘700°K;
which according to our model should reflect the dehydrogena-‘
tion of adsorbed acétylene (whether acetylene or ethylene has
1nitially been adsorbed). Equation(l)was used to convert
work function.data to surface fractions; values of A@m and
A@min for ethylene and acetylene were taken from Figs; ia
and'lb, respectively and were substantizally the values of
A9 at TOO°K (A@max) and 300°K (Ammin). Dependehce éf surface
fraction of unreacted species on time and temperature thus
calculated is presented as experimental polnts in Figs. 2a
and 2b. V.lues of AHO, d and x were selegted to obtain best
fits, through Eq.(5), for the experimental data at each
}temperature. Témperatures and values of the paraméters AHO
and o are presented in Table 1, The solid curves in Fig. 2
were obtained in this manner. Because the dependence of 6
on ¢ at a given temperature reflects a rathér small variation
in 8, precision in estimation of AH = Ho ~ a8 from ﬁhis‘
dépendence is greater thﬁn that for estimation of AHO or &
only; the data of Table 1 can be used to construct graphs of
the variation of AM with 6, which acéording to our model
should be linear and the same whether ethylene or acetylene
were initially adsorbed., Figure 3 presents such graphs,

which are in reasonzable agreement with expectation.x
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The limited variation in 8 in kinetic data at a
given temperature also made theoretical kinetlc isotherms
- 4ingensitive to‘the paranmeter x; In Fig. Za; for example,
curves 1 and 1’ were calculated for first and second order
kinetics (x=1 and 2) respectively; and (by different
choices of AHO and o) can be made substantially co;ncident,'
If the same pérameters AH, and o are used to calculate
curves at a different temperature, the curve calculated
using first order kinetics (x=1) is in much better agree-
ment with experiment than that calculated using second order
" kineties; (compare curves 5 and 5', calculated using para=-
meters obtained from curves l'and 1),

We can suggést three genéral mechanisms conslstent

with first order dehydrogenation kinetics. These are

k,
A, HC-CH ———-* c +
» w5 ( 2)adsorbed Hé(g)
kB
. HC=CH o==s (C + 2H
B e ( a)adsorbed #
fast |
2H
H H,(8)
: ' kc
C. HCeCH ewe—ies HC=Ce 4+ H
& W oy o *
a). HC-C. =£28% (c)) + 8
T aw ' 2/adsorbed ~
JSast
2H
1 Hg(g)

. fast o -
or b). %g:gf + 5 ~===> (Ca)agsorvea * 82(5)
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where the sfars denote dbonding to the metal.'

These mechanisms lead to ldentlcal 1sothérma1 rate
expressions, and hence cannot be distinguishéd from 1sdtherma1
raté data, Varlous possible transition states can be 1mag;ned,'
however, thelr plausibilitles discussedland'coéresponding |
ectivation energiéé estimated and compared with experiment,

For each mechanism we have calcﬁlated activation energies based
on the following transition states:
I. Carbon-carbon bonds those of initlal state,
C-H bond(s) broken, H-H or H~-Ir bonds not yet

formed ' b

Ii; Carbon-carbon bonds those of final state,
c-H bond(s) broken, H-H or H-Ir bonds not yet
formed | o
III. Carbon-carbon, H-H or H-Ir bonds those of final -
state in the rate determining process, ’ |
While lacking complete knowledge of the bond energies'ihvoléed; :
we have made reasonable estihations where necessary. The
energles of H-H and C-H bonds were téken as 103 and 98 kecal,
respectively (the C-H bond energy was assumed the same as in-

).12

ethane The aetivation energy for desorption of hydrogen

from 4iridium is 17 keal, while that for adsorption 1s negligible36

from this the hydrogeh-iridium bond energy was calculated to be
4$(174103) = 60 keal. The energy of the carbon-carbon bond

“We have previously presented arguments for suppogihg that
adsorbed acetylene hae an ethane-like structure.
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in ( ca)adaorbed

amount equal to the difference between carbon-carbon double

was aspumed greater than that in HC-CH by an
5

and single bond engrgies; ngmely 65 kcal.12 The activation
'energies calculatad from the above data are shown in Table 2,

While such ca;éulations are certainly very approxi-
méte, it appears significanﬁ that only the energles in
column IIX féll close to the experimental range of 30-46 keel,
Thus to account for this activation energy'if,is-necessary to
suppose that the transition state rairly closely approximates -
the final state in character of bonds formed.AAIf this 1s 8o,
then mechanism A must be considered unlikely, for it does not
seem reasonable that a well developed bon& could be formed in
. the transition staté between hydrogen atoms 1n1t1a11y on
adjacent carbons and therefore initially sepérated by.abouf
2.5 Z. Furthermore; the desorption of hydrogéh from graphite
must involve a mechanism similar to A and should therefore
require a comparable ectivation energy. Redmond and Walker13
recently»reported a value of 137 kocal ror the removal of
hydrogen from grapnite ét léw coverage, which is remarkably
close to the calculated energy,.13l keal, fér mechanism A via.
transition state II, '_ . — |

We conclude that the experﬁméntal'activatlon energy
can be satisfactotilyhexDlained by either mechanism B or C;:
i.e., the dehydrogenation of ethyleneiand acetylene involvés:

a surface dissoclatlon followed by deéorption of hydrogen.
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The activation energy for the dissociation proceas 15
approximately equal to the enthalpy; henoe the reverse
,reaction should require a negligible activation energy.

‘Avariation in desorption activation enérgy with =
coverage is usually aseribed either to a‘hetérogénedus
surface or to changeslin bond strengﬁh produced by tke
electric fleld of the surface double layer.® The apparent
hémogeneity of the 1ridium surface for hydrocarbon adsorp-
tion hAé been described; hence we attribute the dépehden¢¢
of activation energy with coverage to interaction with the

field of the surface dipoles. According to the mechanism
'.we have presented, thils interaction must act to‘decrgase-
the_CFH bond energy anq/br increase the Ir-H bond energy
at high coverage (low work fuhction) in order to decrease
the activation energy. Since hydrogen adsorption increases :
the work funotion of iridium, the surface fisld will alter
the C-H and Ir-H bond energies in the oppoaite'sehse.. An
increase 1h work function will then produce an 1ncréasé in
reaction enthalpy &nd activation energy,’as obsefved.

" A rather simple model has beén found adequate to
explain the changes in fleld emlssion from iridium covered‘
with adsorbed hydrocarbons., It would be highly desirable
to apply the powerful tools of fleld ion microscopy and

slow electron dirfraction to these systems in order to
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obtain detailed information about surface structure and
orientation on an atomic scale. Khowiedge of surface
structufe and surface kinetics 18 essential for an under-

standing of catalytlec reactions.
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Table 1, Parameters usedlin desorption curves of Fig, 2

Curve No. Temperature AHO a
Ethylene ’

1 468 °x ° 40  keal 10 kecal
1’ 468 _ ~ 39.5 . 10
o2 yrr - _ 40 o 10 .
3 Loy 40 10
4 502 ' ko 10
5 553 , ~ 40 ' 10
57 553 39.5 - 10
6 579 41,2 12
7 587 - k1,2 12
8 638 . 42.5 - 20 .

Acetylene

A 462 50 20

B 501 ‘ 48.5 18

C 540 o 49 . 18
D 579 - 47,5 16
E 617 47.4 o 16

F 656 46,5 . 14 -
a

695 - 46.5 : - 14
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Table 2. Activation energles from bond energy data

Machanism Activation Energy (kcal) for Transition State
| I I1 | III
A 196 . 138 - - 28
B 196 131 L1l
¢ 98 98 - . . - .38
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FIGURE CAPTIONS

Change in work function with flash temperature
for ethylene on iridtum. - .,
Change in work function with flash temperature
for acetylene on 1§1dium. -
Time dépendende of surfacelcoverage ai.varioub
flash temperatures for ethylene onfiridiﬁm.
Time dependence. of sgrf&cé coveragé at various‘
flash. temperatures for-acétylené on iridiunm,

Variation of activation energy for desorption

with coverage,




o

e b vy s a e e

T [ I | I | | | I [ | T
C5,H, ON IRIDIUM
[o] ;
02— [o] o —
[o]
ol — -
[0}
[o]
“ o0
5
(o]
> o o
- . —
[o] +
02— o —
° o
[o]
S -03- ° —
o ‘
P | | l | | | 1
(6] 100 200 300 400 500 600 700 300 300 1000 |EOQ 1200

FLASH TEMP °K

Fig. la. Change in work function with flash temperature
for ethylene on iridium,

fer N relfmacen

e b

e B g e



0.2

a.l

A ¢ VOLTS
S o
i -

S
(¥

-04

l l I l l I l l | | [
CZHZ ON IRIDIUM
o o
o o
o
o o
o
o -
o o 7
o | —
o - i
o —
o
0000 0o ° 0 © o
l |___21°° | I I | l I l |
0 100 200 300 400 500 €C0 700, 800 S00 1000 oo 1200
FLASH TEMP °K
Fig. Ib. Change in work function with flash temperature

for acetylene on iridium,




od L

0 20 40 60 80 100 i20 - 140
t (seconds) :
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