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.I ntroducti.on . 

~The.hydrogenation Of co on 'alumina suppor.ted metals has been 
t,~e subject of roany researcfi :efforts. This report -is about the 
application of a relat ively new •technique, tunneIing spectroscopy, 
to the problem of identifying the reaction intermediates that are 
formed on the .cataiyst surface Tunneling spectroscopy is a 
vibrational spectroscopy thatpresents information about t-he sys- 
tem being studied in much the same way as do inFrared and raman 
spectroscopy. The-Selection .rules of tunnel ing are very weak; 
the spectrum observed consists of both the infrared and-raman 
a11owed vibrations. THIs s imi lar i ty  betweentechniquesinvites 

icom.parison of the resul.ts obtained in this Work-wlith those of 
previous .infrared studies,: such as those done by G.Bl-yholder, 
et a l . ( l ) , ,  and R.A. DaIIa Betta, et aI . (2),  From suchcomparisons 
i t  is possible to say ~hat all three techniques find. the observa- 
tion of Submon01ayers of.hydrocarbqns tobe technic al:l.y demanding. 

..; No experimental method is yet available that aIlows"the:complete 
determination of al l  reaction pathways On a. Catalyst surface. As 

• - a f i r s t  step toward this ultimate goal we .report = the observation 
of the hydrogenation of cO chemisorbedon a|umina-supported metal 
particles with tunneling, spectroscopy. " . • " 

Ine las t ic  Electron TunneIing Spectroscopy' {IETs) measures the 
energies, and thus the frequencies, Of the.normai modes0f v'ibra- 

.. tion of molecu|es.that.areincorporatecI in order near the insulator 
: of a metal,insu|ator-metal tunnel junction. In  •this work al l  

junctions are made with an aluminum-aluminum •oxid.e-dopant-lead 
structure, where the dopant consists of small metal, particles 
(with 10-40 Angstrom diameters) that.are exposed tO C0 and. hydro- 
gen~The insulatorpius~dopant thickness is~approx~mately 30 
Angstroms, thin enough to allow electrons tO t'unne] from the 
aluminum to  che lead electrode whenever a voltage~'(a] aminum hega- 
rive) .is: appl!ed. The maximum energy Of a tunnei~ing electron 
above the ferm~ .energy, of the lead electrode is the.energy it 

'gains from the appliedvoltage,eV. Expe!:imentally it is found 
-.that these tunneling electrons can excite the vibrations.of mole- 
" cules .in Or near .,the 'nsulacing • barrier.. The. dominant cri,terio__~n 

" i" 



is simply that the electron must have an energy greater or equal 
to the vibrational energy, h~, of the molecule excited. This 
gives rise to a threshold voltage, V = h~/e, that can be observed 
as a conductance increase. This increase is then measured and 
displayed in a form comparable to the absorbence in an infrared 
experiment. A more detailed description of the experimental 
techniques of. tunnel ing can be found in the .review I i terature (3__). 

Rhod i um 

The top trace in Figure I shows the spectrum obtained for CO 
chemisorbed on rhodium particles. This differential spectrum is 
the result of subtracting the signals from two junctions; one 
prepared with rhodium particles, and another without rhodium 
particles. The resulting differential spectrum clearly shows 
vibrations due to the chemisorbed CO at 413, 465, 600, 1721, and 
1942 cm - I .  The exact frequencies measured depend on the particle 
size, the temperature of the junction during formation, the degree 
of surface coverage, and the amount of other gases (such as water) 
chemisorbed on the surface. Detailed studies of these small 
shifts • ( typical ly a few percent) have not been completed. A 
recent study of such shifts due to temperature has been published 
by P.R.Antoniewicz, et al. using infrared spectroscopy (4__). 
Structure due to the aluminum oxide, aluminum, and lead electrodes 
is greatly suppressed. The CO is chemisorbed as three different 
species on the rhodium surface (5,6,7). Three species have also 
been observed with infrared spectroscopy on similar systems. The 
identif ication of the three types of chemisorbed CO by infrared 
workers (8,9,10,II) as a gem dicarbonyl, Rh(C0)2, a linear 
species, RhC0, and a multiply bonded species, RhxC0, agrees with 
the tunneling identifications derived from isotopic shifts. In 
tunneling spectra the dicarbonyl species is best seen by observ- 
ing a low frequency bending mode at 413 cm -l, the linear species 
can be identified by a low frequency bending mode at 465 o~-I 
and the multiply bonded species can be identified by the presence 
of the CO stretching vibration at 1721 cm -l. The broad band at 
600 cm -l contains the rhodium-carbon stretching vibrations for all 
three species, and the CO stretching mode at 1942 cm -I contains 
contributions from both the linear and dicarbonyl species. 

The lower trace in Figure I shows the results of heating the 
tunnel junctions (complete with a lead top electrode) in a high 
pressure cell with hydrogen. It is seen that the CO reacts with 
the hydrogen to produce hydrocarbons on the rhodium particles. 
Studies with isotopes and comparison of mode positions with model 
compounds identify the dominant hydrocarbon as an ethylidene 
species (12__). The importance of this observation is obviously not 
that CO and hydrogen react on rhodium to produce hydrocarbons, but 
that they will do so in a tunneling junction in a way so that the 
reaction can be observed. The hydrocarbon is seen as it forms 
from the chemisorbed monolayer of CO (verified by isotopes). As 



R' 

i I: f o r m s  w i t h o u t . t h e  p r e s e n c e  o f  g a s  p h a s e  C O , - a n d  n o  s u r f a c e  

spekies-containing .ox~/gen is-observed, it seems • bnllikely tobe 
formed by CO insertion. A possible mechanism wo61~ be the p'oly- 

• merization of CH 2 groups from dissociated CO that had beenhydro- 
genated, ~.At any rate; the ethylidene species is a relative]y 
stable surface s.pecies when CO is.hydrogenated on rhoclium parti- 
cles that are•incorporated in tunneling junction's. Atpresent, - 
it i.s not kno---wn if this same---species is formed on supported 
rhodium par ticles in a .more conventional •reactioncell. • It is. 
not .known :because no other technique has developed She technology 
needed to observe .the •formation Of the first submonolayer of 
hydrocarbons on supported metals. A simiiar species has •been 
observed to form on single crystal rhodium from. the chemisorption. 
of ethylene (i3,14___). It .is. to be expected that future work will 
al low di rect •comparisons of surface • species, formedby"d.i fferent 
• techniques, but until this ispossibl.e questions raised bythe 
presence•of the top lead electrode !n. these t unnel.ing experiments 
can not be .answered. " -- .. 

• C o b a l t  " .•. - " 

Figure 2, shows the differential spectra of C0chemisorbed on 
supported cobalt particles both ibef6re and after heating ,in hydro- 
gen. Again'it is seen that the chemisorbed CO reacts.with hydro- 
ger~ that di f fuses through the lead el ectrode, to form. hydrocarbons 
in • the tunneling j.unction. For the .case of. cobal t •much..less is 
kn'own about the nature of the chemisorbed CO and the type of 
hydrocarbon formed. This information should bec0me.avail.able as 
soonas we do the extensive work with isotopes necessa'~y to iden- 
tify the s:Pecies .iuvolved. It is clear, however,"tha t. the hydro- 
Carbon formed on.cobalt is different from that formed on rhodium. 
The cobalt • re-lated species has vibrations near.l.6OOand 760 cm -I 

'.that"the -rhodium related species •does not have. The mode near • 
' 1600 cm -l should involve oxygen; and this can be tested with 
isotopes. " As mentioned above, the rhodium species • does" not con- 

.tai.n oxygen. The mode near-760 cm -l possibly is due to CH2, a 
group •that also•does•not appear in .the rhodium species, Thus 
.even before this.species.is identified, it is clear that the 
reaction pathway .for hydrogenationof CO on cobalt is distinct 

from that on rhodium.. This is, Of Course, no surprise; ithas 
• long been known •that each•metal has its •own product distribution 
and- reaction kinetics when used as a c-atalyst- What •is noteworthy 
is that tunneling spectroscopy has~ been able to •-model -supported 
cata|ysts:. well .enough to reflect .this difference between different 
metals. This suggests that whatever the effect of.thelead " 
elect•rode is onthese reactions, •.there is inf.ormation t0 be had 
from comparisons"between the •reactions of differenlt, meta!s.under 
t h e  s a m e  c o n d  i . t  i o n s .  ' ' . . . . .  - 

: •. • . 
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.Figure 3 shows the results obtained to date on the hydrogena-. 
tion of CO chemisorbed on supported iron particles. Iron is a 
d i f f i c u l t  meta] to work wlth in tunneling junctions due to i ts 
magnetic properties. We have developed a technique (15) that 
allows us to obtain spectra of highly dispersed iron with chemi- 
sorbed C0, == shown in the lower trace in the figure. }sotopic ~ 
sh i f t  experiments indicate the-C0 is chemisorbed with predomi- 
nantly l inear  character. The spectrum contains two bending modes, 
at 436 and 519 cm -1, and two stretching modes at 569 and 1856 cm TM. 
When these junctions are heated in hydrogen, some hydrocarbon is 
seen to form. At present, we are unable to identify the species 
formed due to a lack of intensity. As we heat the junctions the 
particles become magnetic, as evidenced by the rise of the back- 
ground with heating shown in the middle and upper traces in the 
figure. This could be due to the sintering o f  the particles or 
due to the loss of chemisorbed CO. All our attempts to increase 
the intensity of the hydrocarbon modes formed during heating have 
been foiled by this background structure, While we expect to be 
able to overcome thls d i f f i c u l t y  with continued ef for t ,  at present 
al l  that can be learned about this hydrocarbon species is that i t  
also exhibits a mode near 1600 cm -I the- can be expected to in- 
vol. ve oxygen. This implies that the reaction pathway on iron more 
closely follows that of cobalt than that o f  rhodium, a fact that 
can also be derived from many dif ferent experiments and processes 
with commercial catalysts (16). 
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• Nickel is .known. for  i ts s e l e c t i v i t y  f o r  methanatio.n, This 
s e l e c t i v i t y  formethane impI ies a lack o f  carbon-carbon • bonding 
on the metal surface when compared to-cobalt  or rhodium. Figure 
• 4 shows our results f o r  the hydrogenation of chemisorbed C0 on 
supportednickel  par t ic les -  TheC0 IS chemisorbed on the nickel 
in at  least  four d i f f e r e n t  ways •(17). Upon.heating in hydrogen 

t h e  C0 reacts and/or desorhs formin---g very l i t t l e  surface hydro- 
carbon,  We feel tl~is lack o f s u r f a c e  hydrocarbon reflects, the 
se lect iv i ty ,  of aluminasupported n.ickel par t ic les  for  the forma- 
t.ion • of methane. The modes that are •seen to form are again too 
weak for .identific-a'tion, as was the case for iron We expect that 
future work with nicke! will improve.-the observed signal to noise 
ratio sighifiCantly•. Ifshould be.remembered that tunneling 
spectroscopyis less than twenty years old; its application to 
studies of the activation of CO is less than five years old. With 
this •first work with supporte d metal particles we hope I=o have 
.demonstrated some: of the potential tunnel ing spectroscopy for the 
modell ing of adSorpt'ion and reactilon on catalist surfaces. 
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Figure Captions 

Figure 1 . .  D i f f e r e n t i a l  spectra o f  CO chemisorbed on alumina 
supported rhodium particles before and after heating to 420 K in 
hydrogen. One of the three species of chemisorbed CO remains 
after heating and can be identified by a bending mode at 478 cm -l 
a stretching mode at 586 cm -1, and a stretching mode at 1937 cm -l" 
as a linear CO species. The other CO species react and/or desorb 
while producing hydrocarbons on the rhodium particles. The dom- 
inant species formed has been identified as an ethyl idene species. 

Figure 2. Differential spectra of CO chemisorbed on alumina 
supported cobalt particles both before and after heating in hydro- 
gen to 415 K. The chemisorbed CO is seen to react and form hydro- 
carbons in the tunnel junction. This hydrocarbon species is 
distinct from that formed on rhodium as seen by vibrational modes 
near 1600 cm -l and 760 cm -l . 

Figure 3- Differential spectra of CO chemisorbed on alumina 
supported iron particles shown before and after two heatings in 
hydrogen to 420 K. Some CO reacts to form hydrocarbons on the 
iron particles. The rising background seen at low frequencies 
indicates the formation of magnetic particles, either through 
sintering or the desorption of CO. The formation of OH in the 
junction upon heating does not correlate with the formation of a 
carbon-oxygen bond nor with the formation of the carbon-hydrogen 
bonds. 

Figure 4. Differential spectra of CO chemisorbed on alumina 
supported nickel particles both before and after heating to 425 K. 
Very little surface hydrocarbon is seen to form on the nickel 
particles. This lack of surface hydrocarbon reflects the selec- 
tivity of such catalysts for methanation over Fisher-Tropsch 
syn thes i s. 



. '  . ' .  

O 

C3 
O 

O 

3 
I 

4~ 
C 3  

O 

oo 

O 
O 

2 

m ~ m . 

I 
r~ l  

- C 3 i  
O I  

• i 

I 

- O I -  

o l 
i 

- ~ o 

• . . .  ." 

INTENSITY (100 nV PER DIV.) 

I l I '  i l I .  " 

• " . mO 

' t  = • 

. o  



~3 

n-" 
laJ 
0.. 

t -  

O 
0 

>-  
p.- 

r./3 
Z 
I , i  

Z 

x2  

0 

x2 

I ' I e I i 

CO ON IRON/ALUMINA 
HEATED TO 420 K IN H 2 + CO 

I st HEATING 

2nd HEATING 

× I 

I00 200 300 400 500 
rneV 

t I I t ,  I 
800 1600 2400 3200 4000 

- I  
c m  



A 

> 

o,. 

> 
e'- 

C~ 
O 

I'-- 
(,t3 
Z 
1.1.1 
l-- 
Z 
L ~  

A 

- J 

-1! 

m • • 

i 

•0 

L 
0 

• r  

'CO O N  C O B A L T / A L U M I N A  
H E A T E D  TO 4 1 5 K  IN H 2 • . • "  , 

q 
•.100 

800  

20O .. 30O 

rneV 
I I 

1 6 0 0  
• cm -1 

2 4 0 0  

~ 
' : i ' • ~ "  

400 500 

I ~ , I 
3200 4000  

/ 

F 



i 

i 

i 

C 

- i -  

I < 

C 

- £  

INTENSITY (100 nV PER DIV.) 
~1 i I 1 I I I 1 

;! 
~ C  

• ~ 




