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HETEROGENEOUS CATALYSIS RESEARCH MEETING 
OFFICE OF BASIC ENERGY SCIENCES 

I. INTRODUCTION 

L 

This report summarizes an informal meeting on the current 
status of heterogeneous catalysis research which is primarily 
supported by DOE's Division of Chemical Sciences, and the Division 
of Material Sciences, Office of Basic Energy Sciences (BES). The 
more basic catalysis projects supported by the Fossil Energy 
Program were also supported. Participants in this meeting included 
representatives from DOE Laboratories who are engaged in hetero~ 
geneous catalysis, University researchers currently receiving BES 
support for such research, representatives from other DOE Head~ 
quarters Divisions~ and three industrial observers. 

The meeting was held primarily to acquaint each participant 
including DOE administrative staff with the scope of research 
being supportedr the most notable accomplishments~ and to focus 
attention on the needed but unanswered technical and scientific 
questions. Accordingly during the first two days of the meeting, 
each principal investigator presented a brief review of the 
fundamental heterogeneous catalysis research in progress at his 
laboratory. 

The third day of the meeting focused on a set of discussion 
questions pertinent to appropriate directions for future research. 
Not all questions were discussed, however, the entire list is 
included in the Appendix for reference. The summary of the dis
cussions, prepared by Professor Alexis Bell of Lawrence Berkeley 
Laboratory's Materials and Molecular Research Division, along with 
brief project summaries constitutes the essence this report. 
Special thanks go to Alexis for his summary of the discussions 
and to each participant and their co-workers for the 
contributions. 

F. Dee Stevenson 
Division of Chemical Sciences 

William Clinton 
Division of Material Sciences 
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II. DISCUSSION OF QUESTIONS 

A series of questions (see Appendix) generated prior to 
the meeting served as the basis for discussion. Not all of 
these were addressed and only answers to those questions which 
were discussed are reported here. 

QUESTION/ANS~fR_SESSION 

Question: 

Answer: 

Question: 

Answer: 

What can the catalys community do about the 
generation of synthesis gas from coal? (Compiler's 
note: This question did not appear on the original 
list, but was posed during the meeting.) 

It was observed that the cost of generating synthesis 
gas by coal gasification is very expensive and 
represents about 80-85% of the total projected plant 
costs for the production of SNG or Fischer-Tropsch 
products Therefore, a reduction in the cost of 
coal gasification would have a significant impact 
on the cost of producing gaseous and liquid fuels. 
It was noted that the use of a catalyst, such as 
K2co3 , to promote gasification would be beneficial 
s1nce would permit a reduction in the gasification 
temperature. Exxon has been successful in this 
approach and has proposed that gasification at 
1350°F using a 15% loading of K2co 3 could lead to a 
process which might be compeitive with gasification 
in a Lurgi process. The lower temperatures required 
in a catalyzed process would reduce energy losses 
and materials problems, and enhance the concentration 
of methane in the raw synthesis gas. 

What products should one be trying to obtain from 
Fischer-Tropsch synthesis? 

Future work should focus on obtaining specific classes 
of compounds such as C -c 4 olefins, c5-c1 alkanes, 
aromatics, and oxygena~ed products. In t~e course 
of the discussion it was noted that it is hard to 
find published reports of product distributions 
obtained using well characterized catalysts. While 
some of the information is available in the accounts 
of German research carried out before and throughout 
WWII this information is not easily accessible. 
Furthermore, detailed product compositions are not 
presented since much of the data was obtained prior 
to the availability of modern analytical tools (e.g. 
gas chromatographs). In view of this, it was 
suggested that some of the earlier work may need to 
be repeated. It was also suggested that one should 
not worry excessively about making specific products 
and that: instead, efforts should be concentrated 
on i0entifying basic mechanisms. 



Question: 

Answer: 

Question: 

Question: 

Answer: 

Question: 

How can it be established whether surface carbenes 
are important intermediates in Fischer-Tropsch 
synthesis? 

It was observed that the concentrations of surface 
carbenes are probably too low to be observed by 
physic techniques. Removal of these species 
under reaction conditions by a scavenger could 
prove to be a very useful technique for characterizing 
carbene intermediates. 

In what way does the addition of promoters such as 
alkali metals and manganese affect the activity, 
selectivity, and stability of Fischer-Tropsch 
catalysts? 

This question was not addressed thoroughly, but it 
was observed that the addition of Tho2 contributes 
to the formation of branched products. It was also 
suggested that K and possibly other alkali metals 
prevent an excessive buildup of carbon on the 
catalyst surface by promoting the hydrogenation of 
carbon. 

What significant generalizations, any, can be 
made about our current understanding of CO/H2 
interactions on metallic catalysts, as regards 
reaction kinetics and mechanisms, the nature and 
reactivities of adsorbed species, and the widely 
varying intrinsic activities of the various metals 
that have been investigated for these conversions? 

Experimental evidence suggests that methane is 
formed via dissociation of chemisorbed CO and sub
sequent hydrogenation of adsorbed carbon. Mechanisms 
for chain growth and the formation of oxygenated 
products are less clearly defined. Not enough is 
known yet regarding these procresses. It is also 
possible that different mechanisms of chain 
propagation may exist which are expressed to a 
greater or lesser extent depending on the catalyst 
used. Future studies should concern themselves with 
the three-dimensional aspects of the mechanism 
(viz. exactly which metal orbitals participate in 
the bonding of adsorbates and what are the spatial 
relationships of the reaction partners). 

What is the status of accurate surface species 
concentration measurements? Discuss the relative 
merits and disadvantages of LEED, Auger, photo
emission spectroscopy, ion scattering, etc in this 
regard. 

3. 



Answer: 

Question: 

Answer: 

Question: 

Answer: 

Question: 

Answer: 

The opinion was offered that quantitative analysis 
by Auger electron spectroscopy is not very precise 
but that better precision is available from XPS and 
UPS measurements. No explanation for these 
conclusions was given. It was also noted that it is 
even difficult to measure the concentration 
surface me-tal atoms accurately since techniques such 
as H2;o2 titration yield results which are particle 
size dependent. 

What is the dependence of catalytic activity on 
catalyst particle size (supported catalysts)? 
Is there a particle size below which there is no 
activity? 

'li'7hile there are a number of examples of structure 
sensitive reactions, a clear explanation for 
structure sensitivity does not yet exist. Part 
of the difficulty in studying structure sensitivity 
is the absence of a complete description of the 
structure of the catalyst part le. For example, 
it is insuf cient to look at particle size alone, 
since the shape as well as size might influence 
the activity of a catalyst particle. While some 
evidence for particle shape can be deduced from 
electron micrographs the relationships between 
particle size shape, support interaction, and 
catalytic activity are yet to be established. 

4. 

What are the effects of catalyst support interactions 
on the electronic or structural properties of 
dispersed metal/support systems? 

Substantial evidence has been gained from IR, XPS, 
and EXAFS investigations that metal/support 
interactions exist for small metal particles. The 
correlation of these effects with adsorptive and 
catalytic propert s of the catalyst needs to be 
examined in greater detail before trends can be 
established. It was notedr however, that metal/ 
support interactions are undoubtedly important 
in explaining why small Pt particles on Al 0 , 
Sio2 , and Care three~dimensional, but on 1id2 are 
tvw-dimensional. 

What is the dependence of catalytic activity on 
alloying in the platinum alloys? 

While this question was not addressed explicitly, 
it was noted that in some instances there does not 
appear to be an electronic effect and that changes 
in catalytic activity could be explained purely by 
a dilution effect. It was noted, however, that 
Fe/Ru alloys do give catalysts which have unique 
properties and hence that a certain synergism does 
exist between the cornponen·t metals. 



Question: 

Answer: 

Question: 

Answer: 

Question: 

Answer: 

Question: 

Answer: 

How does one determine whether an alloy has formed 
in a supported metal catalyst or a mixture of 
individual metal particles is formed? 

In the case of Fe/Ru alloys Mossbauer spectroscopy 
could be used to prove the existence of a true 
alloy. Other techniques useful for this purpose 
include EXAFS and STEM. 

Are metal clusters and infinite solids more similar, 
in fact, than their respective theoretical methods 
might imply? 

5. 

It was noted that while the propert s of very small 
clusters differ from those of bulk metal, once one 
considers a particle containing about 100 atoms the 
density of states is comparable to that of bulk metal. 
However, experimental observations of the densities 
of states by UPS show that it is difficult to dis· 
tinguish very small particles from large ones. Thus 
the UPS spectra of Ir

4 
and Ir single crystal surface 

are the same. 

What properties of molecular cluster complexes can 
be usefully related to chara sties of surface 
systems in order to elucidate bonding mechanisms 
in the latter? 

Transition metal complexes can be prepared which 
contain CH, CH 2 , or CH 1 ligands. An understanding 
of the stabiliey and reactivity of these species 
could provide insight into their behavior on metal 
surfaces Studies of transition metal complexes 
could also provide information on force constants 
for normal mode vibrations. 

What are the relative merits of experimental 
techniques which are suited to identify and 
characterize the surface "reaction intermediates"? 
How does electron energy loss spectroscopy compare 
with other techniques for identifying surface 
reaction intermediates? 

Utilization of EELS has provided evidence c2 and CH structures on a Ni surface but it is not yet 
known whether these are reactive intermediates. 
The technique is one of the few surface tools 
capable of detecting chemisorbed H2 and hydrogen 
present in adsorbed hydrocarbons. Significant 
improvements in resolution need to be accomplished 
before EELS will provide structural detail similar 
to that which can be obtained from infrared 
spectroscopy. 



Question: 

Answer: 

What is the present status of developing systems 
for experimental study which approach catalytic 
conditions? Which experimental technique best 
lends itself to use in general "reaction environ
ments"? 

The two techniques are best suited for the study of 
adspecies present under reaction conditions are 
infrared spectroscopy and solid state NMR. The 
first of these techniques has been used extensively 
by many investigators. Future applications should 
be in the direction of examining dynamic (non-steady 
state) systems. Solid state lH and 13c NMR hold the 
promise of providing structural and dynamic informa
tion about adspecies. Higher sensitivities must 
be achieved, though, before stud s of adspecies 
can be performed. 

6. 
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III. PROJECT SUMMARIES 
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James R, tzer 
r ta i Science and Tec~nology 

artment of ical gineer1ng 
versity of laware 

laware 19711 

SEARCH OBJECT! S 

The main objective is to rove our currently incomplete under-
standing of the rate mechanism of sulfur poisoning and of re-
generation of metal catalysts used in converting synthesis gas 
(CO- ) to aseous li id roca on products. Improved under-
st o act tion o regeneration should result in develop-
ment o catalysts wi roved sul r tolerance and the designation 
of improved operat oce res. A second objective is to bridge 
the gap between reaction studies at practical conditions and surface 
studies carried out er ultra-high vacuum conditions. Rates of 
sul sorption on and of activation of supported metal catalysts 
are being quantitative measuredp and mechanisms of sulfur deacti-
vation are bein term d~ based en the data obtained. Rates of 
reaction as a tion of sur ce concentration of sulfur are being 
determined. tes me anisms of regeneration of sulfur deacti-
vated supported metals in o2 as a function of temperature and gas
phase composition are bei termined. The work is concentratjng 
on Ni. Ru Co also includes other elements and sup~orts 
designed tog tncreas sulfur tolerance (alloys). 

RIPTION OF 

lves a several-part erimental program. In 
one titat kinetics of CO hydrogenation are being determinec 

entless reactor system in the absence of sulfur and as a 
function of sulfur ) concentration. The reactor developed for 
this work is an all- rtz ternal recycle reactor. The catal)sts 

0 

metal film on a support such as an alu~ina plate 
r 1 metal ted onto support plates or onto pelleted 

ort. Film ic can be varied so that quantitative kinetic 
ies can be ick film ich can also be studied by 

electron antitative sur ce composition 
gi renee to relate to observed 

ic activ • scent metal 1 rs which approximate 
supported metal catalysts can also be studied for activity anJ 

composition. 

enerated is 
1 cata 

r e ectron 
of sul 

tion of 

of 
removal 

used to 

s 
me 

directions in 

s ies of sulfur 
lysts both in an 
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ante- er attached to and in the main vacuum chamber of the 
electron ctrometer, A molecular leak system in the 

al ows metal sur ce to be contacted with a 
CO/H S ture at widely varying conditions with simultaneous 

a~alysis of the metal surface. Sulfur adsorption isotherms, 
sul removal rates and mechanisms are being established, 

us to bridge the gap between the atmospheric pressure 
measurements and measurements made at ultra-high vacuum. Develop
ment of an understanding of how to translate surface measurements 
made at ultra-high vacuum conditions in terms of conditions ~hich 
exist at the surface under higher pressure reacticn conditions is 
essential to the effective exploitation of electron spectroscOD\. 
in catalysis research. 

The essential features of the experimental program are: (a) 
quantitat measurements of c2talytic activity are being relJttJ 
directly to surface sulfur concentrations, and (b) high and lc~ 

ssure surface studies are being done to help define mechanisr:s 
of catalyst deactivation and of catalyst regeneration and to help 
br the gap between ultra-high vacuum conditions and higher 
pressure conditions. 

OUT work has made several major advances related to the 
catalytic hydrogenation of carbon monoxide. 

I We have developed the first quantitative data on the 
sensitivity of Ni to sulfur poisoning. Ten (10) ppb H2s in 
H reduces the activity of Ni at 400 C by 200 fold; a 100 ppb 
l~vel reduces it by 5000 fold. This work has quantified the 
mechanism of diactivation by sulfur, 

I e poisoning by sulfur of other transition metals; Co, 
Fe 9 Ru, has also been quantified. These metals exhibit si~i-
larly hi sensitivity to sulfur poisoning, These metals further 
exhibit r id poisoning by carbon, and the carbon deactivation 

ior was also quantified. 

I The range of stability as well as the free energy of 
ion, Gf» of the sulfur sulfide of Ni has been deter~ined. 

Nickel sur sulfi , Ni-S, is significantly more stable tr8n 
1 k sulfide Ni 3s2 ; the corresponding free energies of 

ion at ssooc are -24Kcal/mole and -12 Kcal/mole. These 
ext to reaction conditions at 400°C imply that 

ten (10) ppb H2S in H saturates the Ni surface with 
1 reaction data confirm these conclusions and sho~ 

ssure of CO s no effect on the equilibrium; CO 
an e on the kinetics» however. Surface nickel sulfide 

is much more st le bulk nickel sulfide. 



I have developed a catalyst. Ni/:ro 2 , with marked 
tolerance to deact tion induced by sulfur. The catalyst also 
has a conversion rate of abou: an order of magnitude higher 

Ni/Al 03 bas on hy~r?gen.chemi~orption d~term~natio~ of 
sur e a~. This prel1m1nar1ly po1nts the d1rect1on which 

10. 

could lead to major advances in developing catalysts witn enhan~~d 
sulfur tolerance. 

I We have developed fror;. AES £tudies a basic under£..ta;:.din.s 
of both the rates and mechanisms cf sulfur removal from :\i sur!:'aces 
and have shown ef cts of sulfur removal pararee:ers. 

I have demonstrated t':at the directions indicated 1: 
the AES studies lead to the comrlete regeneration of sulfur-· 
poisoned catalysts. 

The Ni/Zr0 2 results point the direction to a new class cJ 
catalysts. Our studies indicate the need for detailed funda
mental characterization. Major emphasis of our future work will 
be on the characterization of this and related catalysts in this 
class. itional work will concentrate on further quanti-
fication of the intervention of sulfur with metals. 



HETEROGENEOUS CATALYTIC PROCESSES 
I NV olvf~TGMEfHAN-E 

John T. Yates@ Jr.~ Theodore E. Madey, D. Wayne Goodman 
· and Richard D. Ke 11 ey 

National Bureau of Standards 
Washington 0 D. C. 20234 

Research Scope and Objectives 

The overall objective of this research is to understand at the 
molecular level the operation of heterogeneous catalytic processes 
of importance to energy-related technologies. Among these are the 
catalytic synthesis of CH from CO and H {methanation reaction) 
on Ni. RuD and other meta~s, the mechani~m of catalytic poisoning, 
and the activated catalytic decomposition of CH4. 

Brief Description of Research Effort 

1. Catalytic Methanation 

The kinetics of the reaction of CO and H to produce CH over 
Ni single crystal surfaces is being inve~tigated start1~g with 
atomically clean Ni, Precise kinetics measurement over a wide 
pressure range are combined with Auger spectroscopy to study 
the synthesis of CH4 and the surface species which are 
produced during reaction. 

The influence of poisons is being studied in an attempt to 
understand the fundamental features of catalyst deactivation. 
Exploratory studies of catalytic activity for the methanation 
reaction is being carried out among elements not previously 
known for their ability to catalyze the methanation reaction. 

2. Laser Excitation of Chemisorption and Surface 
Decomposition of CH4 

The interaction vibrat1onal1y excited CH with transi on 
metal surfaces leading to chemisorption is %eing explored 
using single photon vibrational excitation of CH4. 

1. Catalytic Activity of Ni(lOO) 

In Fig. 1 is shown the Arrhenius plot for the rate of synthesis 
of CH4 over N1 (100), For comparison, rate measurements for 
the same reaction over supported Ni catalysts are shown. The 
remarkable agre~nent in rates and activation energy suggest 
that the single crystal studies are closely relatable to the 
operation of real technical catalysts. and suggests that little 
structural sensitivity exists for this reaction. 

11. 
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Auger spectroscopy indicates that surface oxygen is virtually 
absent but that a small amount of "carbidicH carbon is invariably 
present on the Ni(lOO) surface during reaction. The carbidic 
species may be remov by hydrogenation, Kinetic studies 
suggest that the specific r~te of formation of the carbidic 
species and the rate of CH4 synthesis are the same. 

3. Poisoning of Ni(lOO) 

Sulfur poisoning has been o erved to cause 
. rate of methanation. Iron poisoning (from 

the formation of a "graph it 1 c" carbon 1 ayer 
show activity for the methanation reaction. 

4. Unsuspected Catalytic Activitl 

a decrease in the 
(C0) 5) induces 

which does not 

Both tungsten and rhenium have been shown to exhibit high 
activity for the methanation reaction when prepared in 
atomically clean condition. 

5. Laser Activation of CH4 Chemisorption On Rh(111) 

It has been shown that direct excitation of the excited v3 and 
2v vibrational modes of CH does not induce appreciable 
ch~isorption of CH4. The fie~er limit of reaction efficiency 
of these two states is - 10 , This exp~rimenta1 finding 
suggests that the therma1 decomposition of CH4 on Rh (and 
possibly other transition metal surfaces) may proceed via 
hydrogen atom tunnelling from higher excited states, 

The catalytic activi of the Ni{l11) surface 11 be studied in an 
attempt to characterize the of surface geometry on reactivity. 

Studies will be initiated of possible ing of a Ni single 
crystal sphere during the methanation reaction. using scanning 
electron microscopy to characterize morphological changes. Carbon 
deposition on the single crystal sphere wi11 be studied 1n a further 
attempt to detect whether this process is structure sensitive under 
reaction conditions. 

Studies will be initiated to investi te the methanation reaction 
over Ru(001) using modern surface measur~1ent techniques. 

Survey investigations of catalytic activity for methanation will 
be extended to Mo. Ta. and Sm. 

12. 



Figo 1. Arrhenius Plot of Rate of Catalytic Methanation over Ni(100). 

H2/CO ,., 4:1 

P "' 120 Torr 
-1 Ea "' 24.7 kcal mole 

Dashed curves are rate data over various technical 
Ni catalyst surfaces. 
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REACTIVE INTERMEDIATES IN CATALYTIC HETP,J..l.;ATION 

Jack H. Lunsford 

Department of Chemistry 
Texas A&M University 

College Station, Texas 77843 

Research Scope and Objectives 

This research program is devoted to two aspects of synthesis 
reactions involving carbon monoxide and either hydrogen or water. 
One objective is to determine the catalytic properties of small 
metal clusters within zeolites,and the other is to explore the im
portance of gas phase radicals which are formed on catalytic sur
faces. 

Description of Research Effort 

The study of small metal clusters within zeolites not only in
cludes kinetic measurements, but also extensive characterization of 
the catalysts in order to determine metal particle size, location of 
the particle with respect to the zeolite structure, and metal-support 
interactions. Because of their three dimensional structure with regu
lar cages up to 13A in diameter, zeolites serve as an effective matrix 
for very small metal clusters. Furthermore, local fields within zeo
lites potentially give rise to strong metal-support interactions. We 
are presently involved in a study of Ru, Ru-Ni, Ru-Cu and Rh clusters 
as catalysts for the synthesis of methane. These metals in the zeolite 
and on other supports are being compared in order to evaluate the effect 
of particle size and/or support interaction. X-ray photoelectron spec
troscopy (XPS) has been extensively employed to determine whether the 
metal remains in the zeolite and to determine the extent of interaction 
between the metal and the zeolite. 

The other major theme of this research has been the formation and 
identification of radicals which enter the gas phase after being formed 
on catalytic surfaces. In these experiments reactants are passed over 
a heated catalyst bed and the resulting gases are trapped in an argon 
matrix at ~lOK. The matrix which is formed on a sapphire rod is lowered 
into a microwave cavity and the electron paramagnetic resonance (epr) 
spectrum is recorded. Since the technique is novel and such factors 
as the lifetime of the radicals were not known, we have chosen for our 
initial system the reaction propylene with bismuth-molybdate. There is 

15. 



considerable kinetic evidence which indicates that gas phase radicals 
are produced during this reaction. With minor modifications both the 
reactants and may be easily varied. 

Ruthenium in zeolite-Y has been extensively characterized with 
respect to particle size, particle location, binding energy shift and 
catalytic activity. In the absence of oxygen the metal clusters are 
stable within the zeolite cavities, although it was noted that the 

e e 
particles grow from <lOA to ~13A as a result of the catalytic reaction. 

There is a decrease in turnover number as the reaction proceeds 
although this phenomenon is reversible with subsequent treatment of 
the catalysts in pure hydrogen. The zeolite has a negative affect 
on the activity of the Ru for the methanation reaction; that is, the 
activity is less in the zeolite· than on alumina for comparable loadings. 
As anticipated, copper atoms significantly decrease the activity of 
the catalysts, presumably by diluting the Ru atoms at the surface of 
the clusters. Ruthenium-nickel clusters exhibit an activity inter
mediate between the two metals, although at relatively high loadings 
the activity of the catalyst is significantly stabilized with respect 
to time on stream. 

Our system to detect gas phase radicals has confirmed that 
~-allyl radicals are indeed formed when propylene reacts with a bis
muth-molybdate catalyst in a temperature range of 370°-600°C which 
corresponds to the normal range for acrolein production. These re
sults establish (a) that the TI-allyl radicals are generated on this 
surface, and {b) that the radicals have a finite lifetime in the 
gas phase. Upon addition of o2 to the gas stream the epr spectrum 
of a peroxy radical was observed instead of the spectrum of the 
allyl radical. This radical is believed to be the allyl peroxy 
radical which is formed after the gases leave the heated zone, since 
the peroxy radical is thermodynamically unstable at elevated temper
atures, 

Emphasis on metals in zeolites will shift from RuY to RhY for 
which preliminary evidence has indicated that CH4 may be produced 
directly from the reaction of CO with H2o. It is necessary to ex

whether this reaction occurs apart fr~n an intermediate water= 
gas shift reaction. In any event the reaction is most interesting 
and extensive experiments will be carried out to determine the 
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mechanism, as well as to characterize the catalyst. 

The production of gas phase radicals by heterogeneous reactions 
opens up a new field of study in catalysis. The general occurrence 
of the phenomena seems to be a paramount question at this point; 
thus, we plan to study a variety of reactions and catalysts, including 
the reaction between CO and H2• A mass spectrometer is being added to 
our apparutus so that we may obtain a total analysis of the product 
stream. In addition, we need to establish more quantitatively the 
absolute number of radicals that are generated per unit of time. 
This will be accomplished by using spin-trapping molecules. 

17. 



SURFACE STRUCTIJRE FROM PHOTOELECTRON SPECTROSCOPY 

David A. Shirley 

Materials and Molecular Research Division 
Berkeley Laboratory 

Department Chemistry 
University of California 

ey & i 94120 

Research ectives 

This is a component of a program on Photoelectron Spectroscopy. The 
objective is to develop techniques based on synchrotron radiation and 
photoelectron spectroscopy for characterizing the atomic and electronic 
~tructures of surfaces, with and without adsorbate overlayers. These 
techniques are then applied to prototype systems. 

Description of Research Effort 

ectronic structure of bulk metal single crystals is studied by 
angle-resolved photoemission. using a new spectrometer that allows two
circle rotation of the electron analyzer. Valence-band dispersion rela
tions can be studied. as can surface electronic states. 

Atomic structures (i.e .• relative locations of atoms) are studied 
for systems using angle-resolved photoemission, photoelectron diffractiont 
and EXAFS. 

This program makes use 
range. which is uniquely 
Laboratory. 

synchrotron radiation in the 10-1000 eV 
able at Stanford Synchrotron Radiation 

Angle-resolved photoemission studies of single-crystal Ag(lll) and 
Cu(lll) have established the validity the direct-transition model up 
to 200 eV, have allowed the valence bands to be mapped in this energy 
range, and have identified presence of indirect transitions. Thermal 
diffuse scattering in photoemis has been unambiguously identified 

the first time. 

Stepped crystals were studied by angle-resolved photoemission. In 
Cu(2ll), the valence bands were found very similar to Cu(lll). and a sur-
face state was discovered, normal to Cu(lll) terraces. In Pt(211) 
the photoemission spectra are very different from Pt(lll), indicating a 
substantial charge redistrib~t 

18. 
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Adsorbate molecular orbital intensity enhancement was observed at the 
minimum (lw "" 130 eV) Pd(4d). in the em Pd/CO. 

Normal photoelectron diffraction, observed previously Pt/CO. was 
applied to the well~charact zed systems Ni(l00)/Se(c(2x2)) and Ni(lOO)/ 
Se(p(2x2)), Four s were observed cross-section between 
90 and 250 eV photon the fourfold ''hollow'' 

is occupied in each structure, 

Research 

The platinum valence band structure 1 be fully charact 

Norw~l photoelectron diffraction will be more fully characterized and 
11 to molecular 



THERMOD!'NAM.ICS OF SULFUR ADSORBATES ON 
METAL CATALYST SURFACES 

Jon G. McCarty and H. Wise 
Solid State Catalysis Laboratory 

SRI International 
Menlo Park, California 94025 

The transition-metal catalysts employed in the production of 
substitute natural gas (SNG) are highly susceptible to deactivation 
by contami.nants in the feed derived from coal gasi.fication. To establish 
the threshold levels leading to deactivation by such contaminants as 
sulfur and halogen compounds~ our research has for its objective a 
study of reversible sulfur and halogen chemisorption under equilibrium 
conditions. The solid surfaces of interest range from small metal 
crystallites on insulator supports to single metal crystals 
of well defined orientation. The metals selected for study include Ni 1 

Fe, Cu, Ru, and Pt. 

of Research Effort 

Two experimental techniques are used in our study of the thermo
dynamics of sulfur chemisorption. For the more highly dispersed alumina
supported metals we employ a recirculating gas system. Chemisorption 
isotherms and isosteres, as well as the chemical potential of sulfur 
are being measured in order to derive the thermodynamic parameters~ 
such as heats and entropies of adsorption, and (2) to determine the 
effects of crystallite size and support material on the chemisorption 
equilibrium. For the single crystal metal surfaces of known orientation 
an ultrahigh vacuum system and electron spectroscopy are employed 
to measure the equilibrium surface coverage as a function of temperature 
and sulfur activity. The low concentrations of H2S in H2 are obtained 

effusion of H2S from a permeation tube into a stream of hydrogen 
purified by diffusion through a Pd thimble. For calibration of the very 
low concentrations of interest to this study a solid-state electro-
chemical cell is used. 

Enthalpies and entropies of sulfur chemisorption have been obtained 
from the isosteres for powdered Ni, Ni/a-Al203 1 Ni/y-Al2o3 and the (100) 

1 
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face of the Ni crystal. The enthalpy of adsorption has been found to 
decrease with increasing sulfur surface coverage, approaching the heat 
of formation of three-dimensional Ni3S2 • 

For the Ni/~-Al203 catalyst at a typical methanation temperature 
of 600 K the upper limit in partial pressure ratio H2S/H2 for less than 
half coverage with sulfur is estimated to be less than 10-2 ppb, a value 
several orders of magnitude smaller than the H2S impurity level in "clean" 
industrial feed gas (HzS ~ 500 ppb). Also our results demonstrate the 
inefficacy of removal of chemisorbed sulfur on Ni by reaction with H2 at 
this temperature level. 

Future Research 

Measurements of chemisorption equilibria are being extended to the 
other metal systems. The work with single crystals will examine 
the role of surface orientation on sulfur chemisorption equilibria. In 
addition the chemisorption thermodynamics of the HCl/H2 system will be 
studied using the same experimental techniques. Theoretical models of 
chemisorption with repulsive interactions are being analyzed, in order to 
provide quantitative information on the adsorbed state as reflected in 
the variation of the thermodynamic properties of the systems under study. 
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SURFACE CHAF~CTERIZATION OF METHANATIOl\ CATALYSTS 
BY X-RAY PHOTOELECTRON SPECTROSCOPY 

P. J. Reucroft 

Institute for Mining and Minerals Research 
Kentucky Center for Energy Research Laboratory 

and 
Department of Metallurgical Engineering and Materials Science 

University of Kentucky 
Lexington, Kentucky 40506 

The research objective is to obtain a better understanding of chemical 
and thermal deactivation processes in metal methanation catalysts 
by employing surface characterization techniques. 

Description of Research Effort 

The surface characterization studies have been divided into two parts. 
In the first part the aim has been to determine the chemical state of nickel 
and sulfur in fresh, methanation tested and sulfided coprecipitated nickel 
methanation catalysts. The characterization studies on Ni/A1203• Ni/MgSi03 
and Ni/Cr/MgSi03 catalysts have shown that a significant fraction of the 
retained sulfur is in the sulfate form in the Ni/Cr/MgSiOJ catalyst in com= 
parison with the single metal systems. In addition, the total sulfur reten
tion in the Ni/Cr system is approximately one half that observed in the Ni 
systems. Catalyst activity tests have shown that Ni/Cr/MgSi03 catalysts 
retain greater methanation activity (60-80% CO conversion at 593° C) after 
severe sulfiding treatment 9 in contrast to other nickel based catalysts. The 
latter systems are rapidly deactivated after sulfiding treatments (7-12% CO 
conversion). The characterization studies indicate that the improved per
formance of the Ni/Cr/MgSiOJ system appears to be associated with a lower 
affinity for sulfur in this system and a tendency to retain sulfur 
as sulfate rather than sulfide. 

In the second of the project, studies on the effect of thermal 
treatment on the intensity of the nickel 2P3/2 signal relative to that of the 
aluminum 2s 1; 2 signal have been initiated in a range of alumina supported 
nickel catalysts. The results show that the (Ni/Al) intensity ratio decreases 
as the thermal treatment produces catalyst crystallite sintering. in quali= 
tative agreement with the predictions of a simple model. 

In future work, the studies on sulfided catalysts will be extended to 
other catalyst systems. such as impregnated ts, and the effect of 
different supports and metals will be inve~tigated. The use of photoelectron 
spectroscopy to study catalyst sintering phenomena will be further developed 
in the next phase. More detailed measurements will be carried out on the 
effect of time and temperature on the spectral intensities. 
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CHEMICAL POISONING IN H!TEROGE~EOUSLY 
CATALYZED REACTIONS 

Steven L. Bernasek 

Department of Chemistry 
Princeton University 

Princeton, New Jer~ey 08540 

Research Scope and Objective~ 

The objective of our research is the understanding of the 
microscopic mechanism of chemical poisoning of heterogeneous re
actions. This understanding requires information concerning the 
structure and composition of adsorbed poison overlayers, as well 
as the effect of these adsorbates on the dynamics of model hetero
geneous reactions. 

Description of Research Effort 

Our research effort has developed along two lines; the deter
mination of poison overlayer structures by low energy electron dif
fraction, (LEED), and the investigation of the poisoning of model 
heterogeneous reactions on molybdenum and cobalt single crystal 
surfaces. 

23. 

Our work in the determination of overlayer structures by LEED 
has concentrated on the development of a computer controlled vidicon 
densitometer for the extraction of photographically recorded LEED in
tensities. This system has proven to be a rapid, effective and con
siderably less expensive alternative to standard methods of LEED in
tensity data collection. It has been used in a constant momentum 
transfer averaging (CMTA) analysis of the clean Mo(lOO) surface, and 
is presently being used to analyze nitrogen and sulfur overlayers on 
this surface. The use of this vidicon densitometer system in con
junction with the CMTA method, allows rapid choice of plausible sur
face structural models for use in mechanistic studies. 

Studies of the poisoning of model heterogeneous reactions have 
concentrated on the decomposition of formic acid, methylformate, and 

thanol on sul r poisoned molybdenum surfaces. Hardware has been 
constructed and software written to allow minicomputer control and 
data collection in thermal decomposition measurements of these sys
tems. This enables us to monitor several possible product peaks as 



well as desorbing poison molecules during thermally induced hetero
geneous reactions. It is also possible to collect Auger informa
tion concerning surface composition during the thermal desorption 
process. Our studies of the sulfur poisoned formic acid decomposi
tion on molybdenum suggest a major change in the decomposition 
mechanism for very low sulfur coverages. 

Future Research 

Our future effort will continue along the lines discussed above. 
LEED intensity data for the more complex sulfur overlayer structures 
will be obtained, and compared with possible structural models. We 
hope to continue with preliminary adsorption studies on cobalt single 
crystal surfaces. Further investigation of the poisoning of formic 
acid decomposition by sulfur is underway, and will be extended to 
other model reaction systems. Software development is underway for 
modifications to our experimental system to allow limited surface 
structural information to be obtained during a thermal desorption 
process. 
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EFF:CCTS OF XETAL-SCPPORT INTERt\CTim;s AND METAL CRYS'IALLITE SIZE m; 
CARBON MO;-.;OXIDE HYDROGENATION REACTIONS 

}L A. Vannice 

The Pennsylvania State University 
Department of Chemical Engineering 
University Park, PA 16802 

Research Scope and Objectives 

The broad objectives of our program are: 1) to increase our 
fundamental knowledge about the nature of metal-support interactions 
and metal crystallite size effects; 2) to determine the influence of 
these effects on the adsorptive and catalytic behavior of dispersed metal 
particles toward CO and Hz; and 3) to improve catalyst selectivity and 
activity in CO hydrogenation reactions. 

Description of Research Effort 

Our approach in this study involves the construction of a dif
ferential, plug-flow reactor which also acts as an infra-red cell. Infra
red spectroscopy will be used to identify the different adsorbed states of 
CO and Hz, especially the former, which exist under both equilibrium ad
sorption conditions and steady-state reaction conditions. Effects attribu
table to metal-support interactions or crystallite size can be revealed by 
variations in the relative surface concentrations of different forms of 
adsorbed CO. Gas chromatographic analyses taken simultaneously with ir 
spectra will allow us to determine if correlations exist between catalytic 
properties and th~ different adsorbed states of CO. The CO hydrogenation 
reaction was chosen as a probe reaction due to the large variations which 
can occur in selectivity and its future importance in the area of energy 
conversion. 

Our interest at this time is focused on three supported metal 
systems which have provided evidence for the previously mentioned effects-
Pt, Pd~ and Ni. These catalysts are being prepared in our laboratory and 
will be thoroughly characterized by chemisorption of hydrogen, oxygen, and 
carbon monoxide and by x-ray diffraction measurements. We also plan to use 
transmission electron microscopy to gain further information about the state 
of the metal crystallites. Different preparative techniques will be used 
to alter the metal dispersions of these catalysts, 

Progress to Date 

The first portion of this program involves the preparation of a 
series of supported Pt and Pd catalysts, Platinum was deposited on four 
different support materials--alumina, silica, silica-alumina, and carbon, 
and a study was made of two principal preparative variables--the type of Pt 
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salt used and the amount of water employed. We found that chloroplatinic acid, 
HzPtC16, gave higher dispersions than tetrammine platinum nitrate, (NH3)4Pt(N03)2, 
and that the incipient wetness impregnation technique, which employs only the 
amount of water required to fill the pore volume of the support, produces better 



dispersions than the use of excess water during the metal deposition step. 
Conse~uently, by the appropriate combination of these variables we could 
vary the fraction exposed (dispersion) by a factor of 20 in some cases 
without using high-temperature sintering procedures. we are presently 
involved in a similar study of supported Pd catalysts. 

We have designed and constructed an aluminum-stainless steel 
reactor/ir cell which can be heated above 400 C, and is constructed pre
dominantly from commercially available Swagelok fittings. The entire sys-
tem, including the gas handling portion, has been built and some preliminary 
runs have been made. On a highly-dispersed 2% Pt/n-Alz03 wafer (J = 98%), 
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ir peaks associated with weakly bound and strongly bound CO were clearly 
observed. When only hydrogen was present in the system, a peak can be observed 
which has previously been associated with hydrogen adsorbed on platinum. We 
are presently repeating these adsorption experiments and preparing to run 
under reaction conditions at higher temperatures. 

During the next year we will be studying the adsorption of CO and 
Hz on both supported Pt and Pd catalysts. The catalysts will also be run 
under steady-state, differential reaction conditions so that ir spectra 
and gc analyses can be obtained simultaneously. We plan to check catalytic 
behavior by conducting additional kinetic runs in a separate glass differen
tial reactor using larger quantities of catalyst powder. 

A study of nickel catalysts has started and our principal interest 
is the Ni/TiOz system. A series of Ni/TiOz catalysts is being prepared for 
characterization by chemisorption, x-ray diffraction, and electron micro
scopy. We hope to resolve the disagreement which now exists between Ni 
crystallite sizes calculated from chemisorption and those obtained from 
x-ray line broadening. After this characterization, these catalysts will 
be studied in the infra-red/reactor system. 



CATALYTIC REACTIONS ON WELL CHARACTERIZED SURFACES BY 
ac TECHNIQUES 

John A. Stroz 

Brookhaven National ~aboratory-Phys s Department 
Upton, New York 11973 

Research Scope and Objectives 

The object of our catalysis program is to better understand 
the kinetics of simple catalytic reactions on well characterized 
surfaces under "clean" (ultrahigh vacuum) conditions* Reactions 
studied include the oxidation of CO and H2 on Pt and Pd. 

Description of Research Efforts 

The experimental part of our research involves both charac
ter ation of the catalytic surface by LEED and Auger and sub
sequent kinetic studies on the characterized surface. Provisions 
are available for cleaning in situ by ion sputtering and heating 
in a reactive gas atmosphere. The kinetic studies are carried 
out by modulating reactant gas phase pressure and recording 
the ac and de product response mass spectrographically using 
phase sensitive techniques. The reactant sure modulation is 
accomplished by a fast (2 msec rise time) p lectric ultrahigh 
vacuum valve which periodically introduces a fixed amount of re
actant into the system. 

Concurrent with the experimental work, theoretical analyses 
on a reaction model which includes both Eley-Rideal and Langmuir
Hinschelwood mechanisms are carried out. Both exact computer 
solutions and analytic approximations to the rate equations have 
been obtained. The theoretical work used to compare reaction 
mode and deduce rate constant parameters from the experimental 
data. 

Progress to Date 

The following systems have been investigated: 1) catalytic 
oxidation of CO on Pt and Pd1 2) catalytic oxidation of H2 on Pd; 
3) compet ive oxidation of a CO, H2 mixture on Pd. In the 
case of the co oxidation on Pt, a complete set of rate constant 
parameters and density of active sites has obtained. 
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Preliminary results on the mechanisms of H2 oxidation on Pd indi
cate an intermediate oH- rad 1. Rate constants on this reac
tion have been estimated. 

It proposed to carry out the above type experiments with 
the prov ion to do photoemission spectroscopy on the surface 
spec during catalysis. The role of photoemission would be to 
quantitatively follow the surface species concentrations as a 
function of temperature and pressure. Theoretical analysis of 
the rate equations y ld the surface species concentrations. 
Comparison of the theoretical concentrations with the photoemis
sion data allows a more direct means of following, in detail, 
the actual reaction steps on the surface. 

28. 



PTION M'TI CATALYSIS U:r..'TIER 
. urJ.-LU.ur.c• VACUtJM CONDITIONS 

to develop electron-spin resonance 
adsorption catalysis on clean and well character-

onto surface~ 

kinetics, 

The initial our 
This involves the construction 
to permit high sensitivity studies 

""'''"'"" ultra-high vacuum (UHV) conditions. To 
of ESR UHV techniques, which we shall 

vacuum 

various clean gases 
and surface reaction 

to develop the ESR-tJHV technique. 
that with the ESR spectrometer 
conditions to about 10-10 torr. The 

heart of the design is UHV-ESR resonant microwave cavity which must simul
ta.neously 1) have "'""'"'"'"'"'"'"Ab 
coupling to 
integral part of the 
films onto the interior 
constraints that 

our results on a 
studies 9 with those 

(e. g. high Q, good microwave 
w.,,u.-'"'"'"'·.,...."'u microwave modal pattern); 2) be an 
3) allow for the vacuum evaporation clean metal 

microwave; 4) conform to the geometric 
into the magnetic-field gap. 

involves the actual study adsorption 
'~"lf'I"~"''ICJ> cavity. Our initial studies will be 

we to study 9 partly to test out 
system 9 which already been studied by 

on a crushed powder Vycor quartz 9 

and which may be observed9 by ESR-
surface We would plan to compare 

concentration, kinetic 

have succeeded basic UHV-ESR system . 
................... ..,.,. a cylindrical cavity that resonates in the TEOll mode that 

is antenna-coupled via a feedthrough to microwave bridge, and that is 
an integral the UHV system. It also includes a feed-through with a tungsten 
heater which can be moved through one cavity stacks into the cavity 

high vacuum by used this tungsten element to 
evaporate Ag on the We have 

9 
so achieved 

29 . 



vacuum to 
whole t'HV 

vacuum. 

so 

kinetics 
which would 

the oven for 
to achieve higher 

vacuum con
to a cyclotron 

torr and/or by reducing 
is some preliminary indication 

the surface. but further 

30, 

--.,,---·- have seen, but they have 
~ signal expected, 

our ESR~ti'HV system 

uu_t-Ul<:;!J•;;;;J.Mdw"H reaction 
analysis has in

chemically~induced dynamic 
These studies suggest that 

can yield signals with appreciable 
molecular diffusion and kinetics 

our ESR-UHV system 

whether and under 
(or oxide) surface. 

NO adsorption) 
employing in situ 
form during the 

and hydrogenation. For 
formation an "active" carbon inter-

the is a 



CATALYSIS A~~ SURFACE STUDIES OF HIGH DENSITY OF STATES MATERIALS 

and 

Materials Science Division 
Argonne National Laboratory 

Research Scope and Objectives 

The purpose of this program is to investigate the relationship between 
the surface electronic and atomic structures of high density of states 
materials and their catalytic activity. Major emphasis is on intermetallic 
catalysts. The effort includes catalysis of reactions as well as surface
science techniques such as low energy electron diffraction (LEED) and Auger. 
x-ray photoelectron (XPS) ultra-violet photoelectron (UPS) and inelastic 
electron loss (ELS) spectroscopies. 

Description of Research Effort 

Since this was a new program. considerable effort has been spent on 
equipment development and assemby. Current capabilities include LEED. 
Auger. XPS, UPS. and ELS - primarily in the angle integrated mode. A 
reaction line for catalytic studies up to 600 psi has been completed. 

Studies have been made of the (100) face of Uir 3 (ordered AuCu3 
structure). Compounds with Ir are of interest because comparisons may be 
made with Ir metal. which is a broadly active catalyst. The equilibrium 
clean surface forms a reconstructed structure. which may be explained by a 
model similar to that invoked to understand the reconstruction of lr(lOO). 
Adsorption of CO on the clean surface did not produce any new structures 
at room temperature. However reaction with o

2 
at elevated temperatures led to 

the formation of a uranium oxide. 

An ELS and LEED study of CO adsorption on Pd(OOl) and Pd(OOl) 6° [110] 
was carried out. No differences in the electronic structure were noted 
via ELS due to CO adsorption. However. differences were noted in the respec
tive LEED patterns. It was verified that ELS yielded substrate information 
which was similar to that obtained from optical reflectivity-derived loss 
functions. 

0 Carbon overlayers have been prepared on the Pd(OOl) 6 [110] by 
electron decomposition of CO and segregation from the bulk. These have 
been found to form an oblique super-cell based on the step These 
results may have a bearing on the relationship between carbon overlayers 
and catalytic selectivity in reactions involving hydrocarbons. 

The initial oxidation of Pd(OOl) has been studied by LEED. Auger, 
and ELS. The results may be divided into three regimes: 1) Chemisorption 
structures based on the Pd(lOO) surface which include the usual p(2 x 2) and 
c(2 x 2) LEED structures. 2) Surface oxide reconstructions based on PdO 
adlayers. These include a p(S x 5) and (/5 x /S)R-27° which. however. do not 
appear to affect the electronic structure of the surface. 3) A multilayer 
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0 surface oxide formed above 800 C with a ring-like, double hexagonal structure 
which is not attributable to PdO. The last structure had significantly 
different electronic properties than the other structures. Pd(lOO) differed 
from Pd(lll) in that thermal desorption occured at a lower temperature than 
adsorption. This suggests that the low-symmetry reconstructions observed are 
not prerequisite for multi-layer oxidation, 

Future Research 

32. 

A series of Mir3 (where M=Ti, Zr, Th. Cr, Nb, U) catalysts will be 
prepared within the reaction chamber. these will be studied in typical reactions 
such as methanation, hydrogenation of ethylene, hydrogenolysis of propane, 
H-D exchange, etc. Single crystals will be grown to probe the chemisorption 
properties of the more interesting of these materials. It is hoped that 
systematics may be developed between their catalytic and surface properties. 

The properties of carbon overlayers on stepped Pd will be studied further. 
In particualr, XPS will be used to determine carbon concentrations so that 
the basis associated with each lattice point of the carbon structures may be 
determined. A high-sensitivity mass spectrometer will be used to permit 
studies of catalytic processes on Mir 3 single crystals. ARUPS will be used 
to examine the electronic properties of overlayers on the Mir3 crystals. 
The study of intermetallic-compound catalysts will be extended to other 
families of crystals. 



"Diffusion of Polyaromatics in Catalyst Supports" 
F. E. Massoth 

Department of Mining and Fuels Engineering 
University of Utah 

Salt Lake City, Utah 84112 

Research Scope and Objectives 
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This project is concerned with diffusional resistances within amorphous
type catalysts. Of primary interest is the question of whether 1arge 
multiring aromatics found in coal-derived liquids have adequate accessibility 
to the active sites of typical hydrocracking catalysts. 

Description of Research Effort 

The first phase of the project involved development of experimental and 
analytical techniques to measure the diffusion of chyrsene in two commercial 
aluminas. The technique adopted utilizes a stirred tank, batch reactor. 
The preferential uptake of the aromatic compound in an aliphatic solvent by 
the alumina is continuously monitored with a UV spectrometer. Data are 
analyzed for a combined process of adsorption and diffusion. In all cases, 
diffusion was found to be the slow step. Effective diffusivities were found 
to be higher than predicted based on pore diffusion theory. A surface 
diffusion contribution was postulated to account for the higher diffusivities. 

The second phase extends the study to larger molecules and a wider range 
of catalyst pore sizes. In all cases, the experimental diffusivities were 
again found to be appreciably greater than predicted. Although overall 
diffusion rates decreased with increasing molecular weight of the aromatics, 
the esti"mated fractional surface contribution to the diffusion rate remained 
about the same. However, for th~ largest molecule studied with the smallest 
pore size alumina, evidence of some restricted diffusion was obtained. 
Because of the complications of surface diffusion, uncertainty in the bulk 
diffusivities of these compounds, and some data scatter, it was not possible 
to confirm this effect in the other combinations. 

Future Research 

Attempts are being made to obtain more reliable diffusion data for the 
various aromatic-catalyst combinations to determine to what extent restric
tive diffusion occurs in these systems. Bulk diffusivities for the various 
aromatic-solvent combinations are being determined to better assess surface 
diffusion contributions. Studies at other temperatures wil1 be pursued to 
evaluate temperature effects on surface diffusion and restrictive diffusion 
for these systems. 



11 Characterization of CO + H?. Catalysts for 
Production of light Hyarocarbons" 

F. E. Massoth 
Department of Mining and Fuels Engineering 

University of Utah 
Salt Lake City, Utah 84112 

~esearch Scope and Objectives 

34. 

This phase of a larger project is intended to supplement reactor studies 
of catalysts evaluated for synthesis of light hydrocarbons by a detailed 
examination of catalyst properties. The objective is to identify phases 
active for catalyst activity and especially for selectivity. 

Description of Research Effort 

Work thus far has concentrated on coprecipitated CoCu/A1 2o3 catalysts. 
Techniques were developed for measuring extent of reduction a~d metal area 
present. It was found that H2 pretreatment of the oven-dried catalyst gave 
higher metal areas than the u~ual calcination followed by H reduction. 
Catalyst activities correlated well with total metal area a~ measured by 
oxygen chemisorption. A synergistic relationship was discovered in that 
metal dispersions for the composite catalys were significantly higher 
than for single component catalysts; cobalt helped to better disperse the 
copper while copper acted in reduction of the cobalt. ESCA examination of 
the Co/A1 203 catalyst showed that the unreduced cobalt is most likely 
combined with the alumina in a spinel-type phase. 

Additional studies of CO adsorption on several catalysts were made 
using infrared spectrometry and temperature programmed desorption. The 
IR results showed only absorption peaks attributable to copper and a 
possible copper-cobalt alloy (or cluster) for the composite catalysts. 
Significant differences between various compositions were obtained by TPD. 
Although not unequivocal, these results, in conjunction with catalyst 
selectivities, seemed to indicate two alloy phases to be present, an 
indeterminate mixed phase and one copper-rich phase. The former appeared 
to be responsible for high selectivity to c2-c4 products. 

Future Research 

Research has been initiated into characterizing several promoted iron
based catalysts which have been found to give superior results in resent 
tests. Similar characterization techniques are planned for these catalysts. 



SURFACE CH.Ak:\CTLJ\lZATlOt' OF CAT/\l.\"11 CALLY ACTl \'L 
METAL, ALLOY, AND COMl'uUND FlL111S 

Richard W. Vook 

De~?~~mp~t of rhe~iccl EnginP~ring and Mat~rials Science 
Syracuse Univt:!rsity 

Syracuse, N~w York 13210 

Research Scope and Objectives 

The aim of our research is to correlate in a quantitative manner various sur~ 
face microstructural, topographical, and chemical features of thin epitaxial de
posits with their catalytic activity in specific chemical r~actions. 

Description of Research Effort 

35, 

Our recent work has been concerned with characterizing the microstructures of 
the initial stages of the epitaxial growth of (lll)Ag on (OOl)Cu, (lll)Pt on (111) 
Au, and (lll)Pd on (lll)Cu. The procedures used in growin~ these films involve an 
air cleaved mica substrate on which approximately 150-200 X of smooth, epitaxial 
NaCl is grown at room temperature under UHV conditions. A smooth 1200-1500 X thick 
epitaxial metal film is then grown on the NaCl at a few hundred degrees centigrad~, 
depending upon the metal used. This latter metal film is the substrate on which 
the catalytically active, thin epitaxial overgrowth is formed. The average thick
nesses of the films are determined by a quartz crystal thickness monitor located 
next to the substrate. 

There are several advantages to the~e techniques. The surfaces are formed under 
ultra high vacuum conditions and examined in situ by UHV~RHEED and AES techniques 
for structural and chemical information. They are never subjected to ion bombard
ment sputter cleaning techniques which damage the structure, leave atomically :rough 
surfaces and must be subsequently annealed. Also the topographical characteristics 
of the thin epitaxial deposits depend l.argdy on material properties and experimen~ 
tal techniques that can be controlled. For Hxample, compl~tely continuous 1-2 mono
layer thick epitaxial copper films have been grown in our laboratory. On the other 
hand, flat island, three dimensional island and Stranski~Krastanov growth modes have 
also been observed for other systems. · 

Perhaps the main udvantag(;: of these thin film techniques is ttw possibility of 
doing high resolution transmission t:!lectron microscopy on them after they hav~.: been 
removed from tht:! vacuum system. dt!tacht;d from their substrat~s by imn1ersion in water, 
and mount~d on standard 'l'EM grids. Whili:! this trt!wlmt:nt may be expcct~d to alter 
the surface topography. there is no !:!Vidence to datu thwt such is th~ case in the 
systems that have been examined. 

Our efforts have be!:!n concentrated on large misfit systt!ms so that misfit dis~ 
locations would be present during the initial growth stagl:!s. It is the pr~sence of 
such misfit dislocations which allows one to "st;e" on~.; monolayer or fractional mono
layer overgrowths even when there is no diffraction contrast (i.e. no detectable TED 
pattern) from the overgrowth. Thus it is possible to measure crystallographic ori-
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~ntation, surface coverage, island size. island ~dg~ length/em-, island ~Jg~ ar~il/ 
cm2, and the numb~r of misfit dislocation inters~ctions witlt th~ island ~dg~s/cm2 
for ~ach type of misfit dislocation pr~sent. Mor~ov~r. sampl~ preparation t2ch
niques can be varied to change these quantities. In addition RHEED m~asur~m~nts 
as a function of overgrowth thickness give the thickness depenJ~nct> of strCJin in 
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the overgrowth from l monolay~r up. Other more traditional measurements of imp.:r
f~ction contunt can also b~ mad~, such as fur examplu the density of surface inter
sections of threading dislocations and stacking and twin fault d~nsities. All these 
quantities can be curr~lated with cat~lytic activity as measured by quadrupol~ mass 
spectrometer techniques. 

Prosress to Date 

The first system studieu was t!te (lll)Ag/(OOl)Cu system. This system mily be 
useful in catbllytic studies of the oxiJatlon of ethylene. It m.JY also bt: u:o;eJ a;,; 
u wdl characterized substrate for subsequent deposition of another catalytically 
active material such as Pt or PJ. The growth n1ode of (lll)Ag on (OOl)Cu consists 
of two sets of elongated flat islanJs oriented by 90° witll respect to each other. 
At th~ Ag/Cu interface are two sets of misfit dislocations also at 90° with respect 
to each other. The Burgers vector for one set is in the interface plane whil~ for 
the other set it is directed out of the interface plan!:!. Thus the TEM and TED work 
allow one to measure a great many quantities of interest in catalytic reactions. 

At the present time work on th~ (lll)Pd/(lll)Cu and (lll)Pt/(lll)Au systems 
is being carried out. Tht! mlcro~tructural studies in the former co.Sl' have bctOn 
carri~d out down to 5 ~ thick (approximately two monolayers) Pd overgrowths formed 
at room temperature. These layers are still completely continuous and have misfit 
dislocations at the interface. Strain and misfit dislocation density measurements 
will shortly be carried out. It is already clear however that these two quant1t1es 
depend upon the Pd thickness. The next few experiments will concentrate on mono
layer and fractional monolayer films. 

The work on Pd/Cu has proceeded much further than work on Pt/Au because of 
technical problems associated with the evaporation of Pt. These problems have now 
been overcome. It was found that a 15 ~ Pt film grown on (lll)Au at 120°C was com
pletely continuous and that higher temperature depositions resulted in alloyin~ 
ph~.:num.:na. Much oore work needs to bl.:! done to ch<.H<:Jcterize this system. 

Future Research 

It is expPcted thilt: both rhe (lll)Pd/(lll)Cu and (lll)Pt/(lJl)Au systems will 
be completely characterized during the pr~s~nt contract year. Som~ catalysis studies 
will be carried out also. The initial reaction of intt:!rt:st will be the oxiJat ion 
of CO to co

2
, but other possibilitiet;; are the oxldi.!tlon of 11 2 to 1120 and 11-U t:xt.:l.lwnge. 

The plans are to find an epitaxial system/catalytic reaction combination which w1ll 
give the greatest possible insight into tlw physical and ctwmical mechanisms that 
are important in catalysis. 



FUNDAMF.NTAL FACTORS IN CATALYZED REACTIONS 

Robert M. Fi • I.) A. Szirmae 

The overall 
tors controlling 
water vapor 

gasification of coal 
rates of sification 

litic graphite and 
catalyzed by Fe, Ni, 
temperatures 750°C 
monitored 
content of the effluent 

Research Laboratory 
ia 15146 

program are to determine basic 
ification of carbon by hydrogen 

these factors to the 
objective, 

highly oriented 
high purity polycrystalline carbon compacts 

Cu and the binary alloys at 
-H20 atmospheres have been 

measurements of the CO and CH 4 
s and scanning electron 
ize the size and dispersion microscopy 

catalyst partie 
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spectroscopy 

and morpholog the reaction sur 
segregation in alloy catalysts have been 

spectroscopy. spectroscopy and Auger 
used to obtain evidence dissolution of 
Similar experiments have recently been C ) by the 

initiated to catalytic ac of mineral-derived phases 
chars. 

Gasification di forms carbon have 
studied so a variety of observat 1 techniques could 
to characterize catalysis sification reactions. 

been 
used 

At 
this stage, the research program can scribed most easily in 
terms of form and observation techniques. 

1) Var in the of reaction channels have been 
by scanning transmiss e microscopy for vapor-

deposited catalysts on single crystal natural flakes 
chromator oriented At 1000°C in wet H2 , the 
activity of spherical iron part les form wide 
At lower temperatures (800°C) in wet H2 , the channe resulting from 
Fe-catalyzed ification of carbon are narrow initiate at the 
ledges on the cleaved sur At 1100°C in H2 , very broad 
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carbide on the catalyst sur ce 
no carbide on the free surface. 
during cooling from the reaction 
presence of s ificant amounts 

jacent to the reacted carbon and 
In this case, the carbide forms 

ture indicates the 
dissolved in the catalyst. 

4) Studies have been ini ted to explore the catalytic 
activity mineral-derived coal chars. Coal ash and coal 
char mineral components have been c sified into several catagories 
using the combined techniques of optical microscopy, dispersive 
x-ray analysis in scanning electron microscopy Mossbauer 
spectroscopy. The catalytic activity of each mineral group with 
respect to the gasification of the carbon forms described above is 
now under investigation. Initial results indicate a strong corre 
tion of activity th mineral content and ation. 

Future Work 

Efforts will be concentrated on 

1) Completing a quantitative model for catalytic pitting and 
channelling by individual particles. 

2) Determining surface composition of alloy catalysts. 

3) Attempting to interpret relative reaction rates for pure 
metals and alloys in terms of ic studies elsewhere of oxygen 
adsorption and migration. 
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CHEMICAL INFORMATION IN AUGER SPECTROSCOPY 

R. R. Rye, J. E. Houston and D. R. Jennison 
Sandia laboratories, Albuquerque, NM 87185 

Research Scope and Objectives 

The overall goal of our research is to systematically develop 
the ability to identify the l0ra1 chemical environment about ad
sorbed species using various electron spectroscopic techniques. 
The basic plan of the program is to employ gas phase molecules as 
absolute standards of spectroscopic behavior and to employ a joint 
experimental-theoretical effort to develop the methods of spectral 
interpretation in terms of molecular orbital composition. The 
development of a sufficient fingerprint level data base coupled 
with a gradual approach to the room temperature (or higher) chemi
sorbed state will permit the identification of the local electronic 
structure of chemisorbed species. Such information is a necessary 
first step in approaching the question of surface intermediates, 
knowledge of which is extremely important in establishing detailed 
catalytic mechanisms. 

Description of Research Effort 

Initial experiments using electron excited Auger Electron 
Spectroscopy, applied to some 19 chemically correlated molecular 
species, has clearly demonstrated the sensitivity of this technique 
to the electronic structure local to a given atom in a molecule. 
For example, dramatically contrasting spectra are obtained for the 
sp 3 carbon in methane, the sp 2 carbon in ethylene and the sp carbon 
in acetylene, while carbon spectra differing in fine but easily 
observable structure are obtained for CH4, CH,OH, CH 3 NHz and the 
set of normal alkanes through Cs. 

An accurate theory for the analysis of molecular core
valence-valence Auger spectra has been developed whi_ch requires 
only two SCF calculations: one on the neutral molecule and one 
on the initial state with the core hole present. This theory, 
which employs hole-hole repulsion and static relaxation corrections 
to first ionization potentials, has successfully interpreted ten 
molecules ranging in size from HzO to C3 He and CH 3 CN. From these 
results, Auger spectroscopy has been shown to measure something 
quite different from photoemission spectroscopy: the distribution 
of atomic (as opposed to overlap) charge populations across the 
valence levels. Solid state results on Si, Li, Be and Cu have been 
successfully interpreted in terms of band theoretic results or, in 
the case of Cu(MxVV), a combination of localized and band like 
(delocalized) final states. Metallic Auger CVV line shapes have 
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been shown to be influenced by the short range screening of the 
initial-state core hole. Theoretical analysis of the Be(KVV) and 
Cu(M 1 VV) spectra have shown the partial-wave character of the 
screening charge to be largely s-like in these materials~ in agree
ment with the excited atom model. This unique aspect of Auger 
spectroscopy~ the determination of the screening (i.e.~ charge 
transfer) ability of the environment, is particularly important 
for the characterization of organo-metallic complexes (as observed 
experimentally) and chemisorption systems. 

Comparison of results for the gas and solid phases of H20. 
CH,OH and (CH,) 2 0 show that Auger spectra are sensitive to re
latively weak intermolecular interactions. The carbon spectra in 
both phases are identical (as expected) since in neither (CH3)z0 
nor CH30H is carbon involved in intermolecular bonding. Large 
differences~ however~ are observed in the oxygen spectra of HzO~ 
and to a lesser extent in CH 3 0H, which reflect the hydrogen bonding 
interaction that directly perturbs only the oxygen site. 

Due to extensive electron induced damage 9 it was necessary to 
use x-rays instead of electrons for the initial state core-hole 
excitation of these molecular solids. For example~ in the case 
of methyl ether electron damage gave rise to Auger line shape 
changes which indicated the formation of higher molecular weight 
alkanes. This was subsequently confirmed by mass analysis of the 
thermal desorption products from the damaged molecule solids. 

F 

The future of the work just outlined (both experimental and 
theoretical) will be towards the extension chemisorbed systems. 
This work will initially be at low temperature to reduce, to the 
extent possible, side reactions. Concurrent work will continue on 
gas phase systems in order to expand the data base. In addition, 
as a potential model r adsorption systems we p1an to study a 
series of transition metal complexes (of interest in their own 
right for catalysis) in order to investigate the molecular screen
ing process where metal atoms are involved and to determine changes 
in the metal 1

S electronic structure as a function of ligand sub
stitution. Since the chemical reaction of adsorption involves 
both the surface and the adsorbate, chemical characterization of 
this system requires that one able to determine both changes in 
the chemical state of surface metal atoms and the spectrum of 
adsorbate intermediates present during the course of a surface 
chemical reaction. 
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ANALYSIS OF CHEHISTRY AT ION!CALLY BONDED SURFACES BY 
ELECTRON STI11ULATED DESORPTION (a) 

M. L. Knotek and P. J. Feibelman 

Sandia Laboratories 
P. 0. Box 5800 

Albuquerque, New Mexico 87185 

Research Scope and Objectives 

We have recently discovered that a fundamentally new mechanism 
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is responsib for electron stimulated desorption (ESD) from ionically 
bonded surfaces. Specifically, ESD proceeds by Auger decay of a core
hole and as such ESD is atom specific, valence sensitive and specific 
to the outermost layer. Moreover, ESD provides bonding information 
equally well for ordered as well as defective or amorphous surfaces, 
which make it an ideal surface probe. The objective of our research 
are first to demonstrate the utility of ESD by applying it to a 
variety of important ionically bonded materials, including many which 
are important to catalysis technology, and second to complete our 
understanding of the ESD by extending the range of our measurements. 

Description of Research Effort 

We have found evidence for a fundamentally F-ew mechanism of im~ 
pact stimulated ion desorption. We have shown that this mechanism, 
namely Auger decay of a core hole, explains both the observed high 
energy thresholds and the large charge transfers involved in the elec~ 
tron stimulated desorption (ESD) of positive ions (0+, on+ F+) fr9m 
maximal valence transition metal oxides (Tio 2 , V2 05 , and w6 3 , spec~f~ 
ically), whereas the commonly accepted picture o! ESD does not .. 
We have also shown that the identification of this new mechanism means 
that ESD can be used as an atom-specific, defect-sensitive probe of 
bonding at an important class of surfaces, 

The usual picture of ESD, due to Menzel and Gomer, and Redhead, 
is that the incident beam excites a bonding electron to an antibonding 
state; as a result, the effective potential between surface atom and 
solid becomes repulsive, and the atom sorbs. In this model the 
theoretical threshold for desorption is typically quite low, on the 
order of 15 eV. Additionally this model leaves open the question of 
how a highly electronegative atom such as 0, which is typically bonded 
with a charge between -1 and -2 manages to desorb as 0+ , a feat which 
requires the transfer of 2 to 3 electrons. 

(a) Supported by Division of Material Sciences 
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The data which underly out model come from correlation of 
electron stimulated sorption, Auger and low~en~rgy electron loss 
spectroscopy (LLELS) measurements made on a series of transition
metal-oxide samples (Ti0 2 , V 0 , wo

3
u Cr 0 and NiO). 

At the outset we have o5s~rved that2 t~e valence electron bonding
antibonding transitions, which in the c ssical ESD model ought to 
correlate with desorption thresholds, do not for Ti02 , W03 or V205. 
Instead, the observed thresholds are found to correlate with the high
est lying atomic core level excitation energies. The important clue 
as to the meaning of these high energy thresholds is the large charge 
transfer that is required to produce positive oxygen ions. We recall 
that two valence el.ectrons are removed by a core-valence-valence (CVV) 
Auger process. Moreover we observe that a CVV Auger process begins 
with the creation of a core hole, which would explain why the ioniza~ 
tion threshold for the highest lying transition metal core level in 
all of the oxides very close to the onset of desorption. Thus, for 
example in Ti02 u our hypothes as to what underlies the large 0+ 
desorption threshold at the Ti(3p) core excitation energy is that at 
this energy 3p holes are created in Ti atoms and s in Ti02 there 
are no valence electrons on the Ti's, the dominant channel for the 3p 
hole~ecay is an interatomic Auger process. If the two electrons 
necessary for such a decay come from a surface 0, then this oxygen 
will be electrically neutral and likely to desorr. If one of the re
maining valence electrons is shared between the 0 and the Ti {recall 
that in equilibrium an 0 is not o2- bu~ o(l+x)) then there is an ap
preciable probability that the 0 will desorb as o+, V 0~ and wo

3 
are 

similar to Ti02 in that there are no occupied valence ~t~tes above the 
core level. 

+ To test our arguments further we ~ave looked at the ESD of F 
ions when F is adsorbed on Ti0 2 and OH when OH is adsorbed. Our 

· model predicts that in these cases we should observe desorption by 
intra-atomic decay of the F(2s) or 0(2s) core-hole respectively in ad
dition to the desorption due to the metal atom interatomic core hole 
decay. Th is just what is observed. 

In the cases where the metal atom contains valence electrons 
(e.g. NiO, Cr2o3 ) our model predicts that no desorption should be 
observed at tne metal atom ionization potential because of the 
dominance of intra-atomic Auger decay on the metal atom. Again, 
such an effect is seen in NiO, Cr 2o 3 and for reduced forms of Ti02 , 
wo 3 and v2o5 . This set of experiments established the valence sensi
tivity of tne technique. 

Future Research 

The program will proceed toward two major goals, the first being 
to utilize the unique information available from ESD in some import= 
ant applications, and the second to confirm some predictions of our 



model for ESD and to further our understanding of it. An important 
part of both of these studies is the concurrent use of other sur 
spectroscopies in conjunction with ESD. 

In the first case the study of the reaction of H 0, o2 and other 
adsorbates with specific defects on transition metal 3xide surfaces 
using the atom specificity and valence sensitivity of ESD, will pro
vide crucial information toward understanding the details of those 
important reactions. In addition, the unique sensitivity of ESD to 
hydrogen suggests an examinatiun of the role of hydrogen in these 
reactions as one of our major points of emphasis. 

In the second case the observation of neutral desorbed species 
as well as kinetic energy analysis of desorbed ionic species both are 
open to direct interpretation by our model. In addition, the mea
surement of the angular distribution of desorbed species should 
yield valuable bond-angle information as well as providing further 
insight into the fundamental process of ESD. 

In the selection materials and classes of reactions for 
study, specific emphasis will be given to systems important to catalysis, 
particularly those bearing on the role of catalyst supports. 
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CATALYTIC ON SURFACES 

en 

The res objective is to characterize reaction thways 
in heterogeneously catalyzed reactions, luding surface reaction 
intermediates and ultimately ition states. lytic reac-
tions to ification and liquefaction and to pollu-
tion control are 

Broadly, our research invo preparation clean sur-
faces (chiefly evaporated films single crystal faces of metals), 
determining the dependence of steady state reaction rates on reac-
tant partial pressures over sure ranges, establishing 
surface compositions s ture symmetries by Auger spectroscopy 
and by low energy e diffraction under reaction conditions, 
and devising reaction mechanisms consistent with the kinetic and 

e composition informa obtained. 

Reactions presently investigation include hydrogeno
reduction, and ammonia decompo-lys , methanation, 

sition on clean· 

Extended 
ducted to ob 

calculations are 
of chemisorption structures 

(1) Methanation tics have been established on evaporated 
ruthenium films covering the partial pressure ranges 500<PH2<50,000~, 
S<Pco<lOOO~ and 250°C<T<375°C. Kinetic orders varied from 2 to 
-1 for hydrogen, from 1 to for CO, and was zero methane. 
Isotopic exchange occurred ly at 300°C for both hydrogen 

, as carbon monoxide disproportionation (to C and COz). A 
kinetic mechanism cons tent with these findings invo the 
surface species RuC RuO; AES ESCA, and LEED indic c 
the presence of carbon, but not conventional carbide form. 

(2) Ammonia 
on Rh single crys 

omposition kinetics have been established 
faces covering part pressure 



25K. embling 
reases as the metal atom 

activity (110)>(100)>(111) 
ten times as effective a catalyst as 

from 0 to hydrogen, 
and was zero nitrogen. A kinetic 

th e findings involves the surface 
are con-

tion of NO on Ru(102) have been 
sure ranges04<P<10,000~ for both 

ture 300<T<550 C. Kinetic orders 
both reactants. Labelled CO and NO 
of the bond under reaction conditions. 

probably a ruthenium oxide. Mechanistic 

hydrogenolys of neopentane on 
progress. So far the pressure 
<1500~ have been covered at 

is the sole product of 
hydrogen from 1 to 

order not yet established. 

(1) During FY 79 kinetic and AES analyses the NO+CO 
reaction on Ru of neopentane hydrogenolys on iridium 

completed. 
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CATALYZED HYDROGENATION OF CARBON MONOXIDE 

Gabor A. Somorjai 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemist~y 
University of California 

Berkel , CA 94720 

Research Scope and Objectives 

The catalytic reaction rates and product distributions 
are correlated with the atomic surface structure and surface 
composition of transition metal catalysts of iron and rhodium 
during the hydrogenation of carbon monoxide. The influence 
of additives (oxygen, potassium, carbon, other hydrocarbons) 
on the catalytic activity is being investigated. 

Description of Research Effort 

The reactions are carried out on small surface area (~1 cm 2
) 

iron and rhodium crystal surfaces in a high pressure cell that 
is placed in a vacuum chamber. The reaction chamber can be 
pressurized up to 100 atm. The CO/Ha reactions are carried out 
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in the pressure range of 1-20 atm, and temperature range of 
250-350°C using a gas chromatograph as a detector. The catalysts 
surface structure and surface composition are analyzed, in situ, 
by low energy electron diffraction and Auger electron spectro
scopy, respectively, before and after the high pressure reactions. 



Additives, such as potassium, are condensed on the catalyst 
surface by vaporization from an external source in vacuum. 

Progress During 1978 

Under the reaction condition (6 atm; 3:1 H2/CO, 300°C) 
iron (111) crystal surfaces produce mostly methane (85 mole%). 
Due to the low surface area of our catalyst (1 cm 2

) the total 
conversion was less than 1%, The addition of ethvlene or· 
propylene in small concentrations (0.04-2.7 mole%) to there
actant stream resulted in a product distribution typical of 
high conversion reactors (dominant product c~+). These results 
indicate that readsorption and secondary reactions of the 
initially produced a-Olefins is an important pathway leading to 
the formation of large molecular weight hydrocarbons during the 
Fischer-Tropsch synthesis. 

The effect of two surface additives, oxygen and potassium 
were investigated. The major effects were prolonged catalyst 
lifetime and the production of higher molecular weight hydro
carbons. Potassium has beneficial effect only when present in 
an oxidized form in the oxidized iron surface, These additives 

event the deposition of multilayers of carbon resulting in 
an increased catalyst lifetime and the production of less 
methane. 

Research 

We shall investigate the catalytic activity of oxidized 
rhodium and in general the means to obtain oxygenated products. 
We shall study the effects of nitrogen addition to CO and H2 
and the activi~y of iron nitride and carbide surfaces. We 
shall initiate studies of ruthenium surfaces. 
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THE PROPERTIES OF SUPPORTED METAL CATALYSTS 

J.B. Butt, R.L. Burwell, Jr., J.B. Cohen 
Catalytic Laboratory 

Northwestern University 
Evanston, Illinois 60201 
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The ultimate objectives of this research are enhanced understanding of the ca-

talytic properties of supported metals as they are affected by the morphology of 

the metal crystallite, the nature of the support, and the nature of the chemical re-

action being catalyzed. The study encompasses in particular the platinum group metals 

supported on silica and alumina of high purity and well characterized as to pore size 

and internal volume/area distribution. Model reactions investigated include hydro-

genation of propene (C=C bond), hydrogenolysis of methylcyclopropane (C-C bond), hy-

drogen-deuterium exchange in cyclopentane and neohexane {C-H bond) , and CO oxidation 

(C-o bond). 

Description of Research Effort 

Our research has involved first the characterization of sets of Pt/Si02 and 

pt/Al
2
o

3 
catalysts, in both cases ranging from approximately 5 to 100 percent ex

posed metal. The characterization methods employed have been hydrogen chemisorption, 

hydrogen-oxygen titration, and extended Fourier analysis of X-ray diffraction pat-

terns of the metals on the supports. Further, the supports have been characterized 

via nitrogen adsorption as to BET surface area and pore size distribution. The 

Sio
2 

support has also been analysed, via neutron activation analysis, for impurities, 

the most important of which is iron at a level of about 100 ppm. 

Following characterization of these catalysts a number of specific reactions 

have been investigated. These have included double bond hydrogenation (propene on 

Pt/Si0
2
), carbon-carbon bond reputure (cyclopropane and methylcyclopropane hydrogen-



bonding (deuterium exc~ange 

with cyclopentane in Pt/Sio2 and Pt/Al
2
o

3
g exchange with neohexane Pt/Sio

2
), In 

addition to these studies in our own laboratory, the behavior of the Pt/Sio
2 

series 

in oxidation of CO is under study in the laboratories of Professor N.W. 

University and Professor M.B. Cutlip at the University of Connec-

ticut. 

OUr primary results to date have been elucidation of the sensitivity of these 

reactions to the morpholo9)' of the metal as it exists on the support. This has 

done measurement of the turnover , molecules reacted per surface 

metal atom per time, at a standard set of conditions for each reaction. In addition 

to activity as determined by turnover frequency, selectivity patterns in the methyl

cyclopropane hydrogenolysis and the deuterium exchange reactions have been examined. 

-· .. ~-~·J• we have also direct comparisons of differing support interaction effects 

for these reactions carried out on platinum of the same percent exposed on either 

or A1
2
o

3
• 

The most striking fact to emerge from these studies is the dependence of so

called "structure sensitive" behavior on the method of pretreatment of the catalysts. 

In particular, by variation of the temp~rature of pr~treatm~nt in hydrogen we have 

been able to control the structure sensitive behavior of both Pt/Si02 

and Pt.A1
2
o

3 
for the methylcyclopropane hydrogenoly~is and cyclopentane deuterium 

reactions, our studies also revealed the structure sensitive nature of the 

of platinum with oxygen, which we f~el is of importance in understanding 

the many conflicitng views regarding th~ usefulness of hydrogen-oxyg~n titration as 

a method for characterization of supported platinum. 

An immediate future goal is to extend these studies to a similar series of 

Pd/Sio2 and Pd/A12o3 catalysts. In addition, it may be of interest to explore fur

ther the variation of structure sensitivity with pr~treatment for the existing pla-
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tin~. series using a probe reaction which is inherently more sensitive to morphology 

than methylcyclopropane hydrogenolysis. Hydrogenolysis of a paraffinic molecule 

might be a suitable candidate. We also intend to investigate the structure sensi

tivity of deactivation of the platinum series of catalysts, using methylcyelopropane 

hydrogenolysis and probably CO as a poison. A final immediate objective is to in

vestigate the effect of support purity on the Pt/Sio2 results. While the alumina 

used in these studies is~ 99.9 + \pure, the silica is somewhat less, ~ 99.5\, 
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We are currently preparing silica of purity comparable to the alumina to check on pos

sible impurity interactions, 



SURFACE STUDIES AND CATALYSIS (a) 

leslie H. Jenkins 

Solid State Division 
Oak Ridge National laboratory 

Oak Ridge, Tennessee 37830 

Research Scope and Objectives 

Our research seeks to identify and to understand the geometric, 
electronic and vibronic properties of surfaces and to determine how these 
differ from those of bulk matter. The largest differences are expected to 
occur at relaxed, reordered or sorbate-covered surfaces, and emphasis is 
given to research on such systems. Interpretation of our experimental data 
requires extensive theoretical support; therefore, we also seek to contrib
ute to the development of theoretical methods for analysis of such 
measurements. 

Description of Research Effort 

low energy electron diffraction (LEED) and Rutherford ion backscat
tering (RIBS) techniques are used to determine the structures of both 
relaxed and reordered clean surfaces, particularly those of the noble 
metals. Use of the combined techniques is of great interest for data anal
ysis in one case requires a quantum mechanical treatment wh.ile the other 
treats a classical physics problem. Both techniques also are employed to 
determine the crystallography of adsorbates on surfaces, and angle resolved 
Auger electron spectroscopy (ARAS) is being examined as a potential method 
for establishing adsorbate site locations. 

Auger transitions in which electrons from the conduction band par
ticipate are extensively examined. The true line shape of the spectrum 
yields information about the environment of the ionized atom, the electron
ic structure in the surface region, response of conduction band electrons 
to hole creation, and the physics of the Auger process. The combined tech
niques of ESCA and ELS also are used in studies of the electronic structure 
of surfaces which are either clean or which are covered by an ordered adsorb
ate array. Qua -atomic Auger emission is examined primarily by the ARAS 
technique. 

Vibronic properties research emphasizes lattice site determination and 
bonding of adsorbates on surfaces the use of high resolution ELS. 
Similar properties of the atoms at an ordered surface step array are also 
studied, and we are examining the effects of anharmonic vibrations in analy
sis of LEED data. 

(a) S t d b D. . . f M . 1 uppor e y 1v1s1on o ater1a Sciences 
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By LEED analysis of the ean Cu(llO) we have demonstrated that, like 
many fcc metal surfaces of this entation, the spacing between the 
penultimate and ultimate layer is only~ 90% that of the bulk value. 
Experimental LEED data obtained from oxygen adsorbed on the Cu(lOO) are 
being compared with model culations in order to establish the surface 
structure. Combined RBS and LEED studies of reordered Au(ll0)-(1 x 2) 
have shown that this complex surface structure cannot be described by 
simple models such as the missing or paired row models. Currently we are 
performing calculations for more complex reordered surface models in 
attempts to explain both the LEED and PICS data® 

Cooperative research with personnel at Sandia Laboratories has exam
ined the possibilities of extracting information about the conduction band 

ectronic structure specific to the surface. Auger and characteristic 
loss spectroscopies~ along with model culations~ have shown that in Be 
it is necessary to consider the partial wave character of the screening 
charge in order to achieve reasonable agreement between theory and experi
ment. Similar studies of the L3-. M1- and M2 3-VV transitions in Cu 
have demonstrated that these transitions are quasi-atomic. i.e. the two 
final state holes are localized on the atom. These latter results. along 
with measurements of the angular dependence of emission. indicate that the 
problem is exceedingly complex and not easily understood in a number of the 
transition metals. It is clear that further theoretical advances are neces
sary. if our goal is to be reached& 

High resolution electron energy loss spectroscopy measurements from a 
system of CO adsorbed on the Cu(llO) have been compared with theoretical 
predictions to demonstrate that te e of the almost upright 
molecule is dependent upon both the of coverage and the temperature. 
However 9 in the case of low coverage at low temperatures it is believed 
that the CO molecule in the long bridge po tion. Also, a model has 
been developed for cul vibrational modes stepped surfaces. It 
has that modes th frequencies above the maximum in the 
bulk occur the steps of a Pt( ) , if 1 force constants 
are by only ~ 30-40 at the 

In order to contribute opments, we wi11 continue 
experimental i igations of • immediate goal is 
to establish a model of a reordered which agrees with theoretical 
predictions and experimental measurements from both low energy electron 
diffraction and ion ng and model culations. When a new 
ultrahigh vacuum chamber is insta 11 on era tor system, 
investig ons of catalytic metal will be initiated. 
Ultimately we hope to develop LEED theory to the point that structural 
determination of complex sorbate systems may be established with a 
greater degree of reliability. In the near future an experimental and 
theoretical study of optical potentials will be undertaken. 
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It is anticipated that in the short term research in Auger spectros
copy will continue along the present lines. The physics of the process in 
the transition metal solids lacks theoretical understanding at this time. 
but it is clear that information about surface electronic states of 
substrates and adsorbates, bonding. etc. is contained in the relevant Auger 
spectra. It is believed that an understanding of line shapes and angular 
emission will make a significant first contribute toward a complete 
understanding of the underlying physics in these systems. 

Experimental studies of vibronic structures will focus on adsorbates 
on the catalytic metals. The effects of including anharmonic vibrations in 
LEED model calculations will be examined to determine if better agreement 
between experiment and theory can be achieved. More general phenomenologi
cal models of force constant changes at surfaces will be explored theoret
ically, especially on surface areas other than at steps. 
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Jolm TurLevich 

Chenistrv Departnent 

Princeton Universit~ 

R:CS:CAP,CF SCOPE 

The usual procedure for nakinE metal supported catalysts is 
to impregnate porous sol ids \lith metal salt solutions and then to 
subject the dried product to thermal treatment. The particle 
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s e is varied by sintering 1'.Jhile alloy preparation is based on 
si""J"Jltaneous or successive ir.1prer;nation of different salt solutions. 
T:1ese procedures are for the most p.:~rt eM?ir al and their T'h'rsics 
and chenistry difficult to enravel. 

The research scope of the project is the synthesis of both 
netal and support a~ueous solution as monodisnerse colloidal 
and suhcolloid particles, adsorbtion of the metal particles on t~e 
supports and isolation of the supported catalyst by centrifu~ation, 
drying, and thermal treatment. At each staee of the synthesis 
the nr~narations are characterized by a broad spectrur~ of rhysical 
and chemical technic:ues. Ultra hir,h resolution electron microscO?Y 
permits studvine the process to its ultinate level - the visualization 
of ator.1s and their clusters. 

TI1e objective of the project is to nake, b~ a reproductible 
and ue :1-defined method, monod perse metal catalysts of var:'in;; 
particle size and definite alloy conposition for use in various 
processes for preparing useful fuels. These preparations should 
use the nininurn amount of orecious metals for maximum. ca tal 'lt 
effect and at the same time minimize catalvst inactivation." 

The basic scientific auestion is t!1:e determination of the 
effect of size and alloy composition on the catalytic activity f0r 
differ~~t reactions. 

Descrintion of the Research Effort 

Extensive researc:1es in the Prir.ceton la':.Joratories dur~.n;e 
last three decades h.qve established the principles governinr, tlle 
svnthesis in aaueous solution of colloidal metals, the alloy3, 
alumina, silica and (in part) zeolite sunpprts. Each st<?.f.e of the 
process could he characterized by a variety of classical a~d r~cen~ly 
developed techniques. The incisive tool in th c~aracterlzatlon 1s 
the electron microscope, the latest versions being capable of visual-

ing individual atoms ancl clusters. The program established ~he 
basic steps in the synthesis: nucleation, grm·7th and coap,ulat1on. 
By proper choice of experimental conditions, these steps could be 
isolated, studied and controlled. 

The nucleation process is one of polymerization-condensation 
of the starting inorganic monomer. Silicic acid or hydrated 
aluminut1 ion polymerize individually to forr.1 long polymeric chains. 
These, in the case of alumina, can be made to form fibers and plates. 
In the case of silica they can be ronde to fo1w soft gels, hard gels 



o::: ha:::d mo:;.odisperse spheres of controlled size. This studv should 56. 
be ex:ended to alumina silica co-polymers in an atte~pt to under= 
stand formation of zeolites. In the case of ~etal svstems the metal 
ion and the organic reducing agent co-polymers which, on 
reaching a certa size, undergo internal redox reaction to produce 
the colloidal metal. Using different metal ions, colloidal alloys 
can be formed. These polymers have been elated in the case of gold 
and now are being studied for platinum, palladium and their allovs. 
Their formation is being investigated by the STB1 electron microscope 
at Brookhaven (courtesy of Dr. J. Wall), where atoms and clusters 
of atoms can resolved, 

The growth step is carried out by innoculating a solution 
containing a potentially reducing agent (such as gold chloride or 
palladium chloride and hydroxyl amine) with nuclei of either 
platinum, gold, or palladium, In this way by control of the pro
portion of the nuclei to the ion, the gold and palladium can be 

to the des ed size and gold layered on platinum or palla-
, Platinum can be grown on platinum by innoculating a hydrogen

platinum chloride system with platinum nuclei. The latJ' of growth 
was determined. 

The stability of these colloidal sols is controlled by the 
ectric char~e on the particles which counteracts the effect of 

van der \-laals attraction. The charge is determined by adsorbed 
ions and can be controlled both in magnitude and in sign. The 
ionic atmosphere around each part le is controlled by the ionic 
strength of the solution. This has permitted us to verify the 
Smoluchovski formula for kinetics of cluster formation and the Verwey 
Overbeek relation for colloid stability, It has further permitted 
us to determine experiment y the Hammacker constant. Control of 
the charge on both metal particle and support permits localization 
of particles on the support. 

The characterization of the materials so prepared can be made 
both in solution and in the solid phase. The techniques employed 
are optical absorption, light-scattering, viscosity, ultra-centri
fugation, conventional electron microscopy (20A resolution), ultra 
high resolution electron microscopy permitting visualization of 
individual atoms and atomic latt es in individual particles, laser 
Raman spectroscopy, electron spin resonance and carbon-13 NHR of 
adsorbed molecules. In solution, hydrogen peroxide decomposition 
kinetics was studied and the number of active centers determined by 
progressive poisoning using mercuric chloride. The tum-over number 
was compared with that of catalase. In the gas phase hydrogenation 
of olefins was investigated. The number of active centers was 
determined by a progressive poisoning technique developed in our 
laboratories. This number was compared to the number of centers that 
chemisorb oxygen, carbon monoxide and hydrogen. Furthermore, this 
number was found to be the same as the number of surface atoms. The 
nature of the olefin was varied: ethylene, propylene, cyclohexene, 
butene and benzene. A variety of poisons was examined, Hydrogen
deuterium reaction was also investigated. This work was carried out 
for platinum and palladium particles of varying size and platinum
gold, platinum-palladium alloys. The tum-over number was found to 
be independent particle size dmm to 20~ but varying with alloy 
compos ion. 



Abso tion of hydrogen atoms from the gas phase by calcium 
fluoride was established and the location of the hydrogen atons 
the lattice det d by electron spin resonance. The behavior 
of hydrogen atoms in silica support and platinum on silica was also 
studied, Electric elds in zeolite supports were determined by 
electron in resonance stud s the rare earth ions in these 
materials. 

ent ications the above results are being pursued. 

Future research in this important area of catalyst synthesis 
would be extended naturally0 to the study of synthesis particles 
of platinum ler than 32A in diameter, and particular the study 
with microscope of low atoms aggregate to form clusters 
and part les. 

The synthesis of zeolites, the most important catalyst in our 
economy and still a chemical mystery, should be investigat using 
the techniques developed for alumina and silica studies. 

Unfortunately the Department of Energy has terminated support 
of this ogram. 

57. 



THEORETICAL STUDIES OF THE ELECTRONIC STRUCTURE 
AND BONDING PROPERTIES OF SURFACES 

Gayle S, Painter 

Metals and Ceramics Division, Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

Research Scope and Objectives 

The main objective of this research is to determine the physical and 
chemical nature of the surface interacting with its environment as revealed 
in the ectronic structure. The goal is to establish the fundamental 
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mechanisms controlling surface molecular dissociation and recombination, A 
principal effort is directed towards the study of pos ble reaction intermediates 
for the purpose of describing the chemical characteristics of surface species 
and relating their vibrational properties to experimental data. 

DescriQtion of Research Effort 

The theoretical basis of this program is the local density formalism. 
This theory provides an accurate description of the ground state for 
atomic. molecular. and solid state systems. Within this framework. this program 
takes a two-fold approach to treat the electronic structure of surface systems. 
Firstly. we use a thin-film energy band model ( 11 slab" geometry of substrate-adsorbate 
atoms) wherein the electrons delocalize in the layer. Chemisorption systems 

the high density ordered-overlayer limit can be examined in this scheme for 
cases wherein inter-adsorbate interactions are important. 

The second part of the program involves application of a cluster or 18 Surface 
molecular" model which the local bonding among the adsorbate and a number 
of neighboring substrate atoms. 

s program can be further partitioned into two areas, The first effort 
ses 18 COnventional" surface physics problems (relation of bulk and surface 

ectronic structure, nature of surface states and simple chemisorption spectral 
structures, etc.), The second problem area, in which most cif our present and 
future effort lies, involves problems in energetics (binding energy of adsorbates. 
surface molecular dissociation energies. chemical properties of reaction interme

) and will be carried out in the cluster framework. 

A major goal these studies is to treat the energetics associated with 
reactions and to determine the role of surface defects and impurities. 
cular i is the elucidation of the nature of reaction intermediates, 
ectronic properties and s vibrational characteristics. A central 

part achieving these goals is the development of theoretical techniques with 
the capability to fully implement the local density theory, 

Progress to Date 

Most our progress has been in the former problem area, with the motivation 
that theoretical studies of the electronic structure can provide information 
about interactions which can be useful for visualizing and establishing 
concepts about adsorbate-substrate bonding. 



Within this context we have studied the bonding of oxygen on aluminu~ in 
both thin-film and clustermodels in order to establ1sh the relation between 
results of these di rent treatments. Certain electronic features (e.g. 
adsorbate band position and principal bond mechanism) were found to be common 
and thus clarified the range of applicability of each model. 

A study of the bonding in a Cu (001) monolayer established how the bulk 
levels are split and ordered by the in symmetry at the surface. An 
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analysis of the associated orbi ls showed the electronic structure followed 
expectations based on simple d-bonding considerations and resolved a discrepancy 
in the 1iterature on level splittings at the surface. Some work has been started 
to characterize the bonding of oxygen CO on Cu (001). 

Our previous cluster studies of stepped model surfaces was extended by 
application of the thin-film model anAl [3(11l)x(100)] surface. Analogous 
features in the orbital density were found, e.g. the electron density becomes 
more "atomic-like" the corner ridge) sites in contrast to the smoothed 
density on an extended "flat" . milar studies for Cu may be initiated. 

In this same exploratory spirit. a thin-film model of a Cu-Ni (001) surface 
was studied. The existence of s ·in the 11 Ni band 11 region. but localized 
mainly on Cu si • (and vice versa) correlated with CPA results for the bulk 
alloy. Our results~ however, explained the or1g1n of these features. Future 
work wi11 focus on the implications such states in surface bonding. 

a first step towards studies in our second problem area (energetics), 
the electronic structure of an 02 overlayer on an A1 (001) film was studied 
as a function of 02 bond length and surface separation. Some plausible possible 
drivin9 forces for the molecular dissociation emerge from this study (substrate ~ 
"02 antibonding'' level interaction; population of 11 antibonding" states). 

Future Research 

The major goal of this program is to determine the mechanism for surface 
molecular dissociation and product formation, and to identify and deduce the 
chemical nature surface reaction intermediates9 through total energy calcula
tions in the local density formalism. The rout~ of our approach to achieve this 
aim involves several stages. Firstly. the binding energy curves of some 
light (hydrocarbon) molecules will be calculated to further establish the accuracy 
of the density formalism and serve as reference for the corresponding molecules 
on surfaces. Then the binding energy for atoms on small metal clusters will be 
calculated [0 and Son Ni (001): 0 on Al (111)] both to determine stable bond 
sites as well as to characterize the mechanisms of chemisorptive bonding. Some 
work may also be carried out for actual cluster complexes in this connection. 

th reliability established for treating single atom adsorption. the next 
ge will involve the study molecular dissociation on a surface (in cluster 

and possibly thin-film representations). particularly for hydrocarbons on i-
tion metals. the role of surface defects and impurities in the dissocia-
tion mechanisms will be studied. 

Although the question of reaction rates is not at present within the scope 
of s program~ it is possible that our calculation of the total energy surface 
would be useful input for investigations on rates. 



TiiEORETIC~ STUDIES OF OIDITSORPTIO~ ON TRA:>.JSITIOS ~!ET.~ SURFACES: 

Il\'TERACTION OF HYDROGEN WITI1 TIT.>\"'iil]\l 

J. L. Whitten and J, D. Doll 

Department of Chemistry 

University of New York at Stony Brook 
Stony Brook~ N, Y, 11794 

~search Scope and Objectives 

The research concerned with the theory of chemisorption of molecules on 
solid surfaces: the development of a general formalism, and specific applications 
to the hydrogen-titanium system. The objective to develop a suitable formalism 
for treating electronic interactions at an ab initio level when both localized 
and delocalized interactions occur, as in the case molecular adsorption on a 
metallic surface, For H2 on titanium, the goal is a determination of the ener
getics of adsorption and molecular dissociation as a function of surface site, 
and a general description of bonding in the surface region including the response 
of the lattice to the adsorbate. 

Description of Research Effort 
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The premise of the present approach is that a description of molecule-surface 
interactions will require a reasonably sophisticated wavefunction in the surface 
region in order to account for changes in electron correlation accompanying 
reactions. It thus appears advantageous to consider a multi-sta~e model to avoid 
treating the adsorbate and metal lattice as one system at the same, consequently 
lower, level of accuracy. Proceeding in three main stages, we consider initially 
an approximate description the metal lattice (cluster), proceed to define a 
local (surface) region determined by a localization transformation of the single 
particle orbitals of the lattice wavefunction, and conclude with a refined 
treatment of the local region and adsorbate in the fixed field of the interior of 
the lattice, The key step of partitioning into surface and interior regions is 
accomplished by an electron exchange maximization with surface sites of interest 
where the associated eigenvalue spectrum permits identification of orbitals to 
be assigned to the local region. The other major aspect of the problem is a 
computational one. Here the central idea is to treat electron repulsion inter
actions over basis functions~ and over iteratively determined density matrices in 
terms of a recently developed theory employing rigorous electrostatic error 
bounds. 

The, first phase of the research, now completed, was concerned primarily with 
development and implementation of the basic computational techniques, In 

addition, calculations on Tin-linear chains (n ~ 1-10), Tin-monolayer sheets 
(n ~ 9,30) and on TiH and Ti~I were carried out to test the methods and to ex
amine the concept of a local (surface) region defined by the localization 



transfcrmr.tion. In all cases exchange maximization with a designated single 
atomic site gave well localized orbitals, which converged rapidly with increasing 
chain length. 

The current work has now focused a three layer model of the close-packed 
titanium surface: a 30 atom sheet, backed by two other layers for a total of 84 
Ti atoms. The first objective is to examine the dissociative adsorption of H2 
at different sites on the surface. Second, given one H atom on the surface its 
effect on neighboring sites wi-ll be examined by bringing down a second atom. In 
all cases, the electronic response of the lattice will be monitored in an effort 
to understand the extent of non-local effects of the adsorption. 

Depending on the success of the present work, future studies involving 
other adsorbates are possible, e.g. CO on Ti, as ~ell as the study of different 
crystal surfaces of Ti. The close-packed 30 atom sheet is large enough to permit 
the introduction of a monolayer step on the surface, and the reactivity of such 
sites would definitely be of interest. Likewise, surface reconstruction should 
be investigated, but not enough is now known about the accuracy of the theory to 
assess the practicality of this application. 
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THE MEASUREMENT OF FORCES IN ADSORPTION 

Ellison H" Taylor 

Oak Ridge National Laboratory 
Oak Ridge. Tennessee 37830 

Research Scope and Objectives 

The object of this research is to develop and apply to interesting 
catalytic systems a technique for measuring the changes in surface forces 
produced by adsorption of a gas on a solid surface" 

Description of Research Effort 

Knowledge of adsorption and particularly of its energetics have been 
important in advancing our understanding of heterogeneous catalysis. It 
appeared to us to be interesting to try to retain the directionality inherent 
in adsorbate-adsorbent interactions by measuring forces rather than heats of 
adsorption" 

We have demonstrated in preliminary experiments that we can measure 
the change in the tangential component of surface forces produced by adsorp
tion? and that these changes show interesting differences from system to 
system" The technique that we have used is to measure changes in curvature 
of a thin ribbon of the adsorbent when it is exposed to the gas of interest. 
One-sided adsorption is obtained by evaporating a very thin layer of gold 
onto one side of the ribbon before the experiment. 

Because of limitations imposed by the apparatus, which was intended only 
for establishing feasibility, we cannot yet draw any detailed, quantitative 
conclusions from our results. Nevertheless. we have established a number of 
points which encourage us to pursue this line of research. 

(1) On a commercial nickel foil, the adsorption of H2 produces a bending 
in one direction (Ni concave, Au convex)· while H20 vapor or NH3 produces 
a bending in the other direction. 

(2) The effect is sensitive to the orientation or texture of the surface*, 
since a ribbon prepared by vacuum evaporation of Ni is affected by ~ op
positely from the commercial foil mentioned in (1)" 

(3) The kinetics of surface processes following exposure to a gas can be 
followed easily. Deflection vs. time curves for a particular system show 
changes in slope (even to reversal of sign) that indicate the occurrence 
of more than one process" 

possibly the composition. We do not know (nor do we care at this stage) 
what fraction of the surface is metal and what fraction oxide, 
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(4) The magnitude of the deflections is ample for good precision. Typi~ 
cally we observe deflections of 1-2 mm (presumably for full coverage) 
which we can measure to better than 5 micrometers. The reproducibility 
of duplicate experiments on a single ribbon seems to be as good as the 
precision. 

Future Research 

We intend to perform bending experiments of this sort upon clean, well
characterized surfaces, ultimately upon single faces of single crystals. To 
that end we are assembling an ultrahigh vacuum system incorporating Auger 
analysis and sputter cleaning. We expect to look first at clean, polycrystal
line Ni with Hz and other simple gases, since most of our scouting work was 
with Ni. 

Our long-term goal is to combine information from this kind of experi
ment with results of various spectroscopies to gain a deeper understanding of 
molecule-surface interaction, particularly as it pertains to catalysis. 
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CATALYTIC SYNTHESIS OF HYDROCARBONS 

Alexis T. Bell 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 

Department of Chemical Engineering 
University of California 

Berkeley. California 94720 

Research Scope and Objectives 

The overall objective of our research is the identification of 
reaction pathways for the catalytic synthesis of hydrocarbons from 
synthesis gas. To this end, studies are being performed to identify 
the structures of adsorbed reactants and intermediates, the strength of 
their interaction with the catalyst surface, and the rates at which 
elementary steps occur. 

Description of Research Effort 

The synthesis of hydrocarbons from CO and H2 has been studied 
using a silica~supported Ru catalyst, The reactor used for these 
investigations was designed so that in situ infrared spectra could be 
taken under reaction conditions. Initial rates of methane formation 
were measured at CO partial pressures between 16 and 200 torr, H2/CO 
ratios between 1 and 20, and temperatures between 191 and 275°C, The 
accumulated data were correlated by the expression NcH = 

1.5 0 6 4 
7.4 x 105 exp(~24,000/RT) PH /PCO ' • The synthesis of ethane, 

propylene, and propane, the ~rinciple products observed in addition to 
methane, was favored by high CO partial pressures, low Hz/CO ratios, and 
low temperatures. 

The primary feature observed in the infrared spectra was a band 
at 2030 cm~l, associated with chemisorbed CO, Neither the position nor 
the intensity of this band was affected by the CO partial pressure of 
H2/CO ratio, The CO band intensity did decrease with increasing 
temperature due to a decrease in CO surface coverage, Bands were also 
observed at 2930, 2910, and 2845 cm~l characteristic of C=H stretches 
in adsorbed hydrocarbons. The hydrogen in the structures producing 
these bands cannot be exchanged with deuterium and the structures are 
stably adsorbed as long as chemisorbed CO is present on the Ru surface. 
Upon removal of chemisorbed CO the hydrocarbons can be eliminated by 
hydrogenation. Based on this evidence it is concluded that the 
observed structures are not active reaction intermediates. 
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Hydrogenation of the catalyst following steady-state synthesis 
results in the removal of chemisorbed CO within the first few minutes, 
Methane, ethane, and propane are found in the product gas and the pro
duction of these hydrocarbons continues for up to 2 hrs at rates 
exceeding those observed under steady-state reaction conditions. 
Estimation of the amount of carbon removed from the catalyst during 
hydrogenation showed that it is equivalent to one to six Ru monolayers. 
These results clearly indicate hydrocarbons other than methane can be 
produced without the presence of chemisorbed CO on a Ru surface. 

Additional information concerning the reactivity of chemisorbed 
carbon has been obtained from temperature programmed reaction studies. 
For these investigations pulses of CO were passed over the catalyst, 
maintained at a fixed temperature, The amount of carbon deposited on 
the surface as a result of CO disproportionation was determined by 
measurement of the co2 produced. After cooling the catalyt to room 
temperature. reaction of the adsorbed CO and carbon was carried out by 
heating the catalyst at l°K/sec in a flow of H2. For CO chemisorption 
at temperatures above 200°C, narrow peaks of methane and ethane (not 
shown) were observed already at 30°C. The amount of carbon present 
in these products was approximately the same as that formed by CO dis
proportionation. As much as 20% of the total methane formed in these 
experiments was produced at 30°C. These results indicate further 
that CO dissociation to form chemisorbed carbon is an essential first 
step in the formation of methane and other hydrocarbons over ruthenium 
catalysts. 

The data acquired thus far strongly indicate that the synthesis 
of hydrocarbons over Ru is initiated by the dissociation of chemisorbed 
CO. The equilibrium for this reaction is not favorable and the 
accumulation of chemisorbed carbon occurs as a result of rapid removal of 
chemisorbed oxygen by reaction with Hz. It is envisioned that stepwise 
hydrogenation of the chemisorbed carbon leads to the formation of 
methane. Rate expressions based upon this mechanism of methane 
synthesis are in very good agreement with that observed experimentally. 

The formation of hydrocarbons containing two or more carbon atoms 
is proposed to occur via the oligomerization of adsorbed methylene 
groups. The alkylidenes produced in this fashion could undergo intra
molecular hydrogen transfer followed by desorption to produce a-olefins 
or hydrogenation to produce alkanes, Since active surface intermediates 
could not be detected by infrared spectroscopy, attempts were made to 
scavenge these species from the surface by reaction with either 
ethylene or cyclohexene. Using ethylene as the scavenger, propylene 
was produced. With cyclohexene, ethyl, propyl-, and butylcyclohexane 
were detected as products. These results taken together with recent 
evidence from the literature argue for the presence of surface carbene 
species. 
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To compliment the investigations of hydrocarbon synthesis 
conducted at pressures below 1 atm, we have recently completed a facility 
which allows investigations at pressures of up to 20 atm. The reactor 
used with this apparatus is designed to permit infrared spectra to be 
taken of the catalyst surface at high pressure. Experiments conducted 
to date have permitted us to investigate the effects of pressure and 
gas composition on the molecular weight distribution (Cl to C12) and 
the olefin to paraffin ratio. These experiments have revealed that the 
yield of C3 products decreases and the yield of Cn~4 products increases 
with increasing total pressure and decreasing Hz/CO ratio. The olefin 
to paraffin ratio increases, particularly the c3=;c3 ratio, as the total 
pressure or Hz/CO ratio is decreased. Infrared spectra taken at 
pressures up to 10 atm are identical to those recorded at pressures 
below 1 atm. 

Future Research 

Future studies of hydrocarbon synthesis will continue the work 
on Ru and initiate new efforts on Mn/Fe alloys. The latter system is 
of particular interest because of its ability to produce high yields 
of olefins. Emphasis will be placed on relating catalyst activity and 
selectivity data to catalyst composition, structure. and interaction 
with the support. For these purposes continued use will be made of in 
situ infrared spectroscopy. temperature programmed desorption and 
reaction. and detection of intermediates by reaction with an olefinic 
scavenger. Among the specific problems to be addressed will be role 
of carbenes in hydrocarbon synthesis and the influence of alkali metal 
oxides on the stability of synthesis catalysts. 
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Physical & Catalytic Properties of Oxides 

G. P. Wirtz 

Department of Ceramic Engineering 

and 

University of Illinois 
Urbana Illinois 61801 

Research Scope and Objectives 

The overall objective of this work is the correlation of physical 

and catalytic properties of oxides. Oxides studied are proposed for 

various applications which involve chemical interactions at the surface, 

e.g. oxidation catalysts and high temperature fuel cell electrodes·. 

6 7. 

Specifically, the present work involves phase equilibria, defect chemistry, 

oxygen activity, and transport properties of a number of oxides e.g. 

This work grew out of the study of La CoO 3 as an automotive exhaust 

catalyst. The results of that study necessitated the determination of 

identified as intermediate oxides present under service conditions. The 

study of catalytic properties has been recently directed at utilizing 

the solid oxide fugactty sensor for monitoring oxidation reactions on 

oxide catalysts such as lanthanum cobalt oxides. 

The calcia doped ceria electrolyte has been adapted to this purpose 

because of its high ionic conductivity at low termperatures. Both reactive 



U \ toluene in and non-reactive (nitrogen-oxygen) gas mixtures were 

used to test both metal and oxide electrodes. Above 400° the cell emf 

corresponded to the value calculated from Nerstk law with oxygen fugacities 

fixed by the gas phase compositions. At lower temperatures equilibrium 

between the electrode and the gas phase is not achieved and much larger 

emf's are obtained. This effect is thought to be due to adsorption of 

reactants or reaction products on the electrode surface and Auger electron 

spectroscopy has been used to confirm this. Carbon is detected on silver 

electrodes cooled from 600°C in the toluene containing atmosphere. After 

reheating above the adsorption temperature in air, carbon can no longer 

be detected. 

These findings have led to an expanded investigation of reactions on 

the electrode surfaces. This work will have three components: a) deter

mining the energy(s) of adsorption by temperature programmed desorption; 

b) identification of adsorbates using gas chromatogr.phy and mass spectro-

scopy; and determining the reaction path for oxygen using olB and the 

mass spectrometer. 

The energies of adsorption determine the adsorption isotherm which in 

turn determines the shape of the emf vs. temperature curves in the solid 

electrochemical cell, providing our basic hypothesis that the anomalous 

emf is due to adsorption is correct. Identifying adsorbates is central 

to the interpretation of adsorption measurernentse and determining the 

of participation of lattice oxygen in the reaction is necessary to 

understand the role of the solid in catalysed oxidation reactions. 

These measurements will provide the characterization of the catalytic 

properties of oxides to specific oxidation reactions, which can then be 
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correlated with measured physical properties. They will provide necessarJ 

insights into understanding the fugacity measurements which might provide 

a routine characterization of the material as a catalyst. The adsorption 

effects on the electrochemical cell are important in themselves for ex= 

haust sensor and high temperature fuel cell applications 
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Catalytic Activity of Transition-Metal Carbides 

Wendell S. Williams 

Departments of Ceramic Engineering and Physics, 

and Material Research Laboratory 

University of Illinois at Urbana-Champaign 

Urbana, Illinois 61801 

Research Scope and Objectives 

The scientific objective of this project is to explain the platinum

like catalytic activity of tungsten carbide in terms of its electronic 
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and defect structure; the technological objective is to suggest alternative 

electrode materials, for use in fuel cells. The scope of the project 

includes design 1 preparation, and testing of transition-metal carbide 

electrodes for electrocatalytic oxidation of hydrogen in acid electrolyte. 

Characterization of the materials by SEM1 SAM, ESCAu and chemical analysis 

is included. The molecular event chosen for studying is the dual-site 

dissociation of the hydrogen molecule on a catalyst surface. This event 

is both rate-limiting and theoretically approachable. 



Description of Research Effort 

Two lines of investigation in the University of Illinois Materials 

Research Laboratory have contributed to this project: 1) experience with 

the electrical, thermal, and mechanical properties of transition metal 

carbides in the writervs group, and 2) recent theoretical studies of 

hydrogen chemisorption on model clusters using Hartree-Fock methods in 

Professor A. B. Kunzvs group. 

With the collaboration of an industrial laboratory active in the 

field, we have built up an electrochemical testing facility for study of 

electrode materials in powder form. Various specimens of carbides were 

assembled from our stocks and from other suppliers; in addition, a series 

of TiC o
1 

was produced in our laboratory. Specimens of these materials 
x -x 

were tested in sulfuric acid for hydrogen ion current during exposure to 

hydrogen gas using standard potentiostatic and potentiodynamic techniques. 

Surface areas were measured using the BET method. 

Both a special "active" form of tungsten carbide, analyzed as 

w
0

•
6
c

0
•
3
o

0
.
1

, and a standard we from NBS gave approximately the same 

activity once the differences in surface area were taken into account. 

By contrast, none of the TiC and other cubic carbide and oxycarbide samples 

tested were significantly active. 

The expectation that oxygen impurity might be particularly important 

as a hydrogen binding site in this class of materials was suggested by the 

earlier experimental reports on "active WC", and by theoretical studies 

predicting a strong covalent bond between 0 substitutional ion in a solid 

and a hydrogen atom. However, the present study does not support the 

existence of an oxygen-related enhancement of activity in transition-

metal carbides. 
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Future Research 

In view of the unexpected finding that oxygen impurity is apparently 

not the site of hydrogen chemisorption in this system, future research 

will focus instead on the role of the carbon vacancy. Such a vacancy in 

a transition~metal compound should produce a local cluster with more 

metal~like character than the bulk. According to Kunz's theory of sp 

interactions between surface and incoming particle 0 the possibility of 

occupation of s~states in this metallic region should convert the carbide 

surface from nonchemisorptive to active. It is known that nonstoichiometric 

TiC can indeed store hydrogen substitutionally. However, the bonding 
X 

appears to be too strong to permit H ions to pass from the solid into 

solution. 

Future research will continue the electrochemical measurements 0 sur-

face area determinationsu and powder characterization with regard to 

morphology and chemical composition. It is essential to confirm the 

present preliminary finding of the equivalent activity of standard we. 

Consideration will be given to the possible influence of surface 

oxidation in producing and stabilizing carbon vacancies in we, which is 

a "line" compound, as opposed to the severely nonstoichiometric cubic 

carbides. A major question to be addressed is whether some perturbation 

in the electronic structure of the we surface is required for hydrogen 

chemisorptionu or whether the necessary sp orbitals are already available 

in this solid by virtue of its hexagonal symmetry. 

WSW:cw 
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Heterogeneous Catalysis and Surface Chemistry 

B. C. Gerstein 
Iowa State University and Ames Laboratory, D.O.E. 

Research Scope and Objectives: 

The research performed involves a characterization of b layer membranes, 

and of reactive intermediates and surfaces involved in heterogeneously 

catalyzed reactions in which hydrogen transfer takes place. An important 

part this work deals with development of transient techniques in NMR to 

characterize molecules in atively rigid environments, e.g. randomly 

oriented molecules deposited on a catalytically active surface. The intent 

of the work on membranes is to elucidate mechanisms of chemical transport in 

the neighborhood of phase transitions; the role these transitions play in 

biological processes is a subject of study. The hope in the study of the 

role of hydrogen in heterogeneously catalized reactions is to elucidate 

nature of proton transfer in hydrogen, dehydrogenation. and polymeri

zation reactions (e.g. the formation of methane from co. and the polymeri

zation of ethylane) sufficiently to optimize such processes. 

RESEARCH EFFORT 

Current studies deal with 1H in single crystal quartz. in~A1 2o3 • in 

H Mo03• and in Z XH via pulse and mu1tup1e pulse NMR. Symmetries of shield-x r y 

ing matricies are used to infer electronic environments. Combined pulse 

NMR and pulse gradient techniques have been developed to study diffusion 

constants magnitude~ 10=lO cm2Sec-1 in relatively rigid systems. 

Initial applications have been to lateral diffusion of dipalmoty1 lecithin 

and potassium oleate in bilayer membranes. 
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FUTURE WORK 

Immediate effort will involve a study of applicability of 13c - 1H 

heteronuc1ear dipolar oscillation NMR to clarify the nature of reactive 

intermediates in hydrogenation and dehydrogenation of benzene. Future 

appli ions will include use of . - 1H l 3c - to study 
1 

ng of simple hydrocarbons to catalytically active S;02 -7A1
2
o3 surfaces. 

Further efforts will involve a study diffusion of selected molecules 

(e.g. NH3s tetralin .. ) in coals as a means of studying mechanisms of 

chemical communition and hydrogenation of coals. 
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THE INFLUENCE f-ELECTRON CONFIGURATION ON 
CATALYTIC PROPERTIES LANTHANIDE OXIDES 

chae1 P. Rosynek 

Department of Chemistry 

Research Scope and Objectives 

A & M University 
Station, Texas 77843 

The objective of our research is characterize periodic trends that 
exi in the catalytic behaviors of rare earth sesquioxides for the 
dehydration/dehydrogenation of alcohols. Particular emphasis is being 
placed on identifying the effects of magnetic and electrical properties~ 
imparted by varying cationic 4f-e1ectron configurations~ and solid-state 
phase transitions on the activity/selectivity behaviors exhibited by 
selected members of this oxide series. 

Description of Research Effort 

Our preliminary investigations have centered on the conversion of 
ethanol over basic lanthanum sesquioxide 9 using a recirculation-type batch 
reactor and initi gaseous reactant pressures of s 50 torr. In the reaction 
temperature ran 300-400°C, both dehydration and dehydrogenation occur 
simultaneously over laz03~ with an overall apparent activation energy for 
ethanol conversion of 25-30 kca1/mo1e and a zero-order kinetic dependence 
on initial alcohol pressure. This behavior is in itself unusual since~ 
although alcohol dehydrations over both acidic and basic metal oxides are 
well known~ the corresponding dehydrogenation reactions have been observed 
to occur appreciablt only on transition metals and their oxides (la 3+ is 
isoelectronic with LXe] is devoid of either unpaired d- or f-electrons). 

The dehydration pathway predominates a11 temperatures in the range 
investigated, accounting for 75-90% of 1 ethanol converted in the early 
stages of reaction, and appears to be phenomenologically uncomplicated. 
Ethylene and water are the e primary dehydration products~ indicating a 
unimolecular process un1i the situation commonly observed with alumina 
and other acidic for whi considerable or complete bimolecular 
dehydration to diethyl ether occurs at low conversions. Initial dehydration 
rates ine rapidly with increasing reaction time 9 probably due to a 

f-poisoning effect» eventually assume relatively constant values at 
ciently hi conversions. Both the initial activity and its 

subsequent rate of decline are inversely dependent on the catalyst 1 s prior 
evacuation temperature (300-900°C) with~ howeverD a discontinuity at 
pretreatment temperatures of 650-700°C due a phase transformation of the 
oxide from a cubic to a hexagonal structure. In consequence, the "high-
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conversion" dehydration rates 1 given reaction temperature are in 
inverse order of the initial rates. Active sites for the dehydration 
process may be adversely affected by the presence of lattice anion vacancies~ 
whose generation increases with increasing evacuation temperature for 
lanthanum oxide. 

By contrast~ the rate ethanol dehydrogenation over La 20s appears 
to be relatively insensitive to catalyst pretreatment.temperature and does 
not decline appreciably with increasing exposure time. The overall reaction 
pathway is~ however, considerably more complex and less we11 understood than 
that for dehydration. The reaction exhibits a brief induction period during 
which dehydrogenated~ but non-coke-likej ethanol residues probably accumulate 
on the catalyst surface, as suggested by the appearence of appropriate 
concentrations of hydrogen in the gas phase during this period. Although 
initial dehydrogenation presumably leads to the formation of acetaldehyde, 
only trace amounts of the 1atter appear among the gaseous reaction products; 
the major portion remains on the surface and undergoes a variety of 
secondary reactions. Among these, the most unusual and one of the most 
important is the formation of isomeric n-pentenes as initial carbon
containing products, and the appearence of propylene as a secondary product 

higher ethanol conversions. Extensive decarboxylation of the primary 
dehydrogenate also occurs, with considerable penetration of the resulting 
carbon dioxide into the la 2 03 lattice at reaction temperatures of ~ 350°C. 
The layer-like oxycarbonate is decomposed, and C0 2 re1eased 9 when the 
catalyst is subsequently heated to > 400°C. Varying amounts of carbon 
monoxide and methane also derive from the dehydrogenation pathway during 
the overall alcohol conversion process. 

Future Research 

During the coming year, we plan to complete our characterization of 
the kinetics and ectivity ethanol conversion over la 203, and then 
extend these studies to other sesquioxides in the rare earth series in an 
attempt to correlate the overall behaviors of the two reaction pathways to 

onic ectronic structure. · In addition, we will begin in situ infrared 
spectroscopic studies aimed identifying and characterizing the chemical 
nature and fate adsorbed species that exist on the catalyst under 
typi reaction conditions. 
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VIBRATIONAL SPECTROSCOPIC STUDIES OF COAL CO~~ERSION CATALYSTS 

Pred R. Brow 

Solids AJ::uilyds 
Technology Center 

States Energy 
4800 Forbes Avenue 

15213 

The objective is to assist in the development of 
catalysts for the to gaseous and liquid products. The 
approach involves the structural of the catalysts and the 
subsequent correlation of this structural information with catalyst activity 
and lifetime data. 

Raman spectroscopy is the pr~ry technique used to acquire the struc= 
tural data on the Spectral analyses of as-prepared catalysts and 
catalysts subjected to specific chemical treatments (e.g. sulfidation) have 
been performed. When applicable~ complimentary data is obtained by x-ray 
diffraction or ESCA. used in standardized activity end lifetime 
tests are to be studied. 

The types of initially investigated and the specific objec
tive of each such task are below. 

A. 

B. 

Parametric on the structure of sup-
ported molybdene and ESCA data are being obtained in 
an effort to correlate the results from technique. 

Quantization and crystallinity MoS in (1) unused-sulfided 
and (2) used supported molybdena catalysts. Attempts to obtain quan-
titative Raman data (by addi6ion an internal standard) the MoS 
in sulfided and used catalysts are being made. When obtained~ correla-
tions between the quantity of present and the types of molybdenum-
oxygen precursors in the oxide of the catalysts will made. The 
degree crystallinity the MOS 2 is being monitored by x-ray dif-
fraction. between the of crystallinity and the 
activity will made. 

Novel methanation 
being investigated 
has been placed upon a --~-··_, 
MgSi03• 

methanation catalysts are 
The emphasis 

composition, Ni0/Cr
2
o

3
t 
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D. Novel synthesis gas to liquid products catalysts. In an effort to 
obtain supported metal catalysts with high metal dispersion~ alumina 
supports have been impregnated with metal cluster compounds. The 
nature of the interaction between the support the compounds 
has been investigated infrared_fpectroscopy by monitoring the car-
bonyl stretching region (®2000 em ). In addition, low frequency Raman 
spectroscopy has been used to monitor changes in the skeletal (cluster) 
vibrations, which yield a more direct measure of these interactions. 
An Ir4 (C0)12 on has been emphasized. 

E. Coal liquids upgrading catalysts. Nickel promoted molybdenum and 
tungsten supported catalysts, to be used for the upgrading of coal 
liquids, are being investigated. These are being compared to Raman 
spectra of cobalt promoted molybdenum supported catalysts previously 
recorded. 
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Solid State, SUrface and 

Harold H. Xung 
of Chemical Engineering 

Northwestern University 
Evanston, Illinois 60201 

November 20, 1978 
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of OXides 

property is determined by the concentra-

tion of active sites and the interaction of reactants and products with these sites. 

The objective of our program is to investigate the relationship between these prop-

erties and the surface structure and composition of oxides. 

Presently the research is divided into two parts. In the first part, we are 

investigating the surface segregation of a cation in an oxide containing a solution 

of two cations. This is the first step towards the elucidation of the effect of 

the addition of a second component on the catalytic behavior of an oxide. We are 

making measurements on surface compositions of oxides of iron when iron is 8ubsti-

tuted by chromium. This includes the series Cr Fe~ 0~, ZnCr Fe~ DA and MgCr Fe~ OA 
X "'-X .J X .;;-X .., X &-X .., 

with x ranging from zero to two. The of Cr or Fe as a function 

of the bulk structure and the nature of secondary cation is being investigated. 

A related effort is underway to make calculations on surface segregation of 

cations in ionic compounds. Surface is known to depend on the surface 

energy of the component. However, unlike metals, surface of ionic compounds 

known. We are performing calculations on purely 

ionic solid solutions and attempting to correlate the surface segregation to funda-

mental parameters of the cationsu such as the electronic polarizability and ionic 

repulsion parameters. This is possible using the Born 1 s model for ionic compounds. 



The sensitivity of the result to the ionic radii is under investigation, 

In the ~econd 

determine the site 

of our research effort, we are developing a technique to 

for the oxidative dehydrogenation of butene to butadiene. 
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The result will be later related to the surface composition and the observed catalytic 

behavior, We found that for this reaction, it is to determine the site 

density by measuring the amounts of products formed at very short reaction time. 

This is achieved by low temperature adsorption of the reactant followed by quanti-

fying the products in the programmed desorption, In this manner, the 

site concentrations on Fe
2
o

3 
for the selective oxidation of butene to butadience, 

and for the combustion of butene to carbon dioxide were determined. In addition, 

the formation of these oxidized products consumes lattice oxygen. By comparing the 

temperature programmed les in fresh catalyst with those on oxides whose oxygen 

at the oxidation sites had been previously depleted, the portion of the desorption 

profile contributed to the desorption from the selective oxidation site can be iden

tified. 

Quantitative measurements of surface compositions of mixed oxide solid solutions 

will be continued and the results will be compared with calculations. Calculations 

will also be made to compare the stability of surface steps of oxides as a function 

of the nature of the step. The method developed to determine site densities for oxi

dation of butene will be applied to other oxides of iron and the results will be 

related to the determined surface compositions and catalytic properties, A program 

to study the synthesis of methanol on ZnO will be initiated. 



INFORMAL COMMENTS 

Compilers Note: 

In the course of the meeting Vladimir Haensel, Torn Hughes, 
and Heinz Heinemann, the three industrial observers, were asked 
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to make some informal remarks. These remarks are abstracted below. 

COMMENTS OF VLADIMIR HAENSEL 

Dr. Haensel noted that current prospects for large scale 
coal liquefaction and gasification are very limited due to the 
high costs projected for currently available technologies. For 
progress to be made in this regard, we must obtain a significantly 
better understanding underlying the basics pertaining to coal 
liquefaction and gasification. A reduction in the hydrogen 
demand is also vital since presently about one third of the 
required capital investment is associated with hydrogen generation. 

Reflectin9 on the programs reported, Dr. Haensel noted 
the lack of proper definition of problems and a tendency to find 
problems which fit particular tools. He asked whether there 
should not be a greater interaction of investigators with DOE 
guidelines and a greater focusing of the research. 

Dr. Haensel was encouraged to see the high degree of 
interaction between disciplines evidenced in the BES/DOE 
program. He suggested that an even greater degree of inter
disciplinary effort might be achieved by funding larger integrated 
proposals. 

COMMENTS OF TOM HUGHES RESEARCH CO. 

Dr. Hughes observed that the projects supported by DOE/BES 
involve a great deal of interdisciplinary effort and the use of 
a wide variety of experimental techniques. He noted that such 
approaches will be needed to address many of the fundamental 
questions pertaininq to coal conversion. 

~OMMENTS OF~HEINZ HEINEMANN(a) (LAWRENCE BERKELEY LABORATORY) 

I. Fischer-Tropsch Synthesis: 

Compi s Note: 

Heinz Heinemann's comments are summarized in the following 
text which he contributed. 

The major products one should try to obtain from Fischer
Tropsch synthesis are methanol, methane, olefins in the c2 to c 
range, gasoline of hiqh octane number (C~ to c12 ) and particula~ly 
important diesel and jet fuels of good cnaracterist s. Product 
distribution from Fischer-Tropsch can be modified by catalyst 

Dr. Heinemann has recently retired from the Mobil Research 
and Development Corporation. 



modification as indicated in the work of Koelbel and others, for 
instance, by use of manganese and potassium promoters and as 
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shown in the work of Silvestri and collaborators at Mobil by use 
of zeolites of the ZSM-5 type. It must be expected that there are 
other modifications that can be made and that can be better under~ 
stood as a mechanism of the chain growth and chain isomerization 
and polymerization as well as chain termination is explored. 
The study of non-metal or metal oxide Fischer-Tropsch catalysts 
is certainly more important as is evident by Andersons work on 
iron nitrides" Effects of catalyst support interactions are 
certainly important For instance, the question of a mechanism 
involving desorption and re-adsorption between each carbon 
addition to the chain in Fischer-Tropsch synthesis should be 
investi9ated in detail. Active sites for chain growth should 
be determined as should be the question of whether olefins are 
the entities that are injected into the chain to make it grow. 

II. Surface Effects: 

The question of the dependence of catalyst activity on 
catalyst particle size is great importance in connection with 
diffusional and outer surface effects. It has been shown that 
effective denitrification catalysts must be of very small 
particle size,probably because the molecules are too large to 
enter into catalyst pores and reaction must proceed on the 
outer surface of the catalyst. Studies should be undertaken to 
determine whether certain reactions involving large molecules can 
be carried out in large pore catalysts, how large the pores have 
to be, what constraints diffusion places on such reactions and 
finally how one can synthesize catalysts and particularly zeolites 
with very large pore size. The synthesis of zeolites is still 
largely an art and an area which deserves better understanding. 
For example one would like to know how crystallization of zeolites 
occurs around large organic molecules, which can later be burned 
out of the zeolite structure. 

III. Technol Needs: 

The following areas have been proposed for closer 
investigation: 

1. Work on ification of coal by catalytic action. It 
is pointed out that coal gasification involves 70% to 80% of the 
cost of coal liquefaction by the synthesis gas route. The 
catalysis of alkali metals in coal gasification is poorly under
stood and science in this area is desirable. Other methods of 
catalyzing coal gasification also should be investigated. 

2. Homogeneous catalysis and the interface between 
homogeneous and heterogeneous catalysis should be investigated 
much more closely. Molten salt catalysis falls into this area. 
The role of zinc chloride in liquefying coal and catalyzing its 
hydrogenation is not understood but is an empirical art. 



3. Much work is needed on catalyst poisoning. Few 
catalysts in practical operation operate at their intrinsic 
activity. They are usually poisoned to a lower level of 
activity and may then operate for a period of time at a steady 
state level of activity It is important to understand what the 
steady state activity level of many catalysts is under a given 
set of operatinq conditions and even more important how this 
can be improved either by promoters or catalyst modification. 
In addition to this catalyst poisons in raw materials such as 
coal, heavy oils, etc. are not well understood. It is known, 
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for instance, that metals in heavy oils poison hydrodesulfuriza
tion catalysts. This is an irreversible poisoning and is assumed 
to be due to pore plugginq. We are not certain that this is 
the true phenomenon. An understanding of the method of poisoning 
might eventually lead to methods of regeneration of such catalysts. 

4. Relatively little work is being done on zeolites as 
has been discussed earlier. In view of the importance of 
zeolites, structural work, surface investigation of the pores 
and the cavities of zeolites as well as the external surface 
is important. The ability to locate metal and other irons in 
specific places in zeolites should be investigated and reactions 
carried out to take advantage of the shape selective features 
of such materials. 

5. Much work is being done with single crystals and 
metal foils. While this work is interesting in itself one must 
always raise the question whether bears relations to the 
surface characteristics of the catalyst at actual operating 
conditions. Investigation is needed into changes occurring in 
surface structure and surface bonding as temperatures and pressures 
are increased. What new surface ent s are created at different 
operating conGitions? This also raises the question of what the 
active site of the working catalyst is like. Can one reasonably 
assume that the surface of the solid is the actual catalyst or 
is the actual catalyst a coordination compound of the substrate 
with surface atoms that then undergoes exchange reactions with 
the substrate? This whole area has been discussed in theory 
but very little experimental work has been done to answer the 
very important question of the actual nature of an active site 
at operatinq conditions. 
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LIST OF QUESTIONS 

I. SURFACE CHEMISTRY 

A. Fischer·,Tropsch Synthesis 

1. What Products should one be trying to obtain from 
Fischer-Tropsch synthesis? 

2. How can we control product distributions obtained 
from Fischer-Tropsch synthesis through modifications 
in catalyst composition and catalyst/support 
interactions? 

3. How can it be established whether sur carbenes 
are important intermediates in Fischer-Tropsch 
synthesis? 
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4. How important is it to study nonmetal Fischer-Tropsch 
catalysts such as molybdenum carbide? 

5. In what way does the addition of promoters such as 
alkali metals and manganese affect the activity, 
selectivity, and stability of Fischer-Tropsch 
catalysts? 

6. What significant generalizations, if any, can be 
made about our current outstanding of CO/H2 interactions on metallic catalysts, as regards 
reaction kinet s and mechanisms, the nature and 
reactivities of adsorbed species, and the widely
varying intrinsic activities of the various metals 
that have been investigated for these conversions? 

B. ADSORBED SPECIES 

1. What is the status of accurate surface species 
concentration measurements? Discuss the relative 
merits and disadvantages of LEED, Auger, photo
emission spectroscopy, ion scattering, etc. in this 
regard. 

2. How do surface species differ in geometric and 
electronic structure from reactants and products? 

3. How important are transport effects (spill over) 
in the vicinity of the metal on a supported 
catalyst? 

4. What do we know about transition states and 
methods of estimating their activation energies? 



5. Is it reasonable to expect that experiments could 
probe surface processes as a function of the 
internal energy of the adsorbed species (e.g. 
state selected beam/surface collision experiments}? 

6. What electronic or structural changes occur in 
small particles during adsorption; and, as a 
possible corollary, what changes occur in metal 
clusters as a function of ligand substitution? 

II. SURFACE EFFECTS 

A. Dispersed Metal 

1. What is the dependence of catalytic activity on 
catalyst particle size (supported catalyst)? Is 
there a particle size below which there is no 
activity? 

2. What are the effects of catalyst support inter
actions on the electronic or structural properties 
of dispersed metal support systems? 

3. What is the mechanism of synthesis of zeolites, 
the most important catalysts in our economy? 

B. Alloys 

1. What is the dependence of catalytic activity on 
alloying in the platinum alloys? 

2. How does one determine whether an alloy has formed 
in a supported metal catalyst or a mixture of 
individual metal particles is formed? 

3. What can be said of surface segregation models for 
multicomponent metal crystallites? 

C. Clusters 

1. What properties of molecular cluster complexes can 
be usefully related to characteristics of surface 
systems in order to elucidate bonding mechanisms 
in the latter? 
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2. Are metal clusters and infinite solids more similar, 
in fact, than their respective theoretical methods 
might imply? 

3. What are the effects of charge transfer between a 
small cluster of metal atoms and the insulator 
substrate (catalyst support) on catalytic activity? 

4. What are the proper interfaces between studies on 
supported metal catalysts, single crystals, and 
transition metal complexes? 



D. Other 

1. Are there any metal compound catalysts that are 
reasonable substitutes for metal catalysts in 
hydrogenation and oxidation catalysis? 

2. Should some of the state specific detail in the 
electronic theory of surface be suppressed by 
averaging over nearly degenerate states. 

3. Are basic calculations in a position to predict 
reactivity? 

III. GENERAL 

A. Catalytic Techniques - Instrumentation 

1. How much have the recently-developed electron 
spectroscopic techniques unambiguously improved 
our knowledge of the natures of catalytic 
surfaces and reactively adsorbed species, and 
what are the prospects for further advances and 
refinements of these techniques? 

2. What are the relative merits of experimental 
techniques which are suited to identify and 
chAracterize the surface "reaction intermediates"? 
How does electron energy loss spectroscopy compare 
with other techniques for identifying surface 
reaction intermediates? 

3. Can ultra-vacuum spectroscopies be extended to 
technological situations, e.g., high pressures, 
liquid state, etc.? 

4. What is the present status of developing systems 
for experimental study which approach catalytic 
conditions? Which experimental technique best 
lends itself to use in general "reaction" 
environments? 

B. TF.CHNOLOGY NEEDS 

1. Apart from coal-conversions and H2/CO syntheses, 
what are the most important areas of surface 
chemistry and heterogeneous catalysis in which 
significant advances would be of material benefit 
to the nation's energy situation? 

2. What catalytic processes of class of reactions 
are the most important? What products are most 
in demand in the future? Which of these reactions 
or processes are energy inefficient? Are there 
new catalysts or processes that will overcome 
this inefficiency? What types of reactions 
involving low energy hydrocarbon activation 
are needed? 
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3. What is the overall role of cataly s in solar 
energy conversion? 

C. MISCELLANEOUS 

1. Is there appreciable information of general 
usefulness about catalysis in the files of industry? 
If so. could it be retrieved (for instance, by some 
procedure analogous to declassification)? 

2. Could research in catalysis and/or the development 
of catalysts be assisted by some form of systematic 
information handling? Some examples are large
scale storage and retrieval of information, data 
evaluation and periodic lists of papers (as in 
Radiation Chemistry and Photochemsitry) . 

3. How can interactions between the catalysis and 
surface science communities be enhanced? 
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