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PREFACE 

This conference is addressing a topic of major 
importance in catalysts, the problem of catalyst 
deactivation and poisoning. It is most timely to 
reexamine this problem in the light of recent funda
mental advances in surface physics and chemistry. 
By focusing our attention on this important aspect 
of catalysis we expect to identify the progress made 
in elucidating some of the surface processes and sur
face-bulk interactions that modify catalyst performance. 

We wish to acknowledge sponsorship of this conference 
by the Lawrence Berkeley Labortory (LBL) under the aus
pices of the Department of Energy. A special word of 
thanks to the members of LBL who contributed immeasurably 
to the organization of the meeting. 

Finally, we are grateful to the following industri
al organizations who by their financial aid made pos
sible the participation of a number of scientists in 
this conference: 

Air Products & Chemicals 
Amoco Oil Company 
Chevron Research Company 
Celanese Chemical Company 
E. I. DuPont de Nemours & Company 
Englehard Minerals & Chemicals Corporation 
Exxon Research & Engineering Company 
Ford Motor Company 
C-E Lummus 
Mobil Research & Development Corporation 
Monsanto Company 
Phillips Petroleum Company 
Rohm & Haas Company 
The Standard Oil Company (SOHIO) 
Stauffer Chemical Company 
Texaco 
United catalysts 

A. T. Bell, H. Harnsberger, D. A. Shirley, G. A. Somorjai, H. Wise 
Organizing Committee 
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THERMAL DEGRADATION OF THE DISPERSED METAL PHASE IN 
SUPPORTED METAL CATALYSTS 

P. Wynblatt 
Research Staff 

Ford Motor Company 
Dearborn, Michigan 48121 

INTRODUCTION 

Supported metal catalysts consist of small metal 
crystallites dispersed on the sur,face of non-

. metallic substrates, and are widely used both in 
industrial chemical processing and in automotive 
emission control systems. The activity of these 
catalysts tends to decrease during service as a 
result of various chemical and physical phenomena. 
This paper will focus on loss of activity result
ing from exposure of such catalysts to high temper
ature and in particular, on the mechanisms of 
growth of the catalytically active metal particles. 
The latter process leads to a decrease of the 
total ,active metal surface area, and hence to a 
decrease in the total catalytic activity. 

Attention will be confined primarily to the case 
of platinum particles supported on alumina sub
strates, as this has been the most widely studied 
system. However, the concepts discussed will be 
sufficiently general to provide insights into the 
behavior of related catalytic systems. It should 
also be mentioned that more detailed reviews 
covering the majority of the subject matter in 
this paper are available in the literature. 1- 3 

TRANSITION FROM METAL MONOMERS TO MACROSCOPIC 
PARTICLES 

Metal surface area measurements by chemisorption 
techniques have shown that it is possible to pre
pare supported catalysts in which every metal atom 
is accessible to the gas phase. Under those cir
cumstances, the metal phase must exist either as 
individual metal atoms on the substrate, or in the 
form of two-dimensional rafts (or islands). 
Clearly, the latter of these two forms is more 
stable, as it allows Pt-Pt bonds to be formed, 
each of which lowers the energy of the system by 
'" 80 kJ mol-I. Whether one or the other of these 
two forms is present will theref9re depend on 
kinetic factors, namely the mobility of metal atoms 
over the substrate. The binding energy of metals 
on metal oxide substrates is rather 10w,4 and falls 
in the range 8-30 kJ mol-I. Thus, if the activa
.tion energy for migration of Pt atoms over A1203 
is estimated to be '" 20 kJ mol-I, one would expect 
fairly high rates of Pt migration, and hence the 
existence of 2-D islands, even at temperatures as 
low as room temperature. The transition from 2-D 
islands to 3-D clusters is also driven by the 
formation of additional Pt-Pt bonds, but the 
kinetic process in this case is platinum surface 
self diffusion, which is associated with an activa
tion energy of '" 120 kJ mol-I. Thus, the rate of 
this transition is not expected to become signifi
cant at temperatures below 400 to 500°C. Finally, 
the driving force for continued growth of 3-D 

clusters is still the minimization of the number 
of dangling Pt bonds on the surface of a cluster . 
Once the cluster has reached a size of several 
hundreds or thousands of atoms, however, it 
becomes more convenient to think of this driving 
force as a minimization of surface energy. 

THEORIES OF PARTICLE GROWTH 

Two major concepts have been employed to model 
the growth of particles in supported catalysts. 
These are: growth by particle migration, collision 
and coalescence, and growth by interparticle 
transport. The first of these concepts has been 
treated most comprehensively by Ruckenstein 
et aI,S although that approach has not made appeal 
t; physical models of either the migration or the 
coalescence processes. That treatment has been 
extended by Wynblatt and Gjosteinl-3 by invoking 
specific models for growth under conditions of 
random (Brownian) particle migration, which pre
vail in the growth of particles supported on flat 
substrates. For the case where particle migration 
and coalescence proceed by surface self diffusion, 
the kinetics of growth may be approximated by: 

1 + Kt (1) 

where R is the average particle radius at time 
t, Ro is the initial value of the average particle 
radius, n is an integer which takes on a value of 
7, and K is a material and temperature dependent 
rate constant. This model of growth by particle 
migration, collision and coalescence indicates 
that the process is too slow to contribute to the 
growth of particles supported on flat substrates 
for particles greater than'" 50~. More recently, 
Ahn6 has treated the problem of particle growth 
under conditions where particle migration is 
driven by substrate curvature, wbich are likely to 
prevail in microporous supported catalysts. In 
general, it is found that the migration rate of 
particles from regions of substrate convexity to 
regions of substrate concavity is increase9 
dramatically in relation to migration rates over 
flat substrates, if the radius of curvature of 
the substrate is comparable to the radius of 
curvature of the particles. 

The second concept for modelling particle growth 
assumes that particles are stationary and that 
growth occurs by the diffusion of metal monomers 
between the particles. Here, larger, lower 
chemical potential particles, grow at the expense 
of smaller particles having higher chemical 
potential. This concept yields kinetic growth 



expressions similar to Eq. (I), in which the rate 
exponent n can adopt values in the range 2 to 4 
depending on the mode of mass transport between 
particles. Modifications of the above formalism, 
which include a growth inhibiting nucleation 
step as part of the overall growth process, have 
also been developed. This has led to a so called 
"nucleation inhibited" theory of growth which 
has been treated by Ahn and Tien7 and by Wynblatt 
and Gjostein. 8 

EXPERIMENTAL RESULTS ON MODEL CATALYSTS 

The most suitable measurements for comparison" 
with theory have been obtained from experiments 
on model catalysts, consisting of Pt particles 
supported on flat substrates. 6 ,9 In contrast to 
measurements performed on microporous catalysts, 
these experiments allow reliable measurements of 
particle size by transmission electron microscopy 
and avoid certain theoretical complexities which 
arise in the case of particles supported on highly 
curved substrates. These measurements have shown 
kinetics which either conform approximately to 
the rate law of Eq. (I), but with growth exponents 
n of 10 to 12 that lie beyond the physically 
plausible range of 2 to 7, or which do not conform 
to the rate law of Eq. (I), in that they display 
growth rates that can only be rationalized in 
terms of time dependent values of n. It is the 
nature of this unexpected kinetic behavior, 
coupled with the observation of particle faceting, 
which led to the postulation of the nucleation 
inhibited mode of growth mentioned in the section 
on theory. The concept of nucleation inhibited 
growth yields predictions that are in general 
agreement with the experimentally observed" 
kinetics of particle growth in flat substrate 
model catalysts. 

In order to gain some understanding of the 
differences in behavior between flat substrate 
model catalysts and real microporous catalysts, 
experiments have also been conducted on model 
catalysts consisting of particles supported on 
substrates having controlled curvature. 6 This 
has been achieved by producing sinusoidal profiles 
with wavelengths of 1 and 2 ~m on the surface of 
sapphire substrates. A few qualitative observa
tions of Pt particle growth on these rippled sub
strates are generally consistent with predicted 
trends. 

IMPLICATIONS WITH RESPECT TO MICROPOROUS CATALYSTS 

In general, microporous catalysts are too com
plex for quantitative comparisons to be made,at 
the present time, between actual particle 
growth kinetics and predictions of the various 
simple models discussed above. However, a 
general discussion of expected trends is possible. 

The consequences of particle migration over 
curved substrates will depend on the details of 
the topography in a given catalyst. However, if 
the majority of particles are present in pores 
connected by relatively flat regions, then 
particles will tend to be trapped in the generally 
concave pores, and little growth will result 
from migration. In any event, the effects of 
particle migration are likely to occur in the 

early stages of growth and then cease to be a 
major factor. Beyond that point, interparticle 
transport will become the dominant mode of growth. 
For partially wetting particles, the actual growth 
rate should be slower in a microporous system than 
on a flat substrate, and pore size will largely 
dictate ultimate particle size. However, as 
growth proceeds and particles fill up the pores 
in which they reside, an increasingly smaller 
fraction of the particle surface area will be 
available to the gas phase, thus offsetting the 
apparent benefits of limited particle size. 

The above discussion illustrates the complex 
nature of supported catalysts, and the diffi
culties which must be faced in formulating 
detailed interpretations of particle growth 
kinetics in such systems. However, the fact that 
it is possible to discuss the issues cogently, 
and identify the areas of ignorance, is in itself 
an indication that the tools required for the 
understanding of those systems are now well in 
hand. 
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DIFFUSION ON SINGLE CRYSTAL SURFACES - A REVIEW* 

Gert Ehrlich t 
Coordinated Science Laboratory 

University of Illinois at Urbana-Champaign 
Urbana, Illinois 61801 

Two distinct aspects of diffusion are of 
interest in connection with catalyst problems: (1) 
the motion of metal atoms over a crystallite, and 
(2) the surface diffusion of chemisorbed gases. 
Relatively little is known about either process, 
but experiments on single crystal planes are pro
viding a better phenomenological understanding of 
the atomic events in surface diffusion. The tech
niques useful in studying surface transport of 
metal atoms are rather different from those being 
applied to diffusion in chemisorbed layers. The 
two areas dill therefore be reviewed separately. 

I. Surface Migration of Metal Atoms and Clusters 

A. Atomic Diffusion 

The field ion microscope has made it possible 
to visualize single metal atoms at a surface and to 
examine their motion quantitatively. 1 The surface 
diffusion coefficient D can thus be obtained from 
direct measurements of (R2), the mean square dis
placement observed during a time interval T, using 
the relation 

(R2) = 2nDT = 'J Ti exp(-lIl/kT) 

Here n specifies diffusion as either one- or two
dimensional, 1, is the root mean square jump length, 
'J 'the frequency factor for the diffusion process, 
and lIH* its activation energy. The latter two 
parameters are accessible from measurements at 
different temperatures. However, the individual 
atomic jumps contributing to diffusion are not 
revealed by such studies: this requires examination 
of the probability Px that an atom be at a distance 
x spacings from its origin after a time T.2 For 
atoms executing one-dimensional motion and capable 
of jumping to first- or second-nearest neighbor 
sites, at rates a and ~ respectively, the distance 

-distribution is given by 
-f<IO 

P = exp[-2(a-+fl)T] L: I (~T)I 2 (2aT) , x n x- n ' 
n=-CD 

where Ix is the modified Bessel function of order 
x. In principle, detailed measurements of the 
distance qistribution can yield quantitative'values 
for the atomic jump rates in surface diffusion. 

Measurements of the diffusion coefficient for 
metal atoms have, so far, been carried out on 
several P1anes of tungsten,l, rhodium, 1, and 
platinum. The preferred direction of motion, as 
well as the barrier to diffusion are found to 
depend strongly upon the atomic arrangement of the 
particular surface. On the fcc crystals, a good 
correlation exists between the energetics determin
ed experimentally and calculations based on pairwise 

additive interatomic potentials. On tungsten, 
diffusion does not appear to follow the same 
course and the effects of surface structure are 
not understood. 

Extensive determinations of the distance 
distribution function are- not yet available. It 
is generally assumed, however, that diffusion 
occurs primarily via atoms jumping to neighboring 
sites. E~tant observations of one-dimensional 
diffusion suggest that this is a reasonable 
assumption for processes at room temperature. 

B. Cluster Motion 

When several metal atoms are present ona 
plane, they may associate into small clusters 
which can move over the surface as a unit. Quanti
tative studies of this motion have been made on 
the (211) plane of tungsten,4 and show that dif
fusion occurs by jumps of the individual atoms. 
Detailed stochastic models of cluster motion are 
available. 1,5 It appears from these that cluster 
diffusion can be faster or slower than the diffu
sion of single atoms, depending upon the details 
of the interaction between ,atoms in the cluster. 
Such behavior has in fact been observed. l 

II. Diffusion in Chemisorbed Layers 

Compared to studies on metal atoms, measure
ments on chemisorbed layers provide rather less 
detail on the atomic level, and have not been as 
intensively pursued. Surface migration of ggses 
on metals was examined in the 50's by Gome,r, who 
observed transport of oxygen, hydrogen, and carbon 
monoxide over the atomically rough regions on 
tungsten and nickel field emitters. These early 
measurements indicated that the barrier to diffu
sion of chemisorbed atoms in dilute layers amount
ed to roughly one-fifth the barrier to atomic 
evaporation. Only recently has work on single 
crystal planes been undertaken. Gomer has pro
posed a technique for deducing the diffusion 
coefficient from the speed of fluctuations in the 
field emission current7 drawn from a small area 
of a single crystal plane. This method has_ been 
applied to the diffusion of oxygen on W(llO). 
Work has also been undertaken on macroscopic 
crystal planes. Butz and Wagner,8 using a tiny 
contact potential probe, have been able to measure 
the concentration profile of an oxygen layer on 
W(llO). Using a scanning electron beam, Polak and 
Ehrlich9 have examined diffusion as well as evapo
ration of nitrogen on W(llO). The electron beam 
is used to create an initial concentration gradi
ent, and to measure subsequent concentration 
changes. In this way diffusion and desorption 
from the same surface have been directly compared 
for the first time. 



4 
The important features of the diffusion 

process derived from these studies will be summariz
ed. It is clear, however, that much more needs to 
be done to systematize an understanding of surface 
diffusion in chemisorbed layers. 

* Supported under NSF Grant DMR 72-02937 and 
DMR 76-82088. 

tJoint Services Electronics Program (U.S. 
Army, U.S. Navy, and U.S. Air Force) Contract 
DAAB-07-72-C-0259. 
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ON MEASURING THE AVERAGE PARTICLE SIZE OF NICKEL IN COPRECIPITATED 
NiO - A1

2
0

3 
and NiO - Si02 CATALYTIC MATERIALS 

K.B. Patel, C.H. Lin, P. Ganesan, P.J. Reucroft and R.J. De Angelis 
Department of Metallurgical Engineering 

and 
Institute for Mining and Minerals Research 

. University of Kentucky 
Lexington, Kentucky 40506 

INTRODUCTION 

Several methods can be used to deter
mine the average crystallite size in 
supported metal catalysts l . X-ray dif
fraction and electron microscopy can also 
provide information on the crystallite size 
distribution. Hydrogen chemisorption, 
which depends upon determining the hydrogen 
uptake corresponding to monolayer coverage 
on the reduced active metal surface, re
quires information on the amount of 
reduced metal in the sample. In many 
cases, e.g. such as platinum catalysts, 
the reduced metal content will be the 
same as the total metal content of the 
catalyst under most reducing conditions 
that are employed. In catalysts where 
incomplete reduction is obtained, it is 
necessary to apply a correction for the 
fraction of metal that remains unreduced. 
In this paper, average crystallite size 
data, obtained from hydrogen chemisorption, 
are found to be in good agreement with 
similar data, obtained from x-ray 
diffraction studies, when corrections are 
applied for incomplete reduction. 

MATERIALS 

The methanation catalysts used for 
this investigation were supplied by United 
Catalysts, Inc., Louisville, Kentucky. 
The general properties of these catalysts 
are summarized in Table 1. These were 
made by coprecipitation of the carrier with 
the metal oxides in the form of metal 
salt solutions with Na2C03 or NH40H. 

Table 1. Physical arid Chemical 
of Methanation Catalysts: 

Carrier. Material 
%Ni(Initial form NiO) 
%C (binder) 
%Cl 
%S 2 
N2 Surface area1m /g) 
Pore Volume (cm /g) 
Density lbs/cu. ft. 

C150-l-0l 

Si02 
51. 7 
2.94 

0.06 
211 
0.34 
65.6 

Properties 

C150-4-03 

A1203 
55.6 
2.7 
0.0l3 
0.09 
177 
0.514 
5S.0 

EXPERIMENTAL RESULTS 

Thermogravimetric Analysis 

Hydrogen reduction experiments on 
approximately 10mg. samples of as-received 
pellets were performed using a DuPont 
Thermogravimetric Analyzer. During the 
initial heating, under nitrogen, to the 
reduction temperature there is weight loss 
due to removal of moisture ann Dossibly 
adsorbed oxygen. Once a steady state is 
reached, hydrogen is passea at a predeter
mined flow rate as measured by a flowmeter. 
The fraction of oxygen reduction was cal
culated based on the sample weight after 
the moisture is removed and by assuming 
all nickel to be in the form of NiO. 

Reduction experiments were carried 
out on both catalysts at 400, 450 and 500°C 
using hydrogen flow rates between 4.S and 
S.Occ/min. The reduction time re~uired to 
attain 50 70% rec.uction along ,·,ith sample 
weight ~oss due to moisture for different 
flow rates and temperatures are recorded 
in Table 2. 

In the case of silica supported 
C150-l-0l catalysts almost 50% of NiO is 
reduced in five minutes, the reaction rate 
reduced considerably thereafter and complete 
reduction is not usually obtained. These 
results support that part of the nickel 
oxide is readily accessible to hydrogen 
and is reduced easily and the other por
tions of NiO are nearly·completely encap
sulated or complexed by the support which 
make reductions difficult. 

The values of activation energy for 
50 and 70% reduction obtained for various 
hydrogen flow rates on the catalyst C150-
1-01 are given in Table 2. The reported 
activation energies of l3.S and lS.7 Kcal/ 
mole for the permeability and diffusion 
of hydrogen in nicke1 2 agree with the 
activation energies obtained on the 
silica supported catalysts. Thus it can be 
reasonably concluded that the permeability 
of hydrogen in the initial period and dif
fusion of hydrogen in the later part of the 
reduction process control the reaction 
kinetics. 3 



For the case of the alumina supported 
ClSO-4-03 catalyst at a reduction tempera
ture of 400°C, the fractional reduction 
is only 2S% and increases to 80% as the 
reduction temperature is increased to SOO°C. 
The data also indicates that .the kinetics 
of reduction at SOO°C is lower than at 
4S0°C4. 

Batch Process 

Batch type reductions (2S0gm samples) 
were made usingClSO-l-Ol material at 
400°C and SOOoC employing hydrogen flow 
rates of 1.2 and 2.9 2/min. The results 
obtained are very similar to the TGA 
results. 

Chemisorption 

Hydrogen chemisorption isotherms were 
determined by the conventional volumetric 
adsorption technique employing a vacuum 
system similar in design to a system des
cribed previouslyS. The surface area per 
gram of metal was determined from the mass 
of catalyst sample employed, the metal 
content of the catalyst and assuming an 
area of 6.S~2 per atom of hydrogen. 

DISCUSSION 

Average particle sizes calculated 
from the hydrogen chemisorption data ob
tained on CISO-I-Ol and q,SO-4-03 Asamples 
reduced at 400°C) were 67A and 200A res
pectively. These values were obtained 
assuming a spherical shape factor and 
complete reduction of the NiO to metallic 
nickel. However, the TGA indicates that 
the fractional reduction of NiO was between 
0.2 and 0.8 for the alumina supported 
catalysts and 0.7 and 0.8 for the silica 
supported catalysts. Introducing the 
fractional reduction (F) into the cal
culation of the average particle size from 
the surface area(s) leads directly to: 

° d sphere = 0.6734 F/S (A) 
d cube 0.S612 F/S (A) (1) 

Using Coenen's6 proposed model in which 
hemispherical crystallite gives the form
ula: 

d . ° hemisphere = 0.4310 F/S(A) (2) 

Table 3 contains the values of the 
average crystallite size calculated from 
the data obtained on catalysts using the 
above three particle models. The x-ray 
determined particle sizes obtained 
from these catalysts after a reduction of 
2 hours at SOooC were 3S to 40A7. A 
comparison of the x-ray results with the 
values in Table 3 indicates that there is 
a good agreement with the crystallite sizes 
determined from the surface area measure
ments. The hemispherical particle shape 
model had the closest agreement. 
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Table 3. Hydrogen Chemisorption, Thermo
gravimetric and Average Particle Size Data 

F t 
Aver. Particle size, 

Reduc. Surface < rac . (A) . 
Temp. l\.rea(m2/g) I!.educ. suhere cube Heml. 

ClSO-I-Ql 
400 
4S0 

C1.S0-400 3 
400 
4S0 

8S 
76 

28.0 
61.S 

0.74 
0 .. 90 

0.24 
0.80 

S6 
76 

S9 
87 

46 
64 

49 
73 

36 
49 

39 
SS 

Table 2. Experimental data for reduction of different catalytic materials 

Catalyst 

ClSG-l-Ol 
ClSa-l-Ol 
ClSa-l-Ol 
ClSa-l-Ol 
CISO-I-Ol 
ClSa-l-Ol 
ClSa-4-03 
ClSG-4-03 
ClSD-4-03 

;Sample 
Wt·. (mg) 

9.10 
9.30 
8.42 
8.2S 
9.05 
8.10 
9.40 
9.00 
10.92 

Moisture 
Cont. (mg) 

1. S4 
LIS 
1. S4 
0.90 
1. 01 
1. 48 
0.66 
0.67 
0.88 

Red.Temp. 
(OC) 

400 
4S0 
SOO 
400 
450 
SOO 
400 
4S0 
SOO 

H2 Flow Rate 
(cc/min) . 

4.8 
4.8 
4.8 
8.0 
8.0 
8.0 
4.8 
4.8 
4.8 

+to.S 
(min) 

18 
S.6 
S.O 
8.2 
2.6 
2.S 

28.8 
60.9 

Q 
(Kcal/mole) 

13.S 

12.S 

+t. SO and to.7 refers to time taken for SO and 70% reduction resp. 

+to.7 
(min) 

76.8 
14.9 
12.6 
82.0 
lS.O 
S.26 

77 .6 
60.9 

Q 
(Kcal/mole) 

19.0 

28.S 
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EFFECTS OF GAS ATMOSPHERE ON SHAPE AND MOBILITY OF SUPPORTED METAL PARTICLES 

J.W. Geus 
University of Utrecht* 

The NetherZands. 

INTRODUCTION 

One of the most important causes of deactivation 
of supported metal catalysts is sintering, a pro
cess in which the original small metal particles 
coalesce to a much smaller number of large crystal
lites. Experimental evidence from studies on both 
supported metal catalysts and on discontinuous, 
vapour-deposited metal films is now used increasingly 
to elucidate the mechanisms of the sintering pro
cess. It is worthwhile to investigate whether the 
evidence available now can be used to adequately 
describe thesintering process in various experi
mental conditions. 

Sintering is affecting the activity of supported 
metal catalysts most obviously by decreasing the 
surface area of the metal. If the catalytic reaction 
is structure-sensitive, sintering can, however, 
also influence the activity by changing the distri
bution of exposed crystallographic planes. Especially 
poisoning of the active metal surface by reaction 
with the reactants or impurities to a stable, 
blocking surface compound can appreciably depend on 
the atomic structure of the metal surface. 

We therefore shall consider first evidence on 
the structure-sensitivity of catalytic reactions. 
Having established the dependence of some catalytic 
reactions on the surface structure, we shall deal 
with the effect of the size of metal particles on 
the proportion of differently structured crystallo
graphic planes in their surfaces. Evidence of a 
size-dependent deactivation of silica-Rupported 
nickel particles for the decomposition of ammonia 
will be given. The small anisotropy of the surface 
energy of copper brings about small supported copper 
particles to assume a less faceted shape, which is 
evident from electron micrographs. The (re)activity 
of the copper particles agrees with what has to be 
expected from their shape. 

Sintering of supported metal particles can be 
followed by determining the mean size of the parti
cles from e.g. X-ray line-broadening or the specific 
metal surface area. A detailed description of the 
sintering'process calls, however, for a knowledge 
of the particle-size distribution. Electron micros
copy can be used to establish the particle-size 
distribution. With superparamagnetic nickel particles 
the distribution can also be determined by magnetic 
measurements. The shift in the particle size distri
bution on reduction at increasing temperatures will 
be used to corroborate the sintering mechanism of 
silica- and alumina-supported nickel particles. 

* Dept. Inorganic Chemistry,Croesestraat 77A,Utrecht. 

STRUCTURE-SENSITIVITY 

To establish a catalytic reaction to be structure
'sensitive calls for uniform metal surfaces containing 
only one crystallographic plane. Exposure of one 
single crystallographic plane can be obtained most 
easily by using a large single crystal. It is, how
ever, almost impossible to prevent the edges and the 
shanks of the single crystal to participate in the 
reaction. When a flow of reactants is passed along 
a single crystal, it necessarily contains also 
reaction products from the edges and the shanks of 
the crystal. An investigation of the reaction to 
chemisorbed species or of chemisorbed atoms to 
gaseous products is more easily to confine to a 
monocrystalline surface. The coverage of a limited 
region of a monocrystalline surface can be monitored 
accurately by e.g. Auger electron-spectroscopy or 
ellipsometry. Provided the adsorbed species is not 
highly mobile, the reactivity of a surface that, 
though containing a limited number of steps and 
other defects, is uniform, can be easily studied. 

SCHOUTEN and BOOT SMA investigated the interaction 
of methane with monocrystalline nickel surfaces. 
The Ni(110) surface adsorbs methane already at 2000 C, 
while the (100) surface reacts less rapidly. The 
closely packed (111) surface, on the other hand, 
does not react at temperatures as high as 3000 C. 
HABRAKEN and BOOTSMA established the reaction of 
copper with oxygen also to be structure-sensitive. 
The Cu (110) surface reacts much more rapidly than 
the (111) surface, while most of the oxygen (ad)
sorbed by the (110) surface reacts much slower with 
carbon monoxide than that taken up by the (111) . 
surface. The behaviour of silver surfaces is also 
interesting. The Ag (110) surface rapidly takes up 
oxygen at room temperature (ALBERS and BOOTSMA). 
The activity of the (111) surface strongly depends 
on the number of surface defects. A carefully an
nealed surface reacts very slowly, whereas a severe
ly damage surface that still exhibits the usual 
LEED pattern takes up oxygen rapidly. 

SURFACES OF SUPPORTED METAL PARTICLES 

The equilibrium shape of metal crystal1~tes 
determines the contribution of the different crystal
lographic planes to their surface. The equilibrium 
shape is, in turn, governed by the anisotropy of the 
surface energy. Results obtained so far indicate 
metals to have an intermediate to small extent of 
anisotropy. The anisotropy of e.g. copper is small, 
whereas that of nickel intermediate. Equilibrated 
nickel particles hence have more atomically flat 
facets in their surfaces than copper particles. 
Supported nickel particles of about 15 nm exhibit 
the same shape as the much larger (about 2 ~m) 
particles investigated by SUNDQUIST. Supported 
'copper particles of about 1'5 nm are more irregular 



and rounded than SUNDQUIST's larger particles. The 
evidence available now points to equilibrated metal 
particles to be bounded by flat planes with rounded
off edges and corners. The atomically flat surfaces 
are well ordered, whereas the stepped surfaces at 
edges and corners will disorder to an extent rising 
with the temperature. 

The slightly facetted shape of equilibrated 
nickel particles brings about that the fraction of 
atomically rough surfaces increases as the size of 
the nickel particles falls. The reactivity of 
silica-supported nickel particles shows the expected 
behaviour. In contrast to extended monocrystalline 
nickel surfaces very small (about 2 nm) nickel par
ticles adsorb methane already at roomtemperature 
(VAN DER WAL, HERMANS and GEUS). The activity of 
nickel particles for the decomposition of ammonia 
shows also the fraction of rough planes depending 
on the particle size (KIEFFER, KRAMER, HERMANS and 
GEUS). With small nickel particles a fraction of 
the nickel surface depending on the temperature and 
the partial pressures of hydrogen and ammonia is 
converted into an inactive surface nitride. Since 
larger nickel particles, which have more atomically 
flat planes in their surface, do not react to nitride 
their activity per unit surface area of nickel is 
larger. VAN DER MEIJDEN, VAN DILLEN, DORLAND and 
GEUS investigated the activity of oxygen taken up 
by small copper particles with carbon monoxide. As 
was observed with the Cu (110) surface, the acti
vity drops appreciably with increasing oxygen 
coverage. Infrared spectra of adsorbed carbon 
monoxide showed that the bonding to copper (II) 
oxide does not depend on the particle size in con
trast to that on copper particles (JOZIASSE and 
GEUS). 

The above evidence shows that the surface struc
ture expected for clean equilibrated metal parti
cles can be observed experimentally. Other evidence 
shows that the shape of metal particles is strongly 
influenced by foreign atoDS. SUNDQUIST observed 
that addition of only 0.25 % of lead to silver 
caused the silver particles to become essentially 
spherical; gold particles containing 0.25 % of 
silver showed the s.ame behaviour; Interaction 
with oxygen, on the other hand, brought about 
facetting of e.g. nickel particles. Facetting due 
to interaction with oxygen had also been found 
with tungsten field-emission tips. 

INTERACTION WITH THE SUPPORT 

Interaction with the support affects both the 
shape of the metal particles and the mobility of 
the particles over the support. Nickel particles 
strongly adhere to silica surfaces. This is indi
cated by a comparison of the extent of hydrogen 
adsorption and the size of the nickel particles 
as calculated from X-ray line broadening or mag
netic measurements. Evidence obtained in different 
experiments (evaporated metal films, dispersion
strengthened alloys, supported catalysts) shows 
that oxidation at the interface increases the 
interaction with oxidic supports appreciably, as 
does the presence of not-reduced metal ions at the 
interface. 

S INTER ING 

Sintering of supported metal catalysts can pro
ceed by migration and coalescence of metal particles. 
Desorption of metal atoms from smaller metal par
ticles to the surface of the support or the gas phase 
and transport to larger particles can also lead to 
sintering. The evidence concerning the above two 
mechanisms will be reviewed. Metal particles appear 
to be highly mobile over atomically flat non-metallic 
surfaces. Coalescence of small contacting metal 
particles takes place almost instantaneously, unless 
their surfaces are contaminated. The structure of 
the surface of the support and the interaction with 
the support determine the mobility of supported 
metal particles. 

Dissociation of metal atoms from metal particles 
asks for elevated temperatures, also when the par
ticles are very small. Chemical reaction (e.g. for
mation of a metal carbonyl or oxide) can, however, 
considerably promote desorption of metal atoms to 
the surface of the support or to the gas phase. 
Decomposition of an unstable metal compound on the 
surface of larger particles can cause a very rapid 
sintering. Both the above mechanisms can therefore 
bring about sintering. 



FACTORS AFFECTING THE THERMAL STABILITY OF SUPPORTED METAL CATALYSTS 

Sieghard E. Wanke 
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INTRODUCTION 
The deactivation of supported metal 

catalysts (SMC) due to metal crystallite 
growth (sintering) has received a great 
amount of attention in the past few years. 
Two mechanisms, crystallite migration l - 3 
and molecular migration 4 , have been pro
posed for the sintering of SMC. Investi
gations using model catalysts and electron 
microscopy5 have shown that for Pt-alumina 
sintering occurs via migration of species 
smaller than 2.5 n~, i.e. sinte~ing for 
these model systems probably occurs by 
molecular migration. It is doubtful 
whether one can extrapolate the results 
obtained with model catalysts (low support 
area and high metal loading) to commerical 
SMC (high support area and low metal load
ing). In the present paper the influences 
of treatment atmosphere; metal loading, 
nat u reo f sup p 0 r t a n.d I alloy i n g Ion the 
sintering Qf SMC are discussed. 

EXPERIMENTAL METHODS 
The catalysts employed in this study 

are described in Table l. All catalysts 
were prepared by impregnation with aqueous 
solution of the metal chloride salts. The 
treatment procedures and the dynamic 
hydrogen adsorption method, used to 
measure the metal dispersion, have been 
described oreviously6. 

Table 1. Description of catalysts. 

Metal Initial Support 
Catalyst Content Dispersion Material 

A 0.5% Pt 0.29 Aion a 

B 1. 0% Pt 0.33 Alon 
C 4.0% Pt 0.31 Alon 
D 1. 0% Pt 0.13 Silicab 

E 1. 0% Pt 0.17 Silica-alumina b 

F 1. 0% Pt 0.28 y-alumina b 

G 1.0% Pt 0.35 Alon 
H 1. 0% Ir 0.37 Alon 

1 % Pt - 1% Ir 0.36 Alon 
J (Physical mixture of equal amounts of Cat. 

G and 11) 

aAlon is a y-alumina with a surface area of 
100 m2 /g. 

bThe surfaces areas of silica, silica-alumina and 
y-alumina were 240, 100 and 75 m2 /g, respectively. 

RESULTS AND DISCUSSION 
The results are reported as normalized 

dispersions (0/0 0 ), l.~. the ratios of the 
hydrogen uptakes of the sintered catalysts 
to the hydrogen uptakes of the unsintered 
catalysts. The values of the dispersions 
for the unsintered catalysts reported in 
Table 1 were calculated by assuming a hy
drogen adsorption stoichiometry of one 
hydrogen atom per surface metal atom. 

The influence of metal loading on dis
persion after treatment in oxygen for 1 h 
for Pt/Alon catalysts is shown in Fig. 1. 
It is evident that changes in dispersion 
are a strong function of Pt content .. 
Treatment in hydrogen showed a different 
trend; smaller decreases in dispersibnwere 
observed with increasing Pt loading, ~.~. 
after 1 h treatment in hydrogen at 70QoC 
the normalized dispersions for Cat. A, B 
and C were 0.62, 0.66 and 0.71, respective
ly. These results indicate that sintering 
in hydrogen occurs by atomic migration. 
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Fig. 1. Effect of metal loading on normal
ized dispersion after treatment in oxygen 
for 1 hour. 



1.0 
T hoe hi flu e n ceo f the sup p 0 r ton the sin

tering bf Pt was investigated by measuring 
the changes in dispersion as a function of 
treatment conditions for four catalysts 
containing 1% Pt on different supports. 
The results for treatment in oxygen are 
shown in Fig. 2. The alumina supported 
samples showed m~rked redispersion. It is 
believed that this is caused by strong in
teractions of Pt oxide species with certain 
sites on the support. The nature of these 
sites is not known. The silica-alumina 
contains only few of these sites and the 
silica does not contain any. Treatment in 
hydrogen always resulted in decreases in 
dispersion and the silica supported cata
lyst was the least stable. 

2.0 

o 

e 1.5 
o 

c 
o 
III ... 
Q) 

c. 
o~ 1.0 
o 

-c 
Q) 

N 

'" E ... 
~ 0.5 

\lcat 0 (Y-A1 203) 

QCat E (silica-
alumina) 

6,Cat F (silica) 

o Cat G (Alon) 

Treat~ent Temperature, °c 

Fig. 2. Effect of support on normalized disper
sion after treatment in oXYQen for 16 hours. 

Dispersions as a function of treatment 
conditions were measured for Pt-Ir on Alon 
catalysts (Cat I). For comparison, disper
sions after the same treatments were also 
measured for Pt/Alon (Cat G), Ir/Alon (Cat 
H) and physical mixtures of Cat G and H 
(Cat J). Care was taken to ensure that the 
impregnation procedures were identical for 
all three catalysts. The results of these 
studies are summarized in Table 2. If no 
interactions exists between the Pt and Ir 
in Cat I and J, then the dispersions of 
these catalysts should be the weighted sum 
of the di~persions of Cat G and H. This 
lack of interaction was only observed for 
Cat J during treatment in hydrogen. The 
results for Cat J after treatment in oxy
gen indicate that metal transport occurred 
on a macroscopic scale, possibly by vapor 
phase transport of metal oxides. Treat
ment of Cat I in oxygen resulted in lower 

Table 2. Normalized dispersions as a function of 
treatment conditions for supported Pt, Ir and 
Pt-Ir catalysts. 

Normalized Dispersion (0/0
0

) 
Treatment 
Temp (OC) Cat G Cat H Cat Cat J 

O2 for 1 h 
300 "- 1.18 I. 01 1.04 
400 1. 30 0.83 0.82 0.99 
500 1. 55 0.39 0.60 1.01 
600 0.98 0.21 0.60 0.75 

O2 for 16 h 
:?'JO 1. 47 1. 04 1. 06 
400 1. 21 0.32 0.58 0.80 
500 2.08 0.24 0.90 1.07 
600 1. 04 0.22 0.53 0.75 

H2 for 1 h 
650 0.83 0.88 0.85 0.82 
800 0.59 0.75 0.74 0.66 

H2 for 16 h 
650 0.63 0.81 0.81 0.71 
800 0.28 0.61 0.64 0.51 

dispersions than eXDected &ro M the results 
for Cat G and H. This is possibly due to 
the higher metal content of CatI. Th~ 
dispersions for Cat I after treatment 1n 
hydrogen were higher than expected. ~h~ 
reason for the increased thermal stab111ty 
in hydrogen of the co-impregnated Pt-Ir 
catalyst is not known. 

On the basis of the above and previous
ly reported results 7 ,it is concluded that: 
1. in oxygen, sintering occurs by the 

transport of metal oxide species 
2. Pt and Ir oxides interact strongly with 

sites on y-alumina surfaces (the inter
action is much less for silica-alumina 
and is absent for silica) 

3. in hydrogen, sintering occurs by the 
transport of metal atoms 

4. individual metal atoms on the support 
surfaces are very mobile 

5. in hydrogen, supported Pt-Ir catalysts 
have thermal stabilities comparable to 
those of supported Ir catalysts. 
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METAL-SUPPORT INTERACTIONS AND DEACTIVATION 
IN COPPER-BASED CATALYSTS 

K. Klier 
Lehigh University 

Bethlehem, Pa. 18015 / 

Although copper-based catalysts for 
low-pressure methanol synthesis and the 
shift r~action have a considerable prac
tical importance, they are also good models 
for studying fundamental questions of inter
actions in multiphase catalysts and of 
their stability with respect to surface 
and bulk reactions involving reactants and 
impurities. Recent reports on redox pro
cesses, chemisorption and catalytic acti
vity of copper-based solids [1-3] addressed 
the questions of the valence states of 
copper, dispersion, and dissolution of 
copper in the various components of the 
multiphase catalysts. The results for 
copper-containing zeolites and copper-zinc 
oxide catalysts are summarized herein, 
followed by a discussion of the chemi
sorption of oxygen, carbon monoxide, and 
chemical poisons as well as of two class-
es of deactivation mechanisms occurring 
in these catalysts. 

DISPERSION AND EPITAXIAL RELATIONSHIPS IN 
THE COPPER-ZINC OXIDE CATALYSTS 

Through a combination of methods inv61v
ing X-ray crystallography and electron 
microscopy, fine dispersions of copper were 
characterized for a ~ase where alumino
silicates or silicas were the support and/ 
or where the second phase was zinc oxide. 

The stability ranges for cuI, ultrafine, 
o 

possibly atomic, Cu, and Cu metal were 
determined for alumino silicate-supported 
copper on which the copper-support inter
action was found minimal except for electro-

. I 
statlc attractl0n of Cu. With ZnO, copper 
makes intimate two-phase mixtures in .which 
finely dispersed particles (5-8 nm) are 
found in certain compositions linked to an 
epitaxial relationship between the (1010) 
ZnO surface and the (211) plane of copper. 
Such a relationship results in a well
defined metal-to-semiconductor contact 
whose properties have been characterized 
by optical methods and charge transfer 
determined to take place from the metal 
into the semiconductor. 

SOLUBILITY OF ONE COMPONENT IN ANOTHER 

Simultaneous microdiffraction and micro
analyses in the scanning transmission 
electron microscope revealed substantial 
solubility of a copper species in the zinc 
oxide phase, a feature that is absent in 
the aluminosilicate-supported copper. 
Electronic absorption spectra and the 

microanalyses in STEM allowed to disting
uish between the dissolved copper and the 
segregated metal. An energy band diagram 
was put forward to support the argument, 
following from preparation history, that 
the dissolved copper is in formally uni
valent state. As the reduction or synthe
sis temperature increased, copper moved 
from the ZnO solution into the metallic 
phase. This process was accompanied with 
an irreversible loss of catalyst activity 
but could be prevented by small oxidation 
potential introduced by oxidizing gases 
in the feed gas. 

CHEMISORPTION OF REACTANTS, PROMOTING 
GASES, AND POISONS 

The chemisorption of CO and H2 was 

studied in a range of pressures and temp
eratures, and the data indicate that two 
kinds of chemisorbed CO are present which 
vary non-linearly with either the ZnO 
surface area or the Cu metal surface area 
in the binary Cu/ZnO catalysts. Parallel 
experiments on Cu(I) zeolites showed that 
1:1 CO:Cu(I) complexes are formed and by 
analogy CO:Cu(I) adsorbates were proposed 
to be one form of CO chemisorbed on the 
Cu/ZnO catalysts and CO weakly chemisorbed 
on copper metal to be the second form. 
Likewise, oxygen gave rise to two types of 
adsorbates, one giving rise to Cu(I) val
ence states created by surface oxidation 
of the copper metal and another, giving 
rise to Cu(II) valence states created by 
surface oxidation of the Cu(I)/ZnO solu
tion. The valence states of copper were 
identified by XPS measurements of the 
copper shake-up peaks. The oxidizability 
of Cu(I)/ZnO ceased when the catalysts 
were pre-exposed to small amounts of hydro
gen sulfide or methyl chloride, in which 
case large concentrations of sulfur or 
chlorine were found on the surface with a 
concomitant loss of synthesis activity. 
It was concluded that the poisoning gases 
preferentially chemisorb on the . 

CuI centers to prevent them from oxidation 
where oxygen was admitted and from cata
lyzing CO hydrogenation in the synthesis. 

DEACTIVATION MECHANISMS 

Since no carbon residues were found 
under any stage of chemical poisoning or 
other types of deactivation, the copper
based catalysts do not undergo the other
wise frequently observed deactivation by 
'carbonaceous residues. The principal 



12 

deactivation mechanisms are a chemical 
poisoning by irreversible non-oxidative 
chemisorption of sulfur or halogen contain
ing gases where these impurities are pres
ent or a reductive process withdrawing the 
Cu(I) ions from the ZnO solution into the 
metallic phase. The latter process can be 
prevented by the presence of oxygen, water, 
or carbon dioxide in the synthesis gas by 
which the promoting effects of these gases 
are established. 
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METAL-SUPPOR'l' INTERACTIONS AND THErR EffECT ON 
CATALYTIC AC'l'IVITY 

M \ Shelef 

Enginee~ing & Research Staff 
Ford Motor Co~pany 

Dearborn, Michigan 48121 

ABSTRACT 

The notion that the active co~ponent of 
a supported catalyst does interact with 
the ostensibly "inert" support ~s as old 
as the use ?f supported catalysts. It ~as 
suspected Slnce the beginning of the art 
that.these interactions influence the prop 
pert7es of. the catalysts such as the state 
of d1sp~rs1on, catalytic selectivity, rate 
of part1cle growth, adsorptive capa6ity 
tendency to volatilization, ease of ' 
oxyreduction and the like. 

Interactions which took place in the 
bulk of the solid and were assoc~ated with 
the formation of new phases could be 
characterized by X-ray methods which were 
well develo~ed ~e~eral decades ago, The 
closer exa~lnat1on of surface interactions 
had ~o tra71 the development of prec~se 
chemlsorptlon techniques, the adaptation 
of ~ools, used previously fQr characteri~ 
zatlon of bulk materials, such as JR a~d 
ESR, to surface studies, and th~ advent 
of modern surface-specific characterization 
tools. . . 

These studies have produced in recent 
years substantial experimental evidence 
con~erning the active phase~support inter~ 
act7ons. It appears now that ~uch inter
act1o~s take place in virtually eVery 
conce1vable catalyst-support system to the 
exten~ of being able to modify the overall 
behavlor under some external 60nditions of 
temperature and environment. . 

. A mos~ important consequence of the 
1nt~ract1on between the support and the 
act1ve tra~sition metal, base or noble, is 
the format1on of monolayer-thiCk entities 
of th~ ~atter on the surface of the former, 
On oX1d1C supports, such entities are formed 
at e~e~ated tempera~ures under oxidizing 
cond 7t1ons. Depend1ng On th~ ratio of 
10ad1ng of the catalyst by the active 
component to the available su~face area of 
the ~upport, the active surface phase can 
cons 1st of ~elat~vely isolated single atoms 
?r of two-d1mens1onal assemblies variously 
1dentified as "islands" or "rafts" . The 
~tu<;ly of various systems at Ford R~search 
1nd1cated that only a fraction of the 
available support surface can be covered 
by the two-dimensional phase, before the 
~xcess of th~ sup~orted metal agglomerates 
1nto three-d1mens1onal entities. Other 

results in the literature indicate a for
mation of complete and continuous mono
layers of the active phase on the support. 

There is a marked difference in chemi
sorption stoichiometry between the 
isolated sites, the "rafts", and the 
crystallites. In particular, mUltiple 
chemisorption is very common for the 
isolated sites in the case of metals and 
gaseous adsorbates which form inorganic 
complexes with multiple coordination of 
the adsorbate. This introduces another 
complexity in the determination of 
accessible surface area in dilute supported 
catalysts by chemisorption where one has 
now to consider sites of "multiple" chemi
sorption in addition to the "linear" and 
"bridged" forms of adsorption. 

The surface interaction of the two
dimensional phase with the support does 
in several instances stabilize a given 
oxidation state which impedes volatiliza
tion and diminishes the rate of particle 
growth. These interactions can be used, 
to a degree, advantageously in the design 
of catalysts. 

The limitation of such stabilization 
approaches is associated with the corollary 
that strong surface interactions are tanta
mount to partial poisoning, at least for 
those reactions which require a change of 
the oxidation state at the catalytic site. 
On the other hand, the formation of the 
dispersed two-dimensional phases can 
enhance the utilization of the active 
metal if in the subsequent catalytic 
reaction the oxyreduction step is not 
rate-determining. 

The specific activity of the dispersed 
phase as compared to that of the three
dimensional crystallites can be larger, 
smaller or unchanged depending on the 
catalyst-support couple and the given 
reaction. Thus for the oxidation o~ 
n-butane with a large excess of oxygen 
of Rh/y-A12D3 the specific activity is 
equal for dispersed and non-dispersed 
catalyst. For oxidation of ethylene on 
Co(ZrD2 the activity of the dispersed 
phase is far lower than that of the non
sUpported metal. For so-called "demand
ing" reactions one can of course expect 
differences in selectivity based on the 

. different geometry of sites present in 
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the dispersed phase. A posteriori ration
alization can be mustered in each case but 
there is a sore lack of generalizations and 
the quantifying of the strength of the 
surface interactions with the support is 
still in a rudimentary stage. 

Some of the specific examples of 
systems in which the active phase-support 
interaction was characterized are given 
in the following references: Rh/A1 2 0 3

1 , 
Re/A1 20 3

2 , Co/Zr023-5,Ni/Zr024. 
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PLATINUM GROUP INTERMETALLIC COMPOUNDS FORMED BY REACTIONS WITH OXIDE SUPPORTS 

Leo Brewer 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory 

and Department of Chemistry, University of California 

Berkeley, California 94720 

Intermetallic compounds are commonly 
considered to have rather small enthalpies 
and Gibbs energies of formation and the 
reduction of the thermodynamic activity of 
a metal as a result of alloy formation is 
taken to be a minor factor in equilibria 
calculations. Some years ago Engel (1) 
presented a theory of metallic bonding in 
which the transition metals of the left 
side of the Periodic Table through the 
fifth group on one hand, and the transi
tion metals of the right side of the 
Periodic Table comprising the platinum 
group metals, on the other hand, were 
characterized as unable to use their full 
potential for bonding. The left hand 
metals did not have enough valence elec
trons to utilize all of the bonding orbi
tals while the righ hand metals had too 
many electrons which forced internal 
pairing to form non-bonding pairs of elec
trons. This description suggested that 
Lewis-Acid-Base reactions might be 
expected analogous to the reaction of BF3 
and NH3 where the non-bonding pair of 
electrons on the nitrogen is shared with 
the boron using the vacant orbital of 
boron or the formation of Mo(CO)6 through 
utilization of vacant orbitals of Mo by 
non-bonding electrons of CO. 

The reaction of zirconium with platinum 
would be a specific example. The Engel 
assignment for the ten valence electrons 
of fcc platinum is 5d 76s6p2 with four of 
the d electrons unavailable for bonding in 
pure platinum because of repulsion of 
electrons in orbitals containing pairs of 
electrons. For hcp zirconium, all of the 
four valence electrons are used in bonding, 
but three of the 4d orbitals are empty. A 
simple test of the possibility of a strong 
acid-base reaction between platinum and 
zirconium was made by passing hydrogen at 
l270K ov·er Zr02 mixed with platinum (2). 
From the H20/H2 ratio observed for the 
reaction zr02 + 2Pt + 2H2(g) = ZrPt3 + 
2H20(g) compared to the ratio calculated 
for the reduction of Zr02 to Zr metal, the 
activity of Zr was found to be reduced to 
less than 10-14 . 

The theory predicts very littler inter
action of Zr with Tc or Re which use all 
of their valence electrons in bonding in 
the pure state. The acid-base interaction 
should increase as one moves to the right 
in the Periodic Table as the number of non-

bonding electrons increases but should 
reach a maximum and drop off as the increa
sing nuclear charge draws the electron 
pairs closer and closer to the nucleus and 
reduces the overlap with the vacant orbi
tals of zirconium. Brewer and Wengert (3) 
have demonstrated that strong acid-base 
reactions are found for zirconium with 
platinum group metals with the negative 
excess partial molal Gibbs energy of zir
conium increasing from Tc to Ru to a maxi
mum at Rh and Pd and then dropping forAg. 
Likewise, the values for the 5d metals 
increase from Re to Os with a maximum for 
Ir and Pt and then drop for Au. The inter
action is predicted to be largest with 5d 
orbitals and electrons and to be smallest 
with 3d orbitals and electrons. For the 
third group metals, lanthanides, and acti
nides in platinum group metals the maximum 
interaction is expected for Pt. For Nb 
and Ta, the maximum interaction is expected 
for Ir. The most negative excess partial 
molal Gibbs energies were of the order of 
100 000 cal per gram-atom. These results 
indicate that platinum group metals are 
capable of reduction of many support 
oxides in even only slightly reducing 
atmospheres. The consequences of such 
reactions will be discussed. 

Aoknowledgment: This work was supported by 
the Division of Materials Sciences, Office 
of Basic Energy Sciences, U. S. Department 
of Energy. 
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ULTRA-DISPERSED RHODIUM RAFTS: THEIR EXISTENCE AND TOPOLOGY 

D. J. C. Yates, L. L. Murrell and E. B. Prestridge 
Exxon Research and Engineering Company 

Linden, New Jersey 07036 

We have performed detailed studies of 
rhodium supported on alumina. The paper 
discusses the data obtained by a combina
tion of three techniques using identical 
samples: chemisorption (using hydrogen 
and carbon monoxide), infrared spectros
copy of gases adsorbed at the metal-gas 
interface (using carbon monoxide) and ul
tra-high resolution electron microscopy 
(to study the Rb atom topography directly). 

Use of hydrogen chemisorption shows 
that samples containing 5 or 10% Rh are 
not atomically dispersed, regardless of 
the mildness or severity of the reduction 
temperatures used. For all the samples 
containing 1% Rb, atomic dispersion was 
found. This is defined as a state where 
every Rh atom in the sample can, and does, 
adsorb hydrogen. However, studies of CO 
adsorp~ion reveal clearly the existence of 

, multiple adsorption, quite extensive in 
nature. For instance, after reduction at. 
465 0 C, a COIM ratio of about 1.5 was mea
sured. Another sample of the same catalyst 
reduced at 200oC, showed a COIM value of 
1. 7. 

Infrared spectra of CO adsorbed on these 
samples, after reduction with identical 
procedures, showed that samples with high 
COIM ratios had two narrow bands (at 2100 
and 2030 cm- l ) in the linear CO stretch
ing region. They are of the same inten
sity and always maintained this intensity 
ratio, both on desorption and adsorption. 
These bands are due to the coupled vibra
tions of the carbon monoxide molecules in 
the Rh(CO)2 entity. One band is due to the 
in phase vibrations and the other is due 
to the out of phase vibrations. These two 
bands are ,the only ones present' when the. 
1% Rb samples are reduced at low tempera
tures (2000 C). For the 1% Rh samples re
duced at 4650 C and for all the 10% Rb sam
ples studied, a linear CO band is found at 
about'2075 cm- l , essentially mid-way be
tween the other bands. In some instances 
this is the only band present, in others 
th!i band coexists with the 2100 and 2030 
cm bands. We conclude that the 2100 
and 2030 cm- l bands are produced by . 
mUltiple adsorption of CO on the edges 
of small two-dimensional rafts. For the 
Rb atoms in the middle of larger rafts, 
only one CO molecule can be adsorbed 
for steric reasons, and this molecule 
absorbs energy at 2075 cm- . 

For the same sterfc reasons only one CO 
molecule will be adsorbed on each surface 
Rh atom in the faces of usual three-dimen
sional entities that one usually considers 
as particles. 

Infrared studies have also been done on 
all samples by the addition of N2. There 
is quite a body of work on the weak chemi
sorption of N2 on such metals as Ni, Pt, Ir 
and Pd, mostly by infrared spectroscopy but 
none has been reported for N2 on Rh. We 
have obtained strong bands for N2 adsorbed 
on Rh (at ,the 10% level) supported on both 
silica and alumina, but we could fihd no 
evidence of adsorbed N2 on Rh on alumina 
samples only containing small two-dimen
sional Rh rafts. Evidently the adsorption 
of N2 is a very sensitive probe to deter
mine the degree of "metallic" behavior of 
supported metals. Whether this is due to 
the well-known effect of the support on 
the metal or to the existence of a minimum 
size three-dimensional particle before N2 
adsorption is allowed, has yet to be de
termined. 

The above conclusions from chemisorp
tion and infrared spectroscopy have been 
confirmed and extended by ultra-high reso
lution electron microscopy. This has shown 
directly the existence of two-dimensional 
rafts, one Rh atom thick, in the 1% Rh 
sample reduced at 200oC. The average raft 
size is 1.51 nm. For a 10% Rh sample on 
A1203 reduced at 460oC, the average parti
cle size is 2.6 nm. All of the particles 
in this sample having sizes less than about 
2.0 nm were two-dimensional in nature. The 
particles larger than 4.0 nm were all 
three-dimensional in shape, while in the 
region of 2.0 to 4.0 nm, both two and 
three-dimensional particles are present. 
Usint the spacings determined in earlier 
work with 1% Rh on Si02, a model can be 
constructed of the sizes of two-dimensional 
rafts versus the number of Rh atoms in each 
raft. The same model also provides a pre
diction of the COIM ratio as a function of 
number of Rb atoms in two-dimensional 
rafts. The average raft size from elec
tron microscopy for a 1% Rh sample reduced 
at 2000 C is 1.51 nm. From the model this 
corresponds to rafts having from 7 to 10 
atoms. Such rafts would also be expected 
to have a COIM ratio of 1.8. Chemisorp
tion data, on larger samples of the same 
catalyst reduced at 2000 C gave a measured 



COIM value of 1.73, an average of five 
separate determinations. We consider that 
this is a very satisfactory agreement and 
that our model of the chemisorption prop
erties of two-dimensional Rh rafts is cor
rect. 

Such systems containing all the metal 
atoms in the form of small two-dimen
sional rafts have been termed ultra
dispersed. Such a system can be opera
tionally defined as one that has a higher 
degree of dispersion than the minimum 
needed to achieve atomic dispersion. For 
example, one could think of two-dimen
sional rafts of 81 atoms. If they were 
in a square array of 9 x 9, only 32 of 
these 81 Rh atoms are edge atoms and 
consequently can adsorb 2 CO molecules. 
Such a system we do not consider ultra
dispersed, even though all two-dimensional 
raft systems are atomically dispersed. 
However, the smallest average two-dimen
sional raft size we have been able to 
make is 1.5 nm, corresponding to each 
raft having an average of 8 Rh atoms. For 
such a raft 7 of the 8 Rh atoms are edge 
atoms and hence can adsorb 2 CO molecules. 
This is the best example we have been 
able to obtain, so far, of supported 
metals in the ultra-dispersed state. 

REFERENCES AND FOOTNOTES 
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INTERACTION WITH THE SUPPORT AND CATALYTIC 
BEHAVIOR OF Rh/A1 2 0 3 CATALYSTS 

H. C. Yao. Y.-F. Y. Yao. K. Otto and M. Shelef 

Engineering and Research Staff 
Ford Motor Company 

Dearborn. Michigan 48121 

ABSTRACT 

In low-concentration Rh-catalysts. 
supported on y-A1 20 3 • the metal is present 
in a dispersed phase with every Rh atom or 
ion exposed on the surface. This form 
persists u~ to a surface concentration of 
2.5 ~mol/m (BET). At higher concentra
tions three-dimensional particles are 
formed. The interaction with the support 
in air is weak at <600°C and both the 
dispersed and three-dimensional phases are 
easily reduced. 

The dispersed and particulate phases 
differ considerably in their chemisorption 
and catalytic behavior. Multiple chemi
sorption of CO. NO. and H is noted on the 
dispersed phase. A maximum of two adsor
bate molecules can reside on one surface 
Rh atom in very dilute samples. The 
mUltiplicity is a strong function of Rh 
concentration and invalidates the measure
ment of accessible metal area in dilute 
samples. 

The catalytic behavior of the supported 
Rh in both phases has been studied in 
three model reactions: hydrogenolysis of 
n-pentane and neopentane under strongly 
reducing conditions. oxidation of n-butane 
under strongiy oxidizing conditions and 
nitric oxide reduction under mildly 
oxidizing conditions. The results of these 
studies are described briefly as follows: 

Hydrogenolysis of Neopentane and n-Pentane 

The neopentane hydrogenolysis over 
Rh/y-A1 20 3 takes place sequentially by 
successively breaking off methane mole
cules to produce isobutane. propane. ethane 
and methane. The reaction order with re
spect to partial pressure of neopentane is. 
1 and with that of hydrogen is -1.5. There 
is no apparent difference in product dis
tribution for the reaction over Rh in the 
dispersed phase and that in the particu
late phase. The n-pentane hydrogenolysis 
over Rh/y-A1203. however. follows two 
simultaneous paths. One forms propane and 
ethane and the other produces n-butane and 
methane. There are large differences in 
the reactions that take place in the dis
persed phase and that in the particulate 
phase. For the reaction over Rh in the 

dispersed phase. the overall rate increases 
with increasing Rh loading and the reaction 
produces propane and ethane as the main 
products. 

For the reaction over Rh in the parti
culate phase. the overall rate decreases 
with increasing Rh loading and the reaction 
produces larger amounts of n-butane and 
methane. We interpret these differences by 
suggesting that the reaction takes two 
different courses in the two different 
phases. Over Rh in the dispersed phase. 
the reaction proceeds with the formation 
of a 2.2.4-triadsorbed intermediate which 
breaks into only ethane and propane. On 
the other hand. the reaction over Rh in the 
particulate phase proceeds with the forma
tion of a 1.1.3-triadsorbed intermediate 
which breaks mainly into methane and 
n-butane. 

Oxidation of Butane by 02 

The results from the studies of this 
reaction over Rh in both phases indicate 
that the reaction is insensitive to the 
surface structure of Rh. The same turn
over number. activation energy and reaction 
orders with respect to n-butane and 02 
were found for the reaction over Rh in the 
.dispersed phase and that in the particulate 
phase. 

The Reduction of NO by H2 

The NO reduction by H2 over 
Rh/y-A1 2 03 at 100°C produced NH 3 • N2 • 
N20 and H20 as products and is a 
structure sensitive reaction. Four 
Rh/y-A1 20 3 samples of various Rh-loading 
were used in this reaction. The two 
samples of lowest Rh loading (0.22 ~mol/m2 
.(BET) and 1.22 ~mol/m2 (BET)) have all the 
Rh atoms present in the dispersed phase 
and the two samples of higher Rh loading 
(3.55 ~mol/m2 (BET) and 8.00 ~mol/m2 (BET)) 
have part of the Rh present in the particu
late phase. The turnover numbers of the 
samples with the two lowest Rh loading are 
identical within the experimental error. 
while the turnover number for the higher 
Rh loading is five times larger than the 
lower one. The increase in turnover number 
is associated with a decrease in the appar
ent activation energy by 6 kcal/mol and a 



five-fold increase of the N2 /(N 2 0 + N2 ) 
ratio. Such changes in specific activity, 
activation energy and product distribution 
with the change of Rh loading indicate 
that the slow step in the reduction of NO 
undergoes a change as the Rh loading 
increases. By using a site density calcu
lation, it is possible to show that the NO 
dissociation over a dual-site is the 

1.5 

slow step of the reaction over Rh in the 
disper·sed phase but is not the slow step of 
the reaction over Rh in the particulate 
phase. At present no attempt is being 
made to elucidate further the difference 
in the detailed mechanism of this reaction 
over Rh in the two different phases. 

Thus, a series of alumina-supported Rh 
catalysts which shows a relatively sharp 
change from one surface aggregation state 
to another can serve for the discrimination 
between structure-sensitive and structure
insensitive reactions. Conversely, the 
structure-sensitive reactions can be used 
to examine the surface structure of some 
supported catalysts. The data presented 
here show that the Rh/y-A1203 catalyst, 
the change from the Rh atoms in a dis
persed to those in a particulate phase 
can cause significant changes in specific 
activity and product distribution of 
structure-sensitive reactions. 
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SULPHUR ADSORPTION AND POISONING OF ~lETALLIC CATALYSTS 
by J. OUDAR 

E.N.S.C.P - Laboratoire de Physico-Chimie des Surfaces 
11, rue Pierre et Marie Curie 
75231 PARIS CEDEX 05 

GENERAL CONSIDERATIONS CONCERNING THE SULFUR
METAL BOND 

Poisoning of metallic catalysts by hydrogen sul
fide and other sulfur-containing compounds is a ma
jor problem in many reactions especially in hydro
genation reactions. In some reactions such as 
methanation on nickel or iron, poisoning1can be 
total at very low concentrations("'l ppm) . This 
behavior is related to the great affinity of sulfur 
for transition metals. In this review we will refer 
mainly to results obtained on well defined surfaces 
(single crystals). 

Data for adsorption show that the metal-sulfur 
bond is more stable in the adsorbed state than in 
the corresponding bulk metal sulfide (table 1). 

Table 1. Heats of adsorption (6Had) of 1/2 S2 
on various metals (half monolayer) and heat of 
formation of bulk sulfide (6Hf ) (corresponding to 
xl· y M + 1/2 S2 = y MxSy)' 

Metal 'I°C Face -6Had 
kJ /mole 
1/2 8

2 

~g 300-450 (I II) 114 

300-450 (100) 122 

300-600 (110) 139 

Pt 900-1100 ( II I) 169 

( 100) 198 

Fe 850 Poly- 188 
crystal 

Ni 450 Cata- 221 
lyst 

Mo 1050-1150 (110) 215 

a :assnming a frequency factor 

Methode 

Ref. 

Isotherms 
in H

2
8/H

2 

2 

Desorption 
assuming 

8 

3 4 

Isotherms 
in H28/H2 

5 

Isotherms 
in H

2
8/H

2 

6 

Desorption 
assuming 

8 

7 a 

-I 
sec 

Mf 
kJ/mole 

a 

96(AG
2

8 

138(Pt8 

150(Fe8 

165 
(Ni

3
82 

180 
(M0

2
8

3 

From table 1 we can conclude thaj 
1) for half coverage, the heat of adsorption 

of sulfur is larger (between 20% and 40% depending 
on the surface orientation) than the heat of forma
tion of the most stable bulk sulfide. 

2) sulfur is generally more strongly bonded 
on the most atomically rough planes. Differences of 
6Hads between different orientations can reach 20%. 

In relation to the point 2 it has been also 
shown by radiochemi ca 1 meas'urements 2 and by LEED 8 
that sulfur can be selectively adsorbed on monoato
mic steps present on vicinal planas. The structure 
sensitivity of the sulfur adsorption can explain 
the generally observed fact that a catalyst can be 
totally poisoned for a sulfur coverage less than 
one monolayer. We can expect for very selective 
reactions that the effect of sulfur will be effi
cient at very low surface coverage, if very speci
fic sites such as those at steps are involved for 
both sulfur adsorption and the catalytic reaction .• 

On Cu Ni and ~10 sul fur increases the work func
tion (table 2), thus indicating an electronic 
transfer from the metal to the adsorbed atom. 

Table 2. Variation of work function 6~ for one 
monolayer (eV). 

Metal Ref. 
----------------------------------
Cu ( 100) 0,70 (9) 

Ni (100) 0,38 ( 10) 
Mo ( 110) 0,75 ( 11) 

This electronic transfer may strongly modify the 
catalytic properties of sites close to those occu
pied by sulfur atoms. From the relatively low va
lues of 6~ it can be concluded that the bonding is 
mainly covalent. 

In addition it has been shown that: 
1°) Sulfur adsorption can induce facetting. 

This facetting seems to occur when the surface is 
nearly covered by a complete monolayer. 

2°) Dissolution (or segregation) of sulfur in 
(or 120m) the bulk metal occurs by a vacancy mecha
nism and is consequently effective at relatively 
high temperatures (T > 2/3 TM) (TM melting point 
of the metal). 

3°) Adsorption of sulfur strongly influences 
phenom~~a,s~ch as : adhesion and surface self dif
fusion 18 U3 and consequently can i nfl uence the 
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sintering of metal catalysts. (See for ex. ref 15 
concerning the sintering of iron catalysts). 

The following examples illustrate clearly the 
poisoning effect of sulfur and explain in some ca
ses the mechanism of poisoning. 

II EXAMPLES OF SURFACE REACTIONS POISONED BY 
SULFUR 

The catalytic oxidation of CO (2CO+ 02 + 2CO~) 
on It (110). From the comparison between result 
on poisoning 16,17 and models recently proposed18 
for structures of sulfur overlayers at different 
coverages of sulfur, assumptions can be made on the 
nature of sites for the oxygen dissociifion and CO 
adsorption which are blocked by sulfur . 

The inhibition by sulfur of hydrogen recombina
tion on nickel in afjd solution analysed by a po
tentiostatic method 9. ' 

The sulfur jshjbition of nickel oxidation in 
acid solution 2 ,21 . 

These last two examples show that concepts for 
explaining poisoning are very similar for both gas
metal reactions and reactions occuring at metal
solution interfaces. 

Finally some speculations will be made on the 
influence of sulfur on selectivity in heterogeneous 
catalysis. 
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CATALYST DEACTIVATION WITH DIFFUSIONAL TRANSPORT ACROSS THE SURFACE-BULK INTERFACE 

C. M. Ablow and H. Wise* 
SRI International 
Menlo Park, CA. 

The vale of surface coverage of a crystal by 
foreign adspecies is affected by the adsorptive 
flux from the gas phase and the rate of diffusional 
transport and dissolution in the bulk phase. The 
first few atomic layers below the surface constitute 
a selvedge when the transport of adspecies is strongly 
influenced by the surface. In a theoretical model 
we examine the conditions that favor selvedge tran
sients with departure from equilibrium and surface 
segregation. The analysis is. applied to a metal
sulfur system for which selvedge equilibrium data 
are available. 

* On Sabbatical leave at University of California, 
Berkeley, CA during 1977-78. 



THE INFLUENCE OF ACTIVATION ON CATALYTIC PROPERTIES OF SUPPORTED PALLADIUM CATALYSTS 

S. Fuentes and F. Figueras 
Institut de Recherches sur la Catalyse - C.N.R.S. 

Lyon-Villeurbanne - FRANCE 

The possibility of contamination of supported 
metals by trace impurities from the carrier has 
often been overlooked though inorganic sulphates 
and halides are common contaminants of industrial 
supports. The present work deals with the effect 
activation on the catalytic properties of Pd-A1203 
catalysts contaminated by ammonium sulphate and 
ferric chloride. 

Catalytic activities were determined for hydro
genation of benzene at l400 C and for hydrogenoly
sis of cyclopentane at 2900 C, using a flow reactor 
at conversions less than 2 %. 

I - KINETICS OF DEACTIVATION 

When cyclopentane reacts over Pd-A1203' self 
poisoning occurs and the catalytic activity de
clines steadily. The decay of activity as a 
function of time obeys a homographic law, first 
proposed by Germain and Maurel (1). Such a law 
can be obtained using the theo·retical model of 
deactivation proposed by Levenspiel (2-4). The 
fundamental assumption of this model is that 
deactivation and rate laws are separable, which 
means that coke has no long range effect on 
the metal. 

Self poisoning can be treated as a reaction 
parallel to the main reaction. Using Levenspiel's 
notation we have -rA = k·a where a is the 
relative activity for the main reaction which is 
found to be of zero order relative to cyclopentane 
and 

for deactivation in agreement with the homographic 
decay of activity. Integration of this system of 
equations for a differential reactor gives the 
equation 

first proposed by Levenspiel (3). A plot of the 
reciprocal of the conversion as a function of 
time allows measurement of the initial activity 
k and the deactivation constant kd. When plotting 
the reciprocal conversion versus time the slope of 
the line Kexp can be written as 

kd P FAo 
kexp = k (CA) -W-

This model was checked using the hydrogenolysis of 
cyclopentane as test reaction. The variation of 
the weight of catalyst (W) or the flow rate of 
reactant (FAa) does not change the value of kd. 
The order P of deactivation was determined by 
changing the pressure of cyclopentane: a value 

close to 2 was obtained. 

As a function of temperature, in the absence 
of diffusion, log kd gives a linear plot which 
can be considered as a proof of the internal con
sistency of the results. 

For highly active catalysts, the rate can be 
limited by mass transfer. In that case deactiva
tion obeys a third-order law as a function of 
time, as foreseen by Levenspiel (4). However, 
on deactivated catalysts the homographic law is 
observed again, which reflects the fact that the 
reaction is now slower than mass transfer. 

In spite of its simplicity, this kinetic model 
is a good representation of the experimental re
sults. However it should be emphasized that it 
can be applied only to the results obtained in 
a differential (or well mixed) reactor, in the 
absence of diffusion. 

II - RESULTS ON NON CONTAMINATED CATALYSTS 

In that case, a change in the activation pro
cedure induces changes in the dispersion of the 
metallic phase: reduction at high temperature, 
or in the presence of water, produces sintering. 
The dispersion of palladium was measured by H2-02 
titration (5) and checked by electron microscopy. 
Good agreement was obtained between both determi
nations. 

catalytic activities for the two reactions 
are reported in table 1, in terms of turnover 
numbers N (number of molecules reacting per hour 
and per surface palladium atom). Deactivation 
rate constants are reported in the last column 
in arbitrary units. 

Table 1. Turnover numbers for benzene at l400 C 
(Nl) , for cyclopentane at 2900 C (N2) and deactiva
tion rate constants at 2900 C (kd) on non contami
nated samples. 

Sample 
~ % Pd % D N] N2 kd 

211 0.5 100 24 286 1.!:! 
215 0.5 90 26.5 2.0 
176 1.0 80 24 270 2.7 
184 1.0 40 28 264 2.7 
185 1.0 28 21 220 2.7 
122 1.2 12 22 230 

It appears that kd changes little when the dis
persion is varied in a wide range, therefore deac
tivation may be considered as insensitive to par
ticle size. This effect is very clear on figure 
1: a 100-fold increase of activity causes only 
a two-fold change of kd. 



Hydrogenation and hydrogeno1ysis are also 
found to be insensitive to particle size. 

III - INFLUENCE OF ACTIVATION ON POISONING 

A useful procedure proposed by Maure1 (6) con
sists of comparing the rates of hydrogenation 
and hydrogeno1ysis on the same sample. A change 
in the ratio rate of hydrogenation (A2)/rate of 
hydrogenolysis (AI) will reflect different reac
tion sites for these reactions. 

Table 2. Catalytic activities (x 105 mol. s-l 
g-l Pd) of Pd-Al203 samples contaminated with 
sulphate or iron and reduced at 3000 C or 400oC. " 

Sample 

176 
1702 

204 
311 

312 
202 

345 
351 

343 
346 

Loading 
% Pt % poison 

1 0 
1 0 

Temp. of 
reduction 

°c 

300 
400 

5.3 62 11.7 
4.2 50 11.9 

Sulphate contamination 

1 0.1 300 2.9 35 12 
0.35 0.1 300 6.7 90 13 

0.35 0.1 400 0.52 13 25 
1 0.1 400 0.85 20 24 

Iron con"tami na t ion 

1.0 0.035 300 3.6 38 10.5 
1.0 0.056 300 6.2 62 10 

1.0 0.035 400 3.4 17 5.0 
1.0 0.035 400 3.2 16 5.0 

It appears from table 2 that after reduction 
at 3000 C the selectivity of the catalyst is not 
appreciably modified by contamination. By con
trast, after reduction at 4000 C a preferential 
poisoning of hydrogenolysis is observed on the 
catalysts poisoned by sulphate, while a selective 
poisoning of hydrogenation is obtained by iron 
poisoning. 

For deactivation, the reduction at 3000 C also 
has a negligible influence in every case (figure 
1). Sulfur yields a stabilization of the activi
ty after reduction at 400oC. Iron has no influ
ence on stability even after reduction at 
400oC. 

The results can be rationalized if we admit 
that hydrogenolysis (C-C rupture) and self 
poisoning (C-C formation) are parallel reactions 
which have the same site requirements. Sulfur 
will inhibit these two reactions when adsorbed 
as elementary sulfur, while iron will block 
hydrogenation sites leaving hydrogenolysis and 
self poisoning unaffected. 

There exists then experimental evidence that 
rather small quantities of poison can change cata
lytic activities and that the activation procedure 
has a noticeable effect on this poisoning ability. 
The particle size distribution of the metal is 

also modified by modifying the activation pro
cedure. Omitting the possibility of contamina
tion can lead to the false conclusion that hydro
genolysis of cyclopentane is sensitive to "particle 
size. an artefact of this type appears on Pd-Si02 
accidentally contamined by iron (7). 

A procedure which appears safe for the study 
of the influence of particle size on catalytic 
properties is to use several supports, which 
do not have the same impurities. 

From the practical point of view, new possi
bilities appear to control the selectivity and 
stability of palladiu~ catalysts by changing the 
activation procedure. 
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Figure 1. Deactivation rate constants of clean 
palladium catalysts (represented by crosses), 
of samples contaminated with ammonium sulphate 
and reduced at 3000 C (open squares) and 4000 C 
(black squares), and samples contaminated by 
ferric chloride and reduced at 3000 C (open 
circles) or 4000 C (black circles) • 
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IN SITU H S POISONING OF ALUMINA-SUPPORTED NI and NI BIMETALLIC CATALYSTS 
2 

Gordon D. Weatherbee, George A. Jarvi, and Calvin H. Bartholomew 
Chemical Engineering Department 

Brigham Young University 
Provo, Utah 84602 

I NTRODUCTI ON 

Poisoning of nickel catalysts by sulfur compounds 
is a serious problem in a number of important 
catalytic processes, including methanation of 
coal synthesis gas. Yet the basic F~soning proce~s 
has seen relatively little study' and the baslc 
mechanisms are poorly understood. Effects of 
H2S on specific methanation activity we3'e

4
0nl y 

recently studied by Dalla Betta et al. ' and 
Bartholomew.::>,6 These studies show that H2S causes 
significant loss of activity upon several hours 
exposure to a reaction mixture containing 1-10 
ppm H2S. 

The present study of al~mina-supported nickel 
and bimetallics of nickel with Co, Pt, Rh, Ru, 
and Mo0 3 , both in powder and monolithic form, 
was undertaken to determine effects of alloying, 
metal loading and support geometry on the poisoning 
by H2S during reaction of methanation catalysts. 
Several regeneration treabnents were also investigated. 

EXPERIMENTAL 

The preparat ion, pretreabnent and characterizat i on 
of ni cke 1 arr:I n icke 1 bi meta 11 ic cata 1 ys ts is descr i bed 
elsewhere.o;6 Equipment and procedures for measuring 
methanation activit~ gn9 metal surface areas are 
similarly described. ' , 

Sulfur poisoning tests were conducted at 1 
r.tm, 525 K, and a space velocity of 30,000 hr

o ina gl as s reactor equipped with O-ri ng stopcocks 
and preheater. The reactant mixture contained 
95% N2, 4% H2, 1% CO, and 10 ppm H2S. Chranatographic 
samples were taken every half nour over a period 
of 12-24 hours. 

RESUL TS 

Activity-versus-time curves are shown in Fig. 
1 for Ni, Ni-Co, Ni-MoO:!, Ni-Pt,Ni-Rh, and Ni
Ru catalyst powders. Activity is defined in this 
case as the rate at any given time divided by 
the initial rate of reaction. The decrease in 
activity with time appears to be exponential in 
nature. The 3-6 wt.% catalysts, however, lose 
activity Oat a substantially greater rate in the 
first 10-20 hours than do the 14-20 wt.% catalysts. 
Of the low-metal loading catalysts the order of 
increasing deactivation rate (or decreasing sulfur 
tolerance) is Ni-Mo03 , Ni-Rh, Ni, Ni-Ru. In the 
case of the high-metal loading catalysts the Ni 
and Ni-Co catalysts appear to be more sulfur resistant 
than is the Ni-Pt. 

Turnover numbers (molecules of methane produced 
per site per second) at 525 K for fresh samples 
and activities at 24 hours are listed in Table 
1 for powdered and monolithic catalysts. Although 

the order of activity for different catalyst com
positions is about the same for pellets and powders, 
the turnover numbers for the fresh monol ithic 
catalysts are 2-4 times larger than those for 
the fresh powders. After 24 hours of exposure 
to the H2S containing mixture the monolithic samples 
with metal loadings of 8-12 wt.% range in activity 
from 35-50% whi le the 14-20 wt.% powders retain 
38-45% of the original activity. The 3 wt.% catalyst 
powders, however, retain less than 1% of their 
original activity after 24 hours. Thus the monolithic 
catalysts are slightly more sulfur tolerant than 
the catalyst powders of high metal loading and 
substantially more sulfur resistant than the catalyst 
powders of low metal loading. 

Attempts were made to regenerate selected 
poisoned catalysts with flowing hydrogen, carbon 
monoxi de, oxygen, or a H2/CO react io n mi xture. 
Poisoned catalyst pow:lers treated in flowing hydrogen 
at 700 K lost all remaining measurable activity. 
A Ni-Co powder treated in CO for 3 hours, then 
in air for 30 minutes followed by a 11 hour reduction 
in H2 at 525 K showed an increase in act ivity 
(measured at 525 K) from 0.20 to 0.37. A decrease 
in activity from 0.30 to 0.20 was observed for 
poisoned 12 wt.% Ni/M upon exposure to hydrogen 
for 20 hours at 700 K. 

DISCUSSION 

Deactivation During Reaction 

The result of exposing nickel-containing catalysts 
to 10 ppm H2S for 24 hours during reaction at 
525 K is almost complete deactivation (99%) for 
3 wt.% sampl es and 50-60% loss of acti vity for 
15-20 wt.% catalyst powders and 8-12 wt.% monolith 
catalysts. The nearly complete deactivation for 
the lower metal loading catal ysts

3 
is in accord 

with data of Dalla Betta, et al, showing 2-3 
orders of magnitude loss in activity for 5% Ni/A1 203 
during 24 hour in situ exposure to 10 ppm R2S 
at 525 K. However; theJretention of approximateTy 
half the initial activity by the pow:lers and monol ith 
catalysts of intermediate to high metal loading 
after 24 hours exposure to H2S is quite unexpected, 
in view of calculations oased on breakthrough 
tests in this study and previously reported equfl ibrium 
adsorpti~n isotherm data for di lute H2S in H2 
at 725 K. 

According to these calculations the catalysts 
in this study were exposed to 3-4 times the amount 
of H2S needed to completely saturate the surface 
if equilibrium adsorption were assumed to occur. 
Apparently, adsorption of H2S at 525 K in the 
presence of a reaction mixture flowing over

1
the 

catalyst at a space velocity of 30,000 hr- is 
different than equilibrium adsorption at 725 K 
in pure hydrogen, i.e., in the former case some 



of the metal sites remain available for reaction. 
This behavior suggests that the adsorption of 
H2S may be affected by the presence of adsorbed 
reaction intermediates such as carbon, carbon 
monoxide and/or COH2 species as well as other 
variables such as temperature and residence time. 

None of the bimetallic catalysts in this study 
evidenced substantially greater resistance than 
nickel to poisoning by H2S during reaction. The 
data do suggest that Ni-~o~~ may have sl ightly 
greater sulfur tolerance. The somewhat higher 
sulfur tolerance of monolithic catalysts relative 
to catalysts powders is likely an effect of egg
shell or pore-mouth pOisoning. 

Regeneration 

The complete loss of measureable activity 
observed in this study for the poisoned catalyst 
powd~rs upon exposure to pure H2 at 675 K is quite 
unexpected, in view of the reported recovery of 
activity for poisoned catalysts in thefeaction 
mixture at 675 K reported by Dalla Betta. 

This loss of activity in H? at high temperatures 
may be expl ained by thermally inouced (i) restructuring 
of the sulfur species absorbed at 525 ~ to an 
inactive metal sulfide, e.g., Ni 3S2 or NiS , (i i) 
migration of adsorbed sulfur from the A1 203 to 
the already partially covered metal surface ana/or 
(iii) formation of a sulfosginel such as NiA1 2S4 as suggested by Dalla Betta. 

The partial recovery of activity observed 
for the Ni-Co powder after successive CO and O2 treatments at 525 K suggests several possibilities, 
including oxidation of adsorbed sulfur to S02 
and S03' which species are less toxic than H2S. 
In view of the scarcity of data in the literature 
there is clearly a need to investigate in more 
depth the regeneration of nickel catalysts in 
air and other atmospheres. 
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Fig. 1. Smoothed Activity vs. Time Curves for H2S 
Poisoning During Reaction at 525 K, 110 kPa, and 
30,000 hr-l. Reaction mixture: 95% N , 4% H , 1% 
CO, 10 ppm H2S. a. 3% Ni/P, b. 2.5% Nt/3% M06/p, 
c. 2.5% Ni/0.5% Ru/P, d. 2.5% Ni/0.5% Rh/P, e. 14% 
Ni/P, f. 10% Ni/10% Co/P, g. 15% Ni/0.5% Pt/P. 
( /P denotes powdered alumina supported catalys). 

Table 1. Effects of H?S Poisoning on Methanation 
Activity of Nickel Bimeta~1ic C~talysts (525 ~, 
110 kPa, GHSV = 30,000 hr ,95% N2, 4% H2, 1% CO, 
10 ppm H2S). 

Freshb Turn- % Activity 
over ~umber after 24 

Catalysta x 10 hours 

3~~ Ni /P 10.6 <1 
14% Ni/P 8.3 45 
10% Ni/10% Co/P 10.6 40 
2.5% Ni/3% r400lP 12.5 13 
2.5% Ni/0.5% R /P 6.7 <1 
2.5% Ni/0.5% Rh/P 8.0 <1 
15% Ni/0.5% Pt/P 7.7 38 

12% Ni/M 23.4 50 
5.5% Ni/5.5% Co/M 25.5 '\,35 
6% Ni/6% MoO ;r.! 41.5 40 
11% Ni/0.6% pt/rl 17.7 49 
6% Ni/l.2% Ru/M 18.8 51 

ap denotes powdered alumina supported catalyst; M 
denotes A1 203-coated monolithic support. 

bTurnover numbers have units of molecules CH 4 per 
site per second. 
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STRUCTURE AND BINDING OF CARBON LAYERS ON Ni, Pd AND Pt SURFACES 

J. M. Blakely 
Cornell University 
Ithaca, N.Y. 14853 

The structure and binding of carbon 
atoms to various single crystal surfaces 
of Ni, Pd and Pt have been studied. These 
surface layers have been investigated 
through the study of equilibrium segre
gation from dilute solution. The 
relationship between heat of adsorption 
and the heat of segregation is shown 
schematically in the atomic potential 
energy diagram of Figure (1). 

Energy of 
vaporizotion 
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Energy of 
adsorption 
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B in A 

B in pure B 

B on surfoce A 

Fig. (1). Energy level diagram 
illustrating the relationship between 
vaporization, solution and segregation 
processes for a solute B in a crystal of 
A. 

The surface carbon coverage was 
measured as a fraction of temperature 
using Auger electron spectroscopy and the 
structure of the overlayer was investi
gated by LEED. The variation of surface 
carbon coverage with temperature was 
found to be markedly dependent on surface 
orientation. On some surfaces, e.g., 
Ni(lOO), the surface coverage varied 
smoothly with temperature in a quasi
Langmuir type of behavior; an example of 
the variation of carbon coverage with 
temperature at fixed bulk doping level is 
shown in Figure (2). 
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Fig. (2). Segregation data giving the 
variation of carbon surface coverage 0 
on Ni(lOO) and Ni(lOO)6°[OI3] as a 
function of temperature. 

On other surfaces, notably Ni (Ill) , 
Pd(lOO) and Pd(lll), and probably also 
Co(OOOl), the coverage-temperature 
relationship [see Figure (3)] suggests 
the occurence of a sharp monolayer phase 
condensation at a critical carbon chemical 
potential. 
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Fig. (3). Carbon coverage-temperature 
relationship for Pd(lOO), bulk carbon 
doping level "'3 atomic %. 

The characteristics of this phase tran
sition have been studied in some detail 
for a range of bulk doping levels for 
Ni(lll) on which there is an excellent 
epitaxial fit of the graphite monolayers 
to the substrate. 

The effect of surface steps on segre
gation behavior and carbon binding energy 
has also been investigated. For Ni sur
faces vicinal to (100) the step array is 
stable in the presence of carbon and there 
is an increase in the initial heat of 
segregation at low coverages; this is 
taken to indicate stronger binding of 
carbon atoms at step sites. For surfaces 
vicinal'to (Ill) morphological transitions 
are observed with changing temperature 
both for clean and carbon covered surfaces. 
Adsorbed carbon leads to the aggregation 
of monoatomic steps to produce facets. 
Some preliminary experiments on the 
interaction of S with stepped surfaces 
show that S has quite a different effect 
on the arrangement of steps. The 
implications of these results on the 
effect of carbon and sulphur overlayers 
on surface reactivity will be discussed. 
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* DEACTIVATION OF A SINGLE CRYSTAL Ni(lOO) METHANATION CATALYST 

R. D. Kelley, D. W. Goodman, T. E. Madey, and J. T. Yates, Jr. 
National Bureau of Standards 

Washington, DC 20234 

The kinetics of the catalytic methanation re
action and deactivation mechanisms are being 
studied using a specially designed ultrahigh vac
uum system. The catalyst sample is a high purity 
single crystal of Ni whose surface is cut to ex
pose (100) planes having a total surface area of 
'V 1 cm2 . The surface is characterized with Auger 
'electron spectroscopy (AES) in an ultrahigh vacuum 
chamber and reaction kinetics are determined fol
lowing an in vacuo transfer of the sample to an 
ultrahigh vacuum reaction chamber contiguous to 
the AES chamber 1. 

The turnover number (molecules per site per sec) 
for CH 4 production over initially clean Ni(lOO) 
ranges over five orders of magnitude in the tem
perature range 450-700 K for a 4:1 H2/CO mixture 
at a total pressure of 120 Torr. Product analysis 
using a gas chromatograph indicates that at 700 K 
the higher hydrocarbon products are « 1% of the 
CH 4 yield, while at 450 K, C2 products (C2H4 and 
C2H6) are 10% of the CH41. These rate data on an 
initially clean Ni surface are in good agreement 
with previous data for polycrystalline foi1 2 ,3 and 
are remarkedly consistent with data reported for 
high area supported Ni catalysts 4 . The agreement 
in both rate data and activation energy between a 
low surface area, well annealed single crystal and 
the high surface area supported nickel catalysts 
clearly demonstrates that the single crystal can 
serve as a model catalyst. 

AES analysis of the active Ni catalyst (Fig.la) 
following reaction revealed an amount of "carbi
dic" carbon on the surface consistent with a large 
fraction of a monolayer (based on an analysis of 
CO flash desorption data). The "carbidic" carbon 
was easily removed by heating the crystal in H2 
(P=lOO Torr, 700 K). Further, the reaction ki
netics of the crystal containing this species were 
identical to those of initially clean Ni. In con
trast, Fig. lb is an AES analysis of the Ni cry
stal which was virtually inactive in producing CH4 
at typical reaction conditions (this "poisoning" 
and the presence of Fe on the sample will be dis
cussed below). This "graphitic" carbon species 
was not easily removed by heating in hydrogen 
(P=lOO Torr, 700 K). 

The designations "carbidic" and "graphitic" for 
these surface carbon species arise from the fol
lowing considerations. The carbon AES peak shape 
from single crystal graphite (Fig. 2b, redrawn 
from Chang S is similar to that from the catalyti
cally inactive nickel crystal (Fig. lb). Also, 
the carbon AES spectrum of nickel carbide (Fig.2d, 
redrawn from Chang S is similar to that from the 
catalytically active crystal surface (Fig. la). 
The identification of the small carbon AES signal 
in Fig. la as "carbidic" rather than "graphitic" 
is the structure on the low energy side of the 

main peak as well as the relative amplitude of the 
positive and negative parts of the main peak. 
While the aGtive carbon species is similar to 
a carbide, it must be noted that nickel carbide 
has been reported to be catalytically inactive6. 

The "graphitic" and "carbidic" surface carbon 
species can be produced in the absence of hydrogen 
by heating the crystal in pure CO, presumably via 
the disproportionation reaction 2CO + C + C02. In 
separate experiments, a clean crystal was heated 
in 24 Torr of CO for 1000 sec at a) 700 K and b) 
600 K. a) Following heating at 700 K, the carbon 
AES spectrum shown in Fig. 2a was observed. Con
tinued heating in CO under these conditions re
sulted in a continuous increase in the carbon peak 
and a corresponding decrease in the nickel Auger 
peaks. This "graphitic" carbon species was not 
attenuated by heating in H2(100 Torr) for a pro
longed period. b) Following heating at 600 K, 
the carbon AES spectrum shown in Fig. 2c was ob
served. Continued heating in CO resulted in no 
further change in the carbon peak relative to the 
nickel peaks. This carbidic carbon peak could be 
completely removed by heating at 700 K in H2 
(100 Torr}. 

Both types of carbon species could be signifi
cantly attenuated by heating in vacuum only at 
temperatures greater than 900 K. While the "car
bide" carbon species was being reduced by vacuum 
heating there was no change in the characteristic 
carbide peak structure and no conversion to gra
phite (in contrast to previous reports 7). 

Deactivation of the (100) Ni catalyst was ob
served to occur at the methanation reaction tem
peratures only under two conditions: following 
deposition of impurity Fe on the surface due to 
~ traces of Fe(CO)s in the reactant gas (Fig.lb), 
or following deposition of S on the surface due to 
diffusion from the bulk of the Ni crystal. In 
each case, following reaction, the deactivated 
surface was observed using AES to be covered with 
carbon in the "graphitic" form. 

In the absence of these two impurities, there 
was no sign of catalytic deactivation or graphitic 
carbon on the catalyst surface in the temperature 
range 450-750 K. 

CONCLUSIONS 

These observations lead to a number of conclu
sions: 

1) The active surface carbon species ob
served following catalytic methanation appears to 
be identical to that produced by heating in pure 
CO and is very similar to the carbon in nickel 
carbide. This result supports the work of 
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Wentreck, Wood, and Wise 7 who have reported the 
production of an active carbidic surface species 
on a high area supported nickel catalyst following 
heating in CO. Wentrcek, et al. 7 and Araki and 
Ponec 8 (using a Ni film) have demonstrated that 
the surface carbon species is produced via the 
disproportionation of CO. Thus, the AES carbon 
fingerprint provides strong evidence that the 
active intermediate in the methanation reaction 
over Ni is a surface carbide. 

2) The active ("carbide") surface carbon 
species does not convert to graphite upon heating 
in vacuum but rather diffuses into the bulk (but 
only at temperatures considerably higher than 
methanation reaction temperatures). 

3) A saturation level of the "carbide" 
species is produced by heating the nickel crystal 
in a high pressure CO below 600 K. Above 700 K, 
the same treatment produces multilayer graphite. 
At 650 K, this treatment yields a carbon Auger 
spectrum consisting of both "carbide" and "gra
phite" forms. Isett and Blakely9 have reported 
LEED evidence for a phase transition at 652 K 
during segregation of carbon to the Ni(lOO) sur
face. 

Ni 11001 Auger Spectrum Following Exposure to 
Reaction Conditions 

Ni 11001 Auger Spectrum Following Reaction with Gas 
Mixture Containing Iron 

o 100 200 300 400 500. 600 700 800 900 1000 
Auger Electron Energy (eV) 

Fig. 1. AES Spectra of a Ni(lOO) Crystal fol
lowing Exposure to 120 Torr of 4:1 H2:CO Mixture 
at 700 K. 

a) Active catalyst after 10,000 sec. 
b) Inactive catalyst after 1,000 sec. 

* This work is supported by the Department of 
Energy, Division of Basic Energy Sciences. 
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4) No deactivation of the methanation re

action in the temperature range 450-750 K was ob
served in the absence of Fe or S impurities on the 
Ni(lOO) surface. 
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Nickel(lOO) Crystal with those from Single Crystal 
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a) Following 1000 sec heating at 700 K in 
24 Torr CO. 

c) Following 1000 sec heating at 600 K in 
24 Torr CO. 
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SHAPE SELECTIVITY AND CARBON FORMATION IN ZEOLITES 

L. D. Rollmann and D. E. Walsh 
Mobil Research and Development Corporation 

Central Research Division 
P.O. Box 1025 

Princeton, New Jersey 08540 

The systematics of shape selectivity 
in common acid zeolite catalysts was 
recently examined (1), and the overwhelm
ing importance of zeolite pore structure 
in determining paraffin isomerization 
and cracking selectivities and aromatics 
alkylation propensities was demonstrated. 
More important, it was suggested that 
coke formation is a shape selective 
reaction and that coking tendency (and 
aging rate) is an intrinsic property of 
zeolite pore structure. 

These common zeolites fall into two 
groups, the large-pore structures such 
as Y, L, and mordenite, and the shape
selective ferrierite and erionite zeo
lites. The former group admits both 
aromatics and paraffins, while only 
paraffin (and in fact only normal 
paraffin) can enter the pore system of 
the latter. Radiotracer experiments with 
mordenite and with Y have shown that 
aromatics can contribute substantially to 
coke formation in zeolite catalysts, a 
contribution which increases with in
creasing framework aluminum content (de
creasing Si02/AI 20 3 ) and with decreasing 

temperature (2). Thus a key experiment 
remained to test the suggested 
correlation between coke formation and 
pore structure. Namely, a shape 
selective zeolite was required which 
would admit aromatics as well as 
paraffins. 

The purpose of this note is to present 
coking data for a broad spectrum of 
zeolite catalysts, many of which are 
relatively new, do not occur in nature, 
and are of unknown structure. Included 
in this survey are the zeolites, Y, L, 
mordenite, ferrierite, and a large 
number. of ZSM-series samples beginning 
with ZSM-4, ZSM-5, etc., all of which 
are described by D. W. Breck (3) or in 
the recent patent literature. 

Special attention was given to ensure 
that the results of this survey were not 
distorted by changes in composition 
(Si02/AI 20 3 ratio) or in crystal size. 

Thus several samples of the same zeolite 
were often included which differed in 
both respects. An overlap was thereby 

established between the "large-pore" and 
the "shape selective" groups (defined 
below) as follows: 

Group Si02/A1 2Q3 
Large-pore 5.3 - 108 

Shape selective 7.6 - 220 

The test reaction employed a 5-
component feed, comprising equal weights 
of n-hexane (NC6), 3-methylpentane (3MP), 
2,3-dimethylbutane, benzene (A6) and 
toluene (A7), and was conducted at 427°C, 
200 psig and 3/1 H2/hydrocarbon. Space 

velocity was varied (WHSV = 3-15) in order 
to permit measurement of the relative 
rates of conversion of the individual 
hexane isomers and in order to maintain a 
similar overall conversion level across 
the different zeolites. All catalysts 
were 60/80 mesh; all were calcined at 
500°C from the ammonium form. 

The observed coke yield (per 100g 
paraffin converted) is plotted in Figure 
1 against the ratio of first-order rate 
constants, k NC6/k3MP' for disappearance 

of the respective paraffin isomers. As 
is evident from the plot, an extreme 
flexibility is possible in the choice of 
zeolite catalysts. More important to 
the question of carbon formation, order 
of magnitude changes in coke yield-s---
accompany the transition from large-pore 
to shape selective (kNC6/k3MP>I) 

zeolites. 

These changes in coke yield cannot be 
attributed to exclusion of aromatics from 
the latter's intracrystalline pore system 
since, as noted in the Figure, numerous 
shape selective samples sorbed and 
converted aromatics. The efficiency of 
aromatics alkylation (by cracked paraffin 
fragments) in the latter samples averaged 
9%, as compared with 10% in the large
pore zeolites, an experimentally 
insignificant difference. Those shape 
selective zeolites open to aromatics show 
a preferential conversion of benzene 
rather than toluene (kA6/kA7~1.7, as 

compared with ~0.3 for the large-pore 
samples), a preference attributed to 
diffusion restrictions on the respective 
alkylated aromatic product. 



In summary, a correlation has been 
demonstrated between coking tendency and 
shape selectivity for a large number of 
zeolite samples of differing structure, 
composition and crystal size. While 
composition and crystal size can 
certainly influence coke formation, the 
present survey shows that these are 
secondary effects. The survey confirms 
the postulate that intracrystalline 
coking is a shape selective reaction 
directly controlled by zeolite pore 
structure. 
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NICKEL SPECIES ON VIRGIN, USED, AND 
REGENERATED HYDRO PROCESSING CATALYSTS 
By R. T. Lewis and H. F. Harnsberger 

Chevron Research Company, Richmond, California 94802 

INTRODUCTION 

The state, dispersion, and changes 
during use and regeneration of metals on 
heterogeneous catalysts are important sub
jects in the development and operation of 
commercial catalysts. The dispersion of 
platinum on reforming catalyst has been 
studied for many years and is now used 
routinely as an aid in operating and 
regenerating commercial reforming catalyst 
more efficiently. There is little pub
lished information on the state of nickel 
in hydroprocessing catalysts or changes 
that take place during use or regeneration. 

This paper will describe infor-
mation that can be obtained about the state 
of nickel in hydroprocessing catalysts from 
X-ray diffraction, magnetic susceptibility, 
and electron spectroscopy for chemical 
analysis (ESCA) measurements. These 
measurements will then be used to obtain 
information on the state and dispersion of 
nickel in a typical silicious hydroprocess
ing catalyst and some of the changes that 
take place during use and regeneration. 

PHYSICAL MEASUREMENTS 

X-Ray Diffraction. Standard methods were 
used for X-ray diffraction. The diffrac
tometer was calibrated for NiO using a 
sample of 5% bulk NiO mixed with virgin 
catalyst. 

Magnetic Susceptibility. Because of the 
magnetic properties of Ni 2+ ions, NiO, and 
nickel metal particles, useful information 
about the state of nickel can be obtained 
from magnetic susceptibility measurements. 
The magnetic moment of highly dispersed 
Ni 2+ ions in oxides differs according to 
whether the coordination is octahedral or 
tetrahedral. Richardson and Milligan 1 

have st~died the changes that take place 
with concentration and heat treatment in 
the NiO-A1203 system. Bulk NiO is anti
ferromagnetic and has a room temperature 
susceptibility much lower than that of 
dispersed Ni 2+ ions. Nickel sulfides also 
have much lower susceptibility than dis
persed Ni+ ions in oxide form. Since 
nickel metal is ferromagnetic, the amount 
present can easily be determined in the 
presence of paramagnetic Ni species from 
the nonlinearity in the magnetization 
curve. 

ESCA. Electron spectroscopy for chemical 
analysis, or ESCA, is a relatively new tool 
for determining the "surface" chemical 
composition, i.e., state of atoms in the 
top few atomic layers of a sample. Because 
of the limited sampling depth, of the order 
of, ~20 A, ESCA can provide information on 
the homogeneity of a sample. This is done 
by comparing the ESCA composition to the 
known bulk composition. If the two com
positions agree, the sample can be 
presumed homogeneous; however, specific 
heterogeneities could be present to make 
this presumption invalid. On the other 
hand, a deviation of ESCA from bulk indi
cates that some heterogeneity exists. A 
model will be presented to quantify this 
concept. It has been used by several 
workers to obtain information on metal 
particle size in heterogeneous catalysts-~ 
from the ESCA signal intensity. 

THE CATALYSTS 

The catalyst studied in this work was a 
siliceous nickel catalyst used in 
hydroprocessing. The state of nickel on 
this catalyst was studied in the (1) 
virgin, (2) spent, (3) partly regenerated, 
(4) fully regenerated, and (5) partly used 
and regenerated forms, using the above 
techniques. 

A list of the samples studied and 
results obtained on them are given in 
Table 1. 

The Virgin Catalyst 

No crystalline nickel species were seen 
on virgin catalyst by X-ray diffraction. 
The room temperature magnetic suscepti
bility corresponded to that for highly 
dispersed Ni 2+ ions in an octahedral 
environment as observed by Richardson and 
Milligan for low levels of NiO in A1 20 3 
heat treated at 700°C. However, the nickel 
level seen by ESCAis only about half the 
bulk value. This indicates that the nickel 
is not homogeneously distributed. 

The Spent Catalyst 

The catalyst was exposed to sulfur 
during the early phase of the test. 
However, because of a low level of sulfur 
during subsequent operation, nickel metal 



could be produced. This nickel metal 
might theri be seen in spent catalyst by 
magnetic measurements and also by X-ray 
diffraction. 

The Regenerated Catalyst 

34 

The catalysts were regenerated by heat
ing in an oxidizing atmosphere. During 
this process, carbon and sulfur are burned 
off the catalyst; and any nickel metal is 
oxidized to NiO. The amount of NiO 
increases with increasing time and tempera
ture. Up to ~50% of the nickel present is 
in this form on a fully regenerated cata
lyst. Increasing regeneration temperature 
results in larger NiO particle size as 
determined by XRD. This increase in NiO 
can be monitored by the decrease in mag
netic susceptibility. The amount of NiO 
present after regeneration was found to 
correlate with the amount of sulfur 
removed. 

Thus, a regenerated spent catalyst 
contains up to half of its active metal in 
a highly sintered state not found in virgin 
catalyst. In spite of this gross dif
ference, regenerated catalyst often per
forms as well as virgin catalyst in 
hydroprocessing service. 

The Partly Used Catalyst 

Examination of a partly used catalyst 
provides a clue for understanding the above 
observation. Two samples were remov·ed part 
way through catalyst testing. Both of 
these catalysts had previously been tested 
until spent and subsequently regenerated. 
Examination of these partly used catalysts 
by magnetic susceptibility and X-ray 
diffraction showed no evidence for the 
nickel metal found on completely spent 
catalyst. Apparently nickel metal does 
not form throughout a run, but only near 

the end at higher temperatures. The 
magnetic susceptibility also suggested that 
roughly half of the nickel was present as 
dispersed Ni 2+ ions. These catalysts were 
then regenerated and examined by X-ray 
diffraction and magnetic susceptability. 
No evidence for crystalline NiO was seen by 
XRD even though the catalyst had previously 
gone through three complete runs and 
regenerations. This result suggests that 
the crystalline NiO seen on regenerated 
catalyst gets redispersed during the 
subsequent run. 
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Table I 

NiO 
% of Ni crystai XNi 3 % of Ni ESC A/Bulk 

Catalyst Sam~le as NiO Size x 0 as Metal C, Wt % 0 Si Ni 

Virgin <5 5.05 1. 04 0.90 0.52 
Spent 8.66 9.3 14.9 
Partly Regenerated 3.00 3.0 9.15 

No. 1 
Partly Regenerated 35 41 3.00 1.2 3.53 

No. 2 
Partly Regenerated 37 57 3.24 0.3 1.48 

No. 3 
Regenerated No. 1 26 56 3.90 0.4 
Regenerated No. 2 34 59 3.52 <0.02 
Regenerated No. 3 42 62 3.19 0.07 1. 02 1. 00 0.45 
Partly Used No. 1 2.43 <0.05 1.15 
Partly Used No. 2 3.63 <0.05 0.82 
Regenerated, Partly <5 4.06 0.04 

Used No. 1 
Regenerated, Partly <5 4.21 0.02 

Used No. 2 
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THE EFFECT OF ADDITIVES ON THE STRUCTURE, 
REACTIVITY AND SURFACE COMPOSITION OF 

Pt AND Fe CATALYSTS 

J.P. Biberian, D. Dwyer and G.A. Somorjai 
Materials and Molecular Research Division, 

Lawrence Berkeley Laboratory 
and 

Department of Chemistry 
University of California 

Berkeley, California 94720 

ABSTRACT 

The' effects of adsorbed oxygen on platinum 
crystal surfaces and of patassium on iron crystal 
surfaces have been studied by a combination of 
techniques that include auger electron spectros
copy CAES) and low energy electron diffraction 
CLEED). The rates and product distributions as 
a function of, the, surface concentration of 
additives have been determined for hydrocarbon 
reactions on platinum and for the hydrogenation 
of carbon monoxide on iron. Three distinct effects 
that are due to additives are distinguishable: 
(1) the surface structure may change in the 
presence of a monolayer of adsorbates, (2) the 
catalytically active surface is covered with a 
monolayer of carbon that exhibits carbene-like 
metal-carbon bonds, and (3) additives, like 
oxygen and potassium that are present on the 
surface, participate in the catalyst surface 
reactions. 

(1). The atomic surface structure of the 
freshly prepared catalyst is drastically changed 
under the reaction conditions and may be changed 
again with the presence of hydrocarbons or upon 
cleaning in oxygen or heating in hydrogen. This 
was revealed during studies of 22 single-crystal 
surfaces of platinum that were studied in ultra
high vacuum when clean and in the presence of a 
monolayer of chemisorbed oxygen or carbon by low 
energy electron diffraction. Most crystal surfaces 
restructure as the surface composition is changed. 
Some of the surface structures that are stable 
in ultrahigh vacuum and in the presence of 
oxygen reconstruct, in the presence of carbon, 
while others are stable when clean and when carbon 
covered but restructure when covered with oxygen. 
A surface that exhibits the one-atom-height, step
terrace configuration reconstructs into a 
multiple-height step structure with wider 
terraces as the surface composition is changed. 
Other surfaces develop a "hill and valley" con
figuration, consisting of large facet planes 
detectable by low energy electron diffraction. 
Interestingly, most of these restructuring pro
cesses are reversible. Once the adsorbate, 
oxygen or carbon, is removed, the surface returns 
to its original clean surface structure. 

(2) Whether the catal¥st is used in reducing or 
under oxidizing conditions, the active surface 
is covered with a monolayer or near monolayer 
deposit. During hydrocarbon reactions this is a 
"carbonaceous" deposit. The nature of this 
carbon-containing deposit has been subjected 
to experimental scrutiny by surface crystallogra
phy an'd by high resolution electron energy loss 
spectroscopy', as well as by recent reaction 
studies on transition metal surfaces. A carbene
like metal-carbon bonding was uncovered by 
low energy electron diffraction sutdies on C

2
H

4 
and C H adsorbed on platinum surfaces. The 
carbe~e~like Pt-C bond can be estimated to be 
stronger than 100 kcal from thermodynamic 
arguments. 

(3) When catalytic reactions are claimed to take 
place on platinum or iron surfaces, they actually 
take place on a complex catalyst system that 
frequently includes an oxide support as well as 
a "promoter" such as potassium, chlorine, calcium, 
or manganese, etc. We have found that small 
amounts 6f chemisorbed oxygen present on platinum 
surfaces in concentrations of 10-30% of a mono
layer can markedly change the rate and the product 
distribution in hydrocarbon reactions. The rate 
of cyclohexane dehydrogenation is increased by 
an order of magnitude at an oxygen surface 
concentration that corresponds to about 25% of a 
monolayer on the kinked Pt surface that was 
studied. In the presence of oxygen, the kinked 
platinum surface exhibits hydrogenation activity 
as well; this was never observed in the absence 
of oxygen. When the hydrogenation of carbon 
monoxide is carried out on the clean'FeCI11) 
crystal face or on polycrystalline iron foils, 
the reaction poisons rapidly. The resistance to 
poisoning and the catalytic activity can be 
altered, however, by the addition of about 0.5-
1.0 monolayer of potassium. The clean iron is 
completely poisoned by the presence of potassium. 
When the oxidized iron surface is coated with 
potassium, however, the catalytic activity and 
the resistance to poisoning is markedly improved. 
The initial high rate of methanation may be main
tained for days without any apparent deteriora-

-tion of activity. 



* MULTIMETALLIC CATALYST DEACTIVATION BY MIGRATION OF THE CONSITUTUENTS 

C. R. Helms 
Stanford Electronics Laboratories 

Stanford University 
Stanford, California 94305 

In addition to the poisoning mechanisms that 
are present for monometallic catalysts, there are 
three major deactivation effects in multimetallic 
catalysts that must be considered: incomplete 
alloying, "dealloying", and possible redistribu
tion of the constituents within a single catalyst 
particle. 

The first of these effects, incomplete 
alloying, can arise during catalyst preparation 
and reduction. It corresponds to a state where 
each particle has a different composition so that 
the constituents are not evenly distributed. If 
catalyst performance is sharply peaked around a 
particular composition, the existence of a 
distribution of particle compositions can cause 
degradation in its performance. 

The second of these effects, dealloying, 
refers to the situation where prolonged heating 
or exposure to reactive environments may cause 
phase separation of the particle or migration of 
the constituents so that particles of different 
composition are formed. This effect could cause 
an originally homogeneous alloy catalyst to 
become one where incomplete alloying occurs, 

The third effect involves migration of the 
alloy constituents within one catalyst particle 
either between the surface and the bulk or the 
redistribution of atoms already on the surface. 
This effect can be due to surface segregation 
either in vacuum or in the presence of a reactive 
envi ronment. 

These effects have beenlo~served for 
unsupported Cu-Ru catalysts ' . Although this 
system does not form a miscible bulk alloy, 
small particles can be formed where Cu and Ru 
cluster together. A combination of hydrogen 
chemisorptionl , catalytic activityl, and electron 
spectroscopy studies2, showed that changes in the 
catalytic activity of these catalysts can be 
directly related to changes in the distribution 
of the constituents in the surface of the 
particles. 

As an example, upon increasing hydrogen 
treatment temperature, even though the catalyst 
surface area remained relatively constant, the 

activity a Cu-Ru catalyst with a few percent Cu 
for ethane hydrogenolysis dropped significantlyl 
Using electron spectroscopy it was found that 
concentration of Cu in or on the surface of these 
particles increased over the same hydrogen 
pretreatment temperature range. These effects 
were attributed to a redistribution of the Cu so 
that it covered the Ru more completely at higher 
temperatures. At lower temperatures the Cu 
probably exists in the form of clusters with only 
a fraction of their atoms being in contact with 
the Ru. As the temperature increases, the 
mobilitv of the Cu increases, leading to a 
spreading of the Cu over the surface of the Ru l . 
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PARTIAL OXIDATION OF A Ni(76%)/Fe(24%) (100) SURFACE: 
LEED, XPS, UPS, AND AUGER STUDIES 

C. R. Brundle 
J;BM Research Laboratory 
San Jose, CA 95193 

INTRODUCTION 

Nickel and iron are extensively used as 
catalysts for the methanation and Fischer-, 
Tropsch synthesis reactions, and in the 
search for improved catalysts, alloys of 
each material are being tried. However, 
no previous surface studies on Ni/Fe 
single crystals have been performed. 
Ni/Fe is also extensively used as a soft 
magnetic material (permalloy). For thin 
film devices, corrosion can be a serious 
problem. Hence, the interaction of oxygen 
with a Ni(76%)/Fe(24%) (100) surface has 
been studied by LEED, UPS, XPS, and Auger 
spectroscopy at temperature between -150°C 
and 200°C. The results are briefly com
pared to work on oxygen interactions with 

Ni(lOO)l and Fe(100)2 surfaces. 

IRON SEGREGATION 

The clean annealed material exhibits 
slight Fe segregation at the (100) surface 
as judged by variable angle XPS measure
ments on the 2p and 3p levels. Results 
for two different electron ejection angle, 
¢, are tabulated in Table 1. The lower 
ejection angle is designed to enhance the 
surface sensitivity of the core-level 
measurements. Oxygen adsorption is disso
ciative (even at -150°C) and causes fur
ther Fe segregation. A wide variety of 
oxidation states can be obtained on these 
different surfaces. 

Table 1. Measured surface composition for 
various oxygen coverages. 

% Nickel 
Estimated Oxygen 

Coverage ¢ = 430 ¢ = 13° 

Zero (sputtered 76 76 
surface) 

Zero (annealed 75 70 
-200°C) 

- 0.5 monolayer 74 67 

- 1. 0 monotayer 71 58 

- 2.0 monolayer 64 50 

- 2-.0 monolayer and 42 19 
heated to 200°C 

E. Silverman and R. J. Madix 
Chemical Engineering Department 
Stanford University 
Stanford, CA 94305 

OXYGEN ADSORPTION: ROOM TEMPERATURE 

The results of the oxygen adsorption on 
the Fe/Ni(lOO) surface at room temperature 
is shown in Fig. 1 with the Fe2P3/2 and 

Ni2P3/2 results at ¢ = 13°. (Coverages 

for the room temperature O2 adsorption 

cases were calculated assuming a satura
tion coverage of unity at -150°C.) Fe2p 
core-levels remain metallic in character 

, 3+ , 
unt~l 0.5 monolayer, when Fe spec~es 
start to show up as judged by the 3.8 eV 
shift observed between the oxidized over
layer and the substrate Fe2P3/2 signals. 

The Ni2p remains metallic till around one 

h ,2+, f d h' monolayer, w en N~ ~s orme. At t ~s 

point the Fe/Ni ratio within the first ca. 
15~ has increased by a factor of two. 
Further exposure to oxygen lead to more Fe 
segregation till a saturation coverage of 
around 2.0 monolayers is reached. Heating 
this surface in vacuum to around 200°C 

d ,2+, t 1 re uces the N~ to N~ me a , causes 
further massive Fe segregation to form 

3+ - h 1 Fe , but leaves t e tota oxygen content 
unchanged. Studies at grazing angle, 
designed to enhance the surface sensitiv
ity of the core-level measurements showed 
as expected a large increased in the Fe 
oxide:Fe metal ratio, but failed to reveal 

any recognizable Fe 2+ species. 

A c(2x2) pattern is observed immedi
ately on adsorption which does not fade 
till an estimated oxygen coverage of 
around 1.5 monolayers is reached. Further 
exposures to oxygen lead to only an 
increase in the background intensity. 

The O(ls) spectra revealed only a sig
nal at a B.& of 529.6 eV which is charac-

teristic of 0 2-. Hence, the O(ls) B.E. 
cannot be related to the oxidation ~tate 
of the cation present. There is no evi
dence for any significant concentrations 
of molecular oxygen which would give a 
B.E. 5-6 eV higher. 

OXYGEN ADSORPTION: LOW TEMPERATURES 

Performing the reaction at -150°C, no 
attempt was made to study the behavior as 
a function of coverage, the substrate 
merely being subjected to a sufficiently 

- large dose of oxygen (several Langmuir) 



to reach saturation. As in the room tem

perature saturation results, Ni 2+ and Fe 3+ 
species are formed. However, warming the 
sample to room temperature, one changes 
the amount of Fe segregation and also the 
nature of the products. There is some 

evidence for the formation of Ni 3+ and 

Fe
2+ species, plus an oxygen species which 

Ni 2P3!2 

~) 

Ie) 

(bl 

f!55 705 
B.E. (eV) 

is best characterized as a chemisorbed 
overlayer. As in the room temperature 
results, heating the saturated surface to 
200°C reduces the Ni cation to Ni metal 
and causes further massive Fe segregation 

to form Fe 3+. 

LEED shows no evidence for the forma
tion of a c(2x2) pattern during adsorption 
of oxygen at -lSO°C. 

Fe 3+ 

(e) 

710 

FIG. 1 Ni 2p3/2 <Td Fe 2p312 spectra from oxidized Fe/Ni surfaces. 

0) clecl1; Hi "- 0.5 monolayer; k::l.- 1.0 monolayer; 

(t) -20 monolayer; (e) (d) heated to 200l C 

~=13° 
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