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Heterogeneous Catalysi 
Some Recent Developmen 

Some properties of metal catalysts and recent advanc 
in alloys and bimetallic systems are discusse 

John H. Sinf 

Catalysis has an important bearing on 
our everyday lives. Catalytic phenomena 
are found almost everywhere, ranging 
from biological processes in living things 
to large-scale processes for refining pe- 
troleum and producing chemicals. In re- 
cent years catalysts have been applied 
extensively in decreasing the pollutants 
in automobile exhaust gases. There has 
also been a great deal of interest in cata- 
lysts in processes such as coal gasifica- 
tion and liquefaction, which are impor- 
tant for extending our fuel capabilities. 

In general, a catalyst is a substance 
which increases the rate of a chemical 
reaction without itself being consumed in 
the process. Catalytic processes are com- 
monly classified as homogeneous or het- 
erogeneous. In homogeneous processes, 
the reactants and catalyst are present in 
a single phase, for example, in a solu- 
tion. In heterogeneous processes, the 
catalyst is present in a separate phase, as 
in the case of a solid catalyst in contact 
with gaseous reactants. In this article I 
discuss only heterogeneous catalysis, 
and more specifically catalysis by met- 
als. First, I consider metal catalysts in 
general, with emphasis on the character- 
ization of the degree of dispersion of the 
metal. Next, I discuss catalytic specifici- 
ty by relating the catalytic activity of a 
metal to its position in the periodic table. 
Much progress has been made in this 
area as a result of systematic studies of 
selected reactions on a variety of metals. 
Finally, I present some recent devel- 
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Dispersion of Metal Cataly, 

As applied to a metal 
term dispersion refers to 1 
number of metal atoms in 
the total number of metal 
(1). The dispersion may 
depending on the physic- 
catalyst. For example, Ni 
commonly prepared as pox 
face areas of the order of 
per gram (2, 3), corresp( 
persions of the order of 0 
persion of such a catalys 
mated from the low-temp 
cal adsorption of a gas (4) 
metal catalysts of mucd 
persion are those consi 
small metal clusters disl 
surface of a carrier. Typi 
rier is a refractory materi 
surface area such as silica 
mina (A1203). Physical ad 
niques, which give inforr 
total surface area of a so 
applied to determine th 
persion in such a catalyst, s 
cupied surface of the carr 
constitutes a much larger 
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metallic component itself. For such sup- 
ported metal catalysts, one needs to use 
selective adsorption, in which a gas ad- 
sorbs on the metal but not on the carrier. 
The development during the past 15 
years of selective chemisorption meth- 

iS: ods for determining the degree of dis- 
persion of supported metals on a routine 

tIS basis represents a major advance in the 
characterization of catalysts (5, 6). Ear- 
lier studies by Emmett and Brunauer on 
Fe catalysts were extremely important 

^d. in demonstrating the idea of selective 
chemisorption for the study of multi- 
component catalysts (7). 

felt The application of H2 chemisorption 
for determining metal dispersion is illus- 
trated in Fig. 1 for a series of Rh cata- 
lysts including an unsupported Rh pow- 

alloys and re- der (100 percent Rh) and a number of 
Work in this SiO2-supported Rh catalysts with vary- 

y in significant ing Rh concentrations (1, 8). Assuming 
tal nature but the dissociation of H2 in chemisorption, I 
ew systems of express the data in terms of the quantity 
trial catalysis. H/M, which represents the number of H 

atoms adsorbed per atom of Rh in the 
catalyst. This quantity increases contin- 

sts uously with decreasing Rh concentra- 
tion, which corresponds to increasing 

I catalyst, the dispersion of the Rh. With a stoichiome- 
the ratio of the try of one H atom adsorbed per surface 
t the surface to metal atom (5, 9), the quantity H/M is a 
atoms present direct measure of the degree of dis- 
vary widely, persion of the metal. The use of selective 

al form of the chemisorption is especially important for 
i-Cu alloys are catalysts in which the degree of metal 
wders with sur- dispersion is extremely high (approach- 
1 square meter ing unity), since it is very difficult or 
onding to dis- impossible to obtain quantitative infor- 
).001. The dis- mation on metal dispersion in any other 
t may be esti- way. Good examples of such catalysts 
)erature physi- are the Pt-A1203 systems used in the 
). Examples of reforming of petroleum naphthas for gas- 
h higher dis- oline production (10). 
sting of very Highly dispersed supported metals ex- 
persed on the hibit certain properties which sharply dis- 
cally, the car- tinguish them from bulk metals. The mag- 
ial with a high netic properties of Ni provide a good 
t (SiO2) or alu- example of this difference. As shown in 
[sorption tech- Fig. 2, the magnetization of Ni in highly 
mation on the dispersed form in Ni-SiO2 catalysts is 
lid, cannot be very much lower than that of bulk Ni 
ie metal dis- (11). The dependence of the magnetiza- 
since the unoc- 
:ier commonly 
area than the 
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tion on field strength, and also temper- 
ature, is not typical of a ferromagnetic 
metal, and the phenomenon has been 
termed "superparamagnetism" (12). 
Data such as those in Fig. 2 are useful in 
characterizing the dispersion of Ni cata- 
lysts. 

The types of sites present in the sur- 
face of a metal are a function of the 
degree of dispersion of the metal. In 
large metal crystals, only a very small 
fraction of the surface atoms is present at 
edges and corners. As the crystal size is 
decreased, this fraction increases and 
approaches a value of the order of unity 
for extremely small crystals (or clusters) 
containing only a few atoms. The coordi- 
nation numbers of atoms at edge and 
corner sites are lower than those of other 
atoms in exposed crystal faces. As a 
result, one might well expect the state of 
dispersion of a metal to affect its specific 
catalytic activity, that is, the activity per 
unit surface area. This dependence of 
specific catalytic activity on dispersion 
has indeed been demonstrated for cer- 
tain reactions which have been designat- 
ed as "structure-sensitive" reactions (8, 
13). Interestingly, however, there are 
"structure-insensitive" reactions for 
which the specific activity of a metal is 
virtually independent of the state of dis- 
persion (13). The elucidation of structure 
sensitivity is the objective of much cur- 
rent research in heterogeneous catalysis. 

Catalytic Specificity of Metals 

An extremely important feature of het- 
erogeneous catalysis is specificity in rela- 
tion to the chemical constitution of a 
surface (14, 15). The hydrogenolysis of 
alkanes provides an excellent example of 
specificity in catalysis by metals. In this 
type of reaction C-C bonds rupture and 
C-H bonds form. The simplest hydro- 
genolysis reaction of a hydrocarbon is 
the conversion of ethane (C2H6) to meth- 
ane (CH4): 

C2H6 + H2 -> 2CH4 

This reaction has been studied in detail 
over a number of metals (15, 16). The 
reaction may be dissected into two sepa- 
rate steps, the symbol (ads) signifying an 
adsorbed species: 

C2H6 C2H(ads) + aH2 
C2Hx(ads) -> adsorbed C1 fragments 

The quantity a is equal to (6 - x)/2. The 
first step is chemisorption of C2H6 with 
the dissociation of C-H bonds, ultimate- 
ly yielding a hydrogen-deficient surface 
species, C2HX. This species then under- 
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Fig. 1. Chemisorption of H2 on a series of Rh 
catalysts of varying concentration. The cata- 
lysts containing 0.1 to 10 percent Rh are SiO2- 
supported catalysts. The quantity H/M refers 
to the number of H atoms adsorbed per atom 
of Rh metal in the catalyst. All of the catalysts 
were reduced in H2 at 450?C in their prepara- 
tion. The chemisorption data were obtained at 
room temperature (1, 8). 

goes C-C scission to yield adsorbed Cl 
fragments which are subsequently hydro- 
genated to CH4. 

Specific catalytic activities of all of the 
metals of group VIII and of Re in group 
VII A for C2H6 hydrogenolysis are given 
in Fig. 3, which is divided into three 
sections representing the metals of the 
first, second, and third transition series. 
The group I B metals (Cu, Ag, and Au), 
for which data are not shown, are much 
less active than the least active group 
VIII metals (15). The most complete data 
are available for the metals of the third 
transition series, in which the hydro- 
genolysis activity attains a maximum val- 
ue at Os. From Os to Pt, the activity 
decreases by seven orders of magnitude. 
A similar variation is observed from Ru 
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Fig. 2. Comparison of the magnetization of 
SiO2-supported Ni catalysts with that of bulk 
Ni. The catalysts were reduced in H2 at 370?C 
in their preparation, and the systems were 
subsequently evacuated at 370?C prior to mag- 
netic measurements (11). 

to Pd in the second transition series, and 
Ru is probably the most active metal in 
the series. This conclusion is supported 
by data indicating that the hydro- 
genolysis activity of Mo (group VI A) is 
very low compared to that of Ru (17). 
The pattern of variation of hydro- 
genolysis activity in the first transition 
series is different, the maximum activity 
being found in the third rather than the 
first subgroup within group VIII. This 
difference in detail is somewhat analo- 
gous to known chemical differences be- 
tween elements of the first transition se- 
ries on the one hand and the correspond- 
ing elements of the second and third 
transition series on the other (18). 

Included with the plots of hydro- 
genolysis activities of the metals in Fig. 3 
are plots of the percentage d-character of 
the metallic bond, a quantity introduced 
by Pauling (19) as a measure of the ex- 
tent of participation of d-orbitals in the 
bonding between atoms in a metal lat- 
tice. For the metals within a given transi- 
tion series, the patterns of variation of 
hydrogenolysis activity and percentage 
d-character from one metal to another 
are similar. However, the hydrogen- 
olysis activities of Fe, Co, and Ni in 
the first transition series are comparable 
to those of metals with significantly high- 
er d-character in the second and third 
transition series. Thus, the percentage d- 
character alone is not sufficient to charac- 
terize the catalytic activity of transition 
metals for hydrogenolysis (15). 

For a number of other reactions cata- 
lyzed by metals, maximum catalytic ac- 
tivity is also found among the metals of 
group VIII. Examples of reactions that 
have been extensively investigated are 
the hydrogenation of ethylene (C2H4) to 
C2H6 and of benzene (C6H6) to cy- 
clohexane (C6H12) (20). Within group 
VIII, however, there are major differ- 
ences in the relative catalytic activities 
of the metals for hydrogenation and hy- 
drogenolysis reactions. Thus Pt, which is 
less active by five orders of magnitude 
than Ir for C2H6 hydrogenolysis, is ac- 
tually more active for C2H4 hydro- 
genation. 

In the hydrogenolysis of saturated hy- 
drocarbons with a number of non- 
identical C-C bonds, there may be differ- 
ent rates of scission at different locations 
in the molecule. A classical example of 
catalytic specificity is the highly selec- 
tive attack of Ni catalysts on the terminal 
C-C bonds in alkanes (21). Thus, in the 
hydrogenolysis of n-hexane on Ni at 
180?C the only products at low con- 
version are CH4 and n-pentane, formed 
in equimolar amounts (22). With Pt cata- 
lysts, however, the rupture of non- 
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identical C-C bonds is nonselective, giv- 
ing a spectrum of primary products. 
There is also extensive variation among 
the group VIII metals of the second and 
third transition series in the pattern of 
rupture of C-C bonds in n-heptane hy- 
drogenolysis (23). 

In the hydrogenolysis of alkanes on 
the group VIII metals of the first transi- 
tion series (that is, Fe, Co, and Ni) the 
mode of C-C scission is consistent with a 
reaction scheme involving successive 
demethylation of the hydrocarbon chain 
(22, 24). According to this scheme, scis- 
sion occurs only at terminal C-C bonds. 
Thus one of the fragments is always a C0 
species which is then hydrogenated to 
form CH4. The other fragment can under- 
go further scission at the terminal C-C 
bond to produce additional CH4, or it can 
be hydrogenated and desorbed into the 
gas phase. On Fe, the primary product 
consists almost entirely of CH4; this re- 
sult suggests that desorption of products 
is strongly limiting. The successive 
demethylation scheme of hydrogenolysis 
does not apply to the group VIII metals 
of the second and third transition series, 
another indication that these metals be- 
have very differently from those of the 
first transition series in the catalytic hy- 
drogenolysis of hydrocarbons. 

Catalysis by Alloys 

Bimetallic catalysts have long been 
used to investigate the relationship be- 
tween the catalytic activity of a metal 
and its electronic structure (25). The orig- 
inal ideas were based on the electronic 
structure of a metal crystal as a whole 
rather than on the localized electronic 
structures of individual surface atoms. 
As experimental data on chemisorption 
and catalysis on alloys have accumu- 
lated, however, it has become increas- 
ingly clear that localized properties of 
surface atoms are very important. In the 
case of a Ni-Cu alloy, for example, the 
atoms of the two metals retain their in- 
herent chemical differences, although 
bonding properties of the atoms are prob- 
ably altered to some degree. The elec- 
tronic factor in catalysis by alloys is 
currently being pursued from this point 
of view (26). 

A complicating feature in catalytic 
studies on metal alloys is the possibility 
of a difference between surface and bulk 
compositions. Evidence for such a differ- 
ence in the case of Ni-Cu alloys is based 
on the observation that strong H2 chem- 
isorption does not occur on Cu. The 
addition of only a few percent of Cu to 
Ni decreases the amount of strongly 
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Fig. 3. Catalytic activities of metals for C2H6 
hydrogenolysis in relation to the percentage 
d-character of the metallic bond. The closed 
points represent specific activities compared 
at a temperature of 205?C and C2H6 and H2 
pressures of 0.030 and 0.20 atmosphere, re- 
spectively; the open points represent the per- 
centage d-character. Three sections are 
shown to distinguish the metals in the differ- 
ent long periods of the periodic table (15). 

chemisorbed H2 severalfold, an in- 
dication that the concentration of Cu in 
the surface is much greater than in the 
bulk. Similar results have been obtained 
by several different groups of investiga- 
tors (3, 27), and the findings are consist- 
ent with the results of studies of surface 
composition by Auger spectroscopy 
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Fig. 4. Activities of Ni-Cu alloy catalysts for 
the hydrogenolysis of C2H6 to CH4 and the 
dehydrogenation of C6H12 to C6H6. The activi- 
ties refer to reaction rates at 316?C. The C2H6 
hydrogenolysis activities were obtained at 
C2H6 and H2 pressures of 0.030 and 0.20 
atmosphere, respectively. The C6Hi2 dehy- 
drogenation activities were obtained at C6HI2 
and H2 pressures of 0.17 and 0.83 atmosphere, 
respectively (3). 

(28). An important factor in determining 
surface composition is the nature of the 
gas in contact with the surface of an 
alloy. Thus, for Ni-Au alloys, Au concen- 
trates in the surface in an inert atmo- 
sphere, whereas Ni is the predominant 
surface component in the presence of 
02 (29). If the interaction of a gas with 
one of the components is sufficiently 
strong and selective, the surface tends 
to be enriched in that particular compon- 
ent. 

The emphasis in early studies on alloy 
catalysts was on the activity for a particu- 
lar reaction, often a simple hydro- 
genation reaction of an unsaturated hy- 
drocarbon. The possibility that the effect 
of alloying depends on the type of reac- 
tion has only recently received any atten- 
tion. A striking example of specificity 
with regard to the type of reaction is 
provided by recent work on Ni-Cu alloy 
catalysts in which two different reactions 
were investigated, the hydrogenolysis of 
C2H6 to CH4 and the dehydrogenation of 
cyclohexane (C6H12) to benzene (C6H6) 
(3). The latter reaction, represented by 
the equation 

C6HI2 -> C6H6 + 3H2 

is an important reaction in the produc- 
tion of gasoline components in the petro- 
leum industry (10). 'The effect of Cu on 
the catalytic activity of Ni for this reac- 
tion is very different from that found for 
C2H6 hydrogenolysis, as shown by the 
data on a series of Ni-Cu alloys in Fig. 4. 
In the case of C2H6 hydrogenolysis, add- 
ing only 5 atom percent Cu to Ni de- 
creases the catalytic activity by three 
orders of magnitude. With further addi- 
tion of Cu, the activity continues to de- 
crease. However, the activity of Ni for 
the dehydrogenation of C6Hi2 is affected 
very little over a wide range of Ni-Cu 
alloy composition and actually increases 
on the addition of the first increments of 
Cu to Ni. Only as the catalyst composi- 
tion approaches pure Cu is a marked 
decline in activity for this reaction ob- 
served. 

In interpreting the C2H6 hydro- 
genolysis data, it is necessary to recall 
the hypothesis of a hydrogen-deficient 
surface intermediate, C2Hx, which is 
bonded to more than one metal atom in 
the surface. If the composition of the 
intermediate corresponds to C2H2, we 
might visualize a structure of the form 

HC-CH 
** ** 

where the asterisks represent bonds be- 
tween the C atoms and active metal sur- 
face atoms. Such an intermediate would 
require sites comprising "multiplets" of 
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Fig. 5 (left). Influence of the state of dispersion of Ru-Cu catalysts on o 0.2 0.4 0.6 0.8 1.0 
the relationship between hydrogen chemisorption capacity and cata- Cu/Ru atom ato 
lyst composition. The large Ru-Cu aggregates have a metal dispersion 
of the order of 1 percent, whereas the highly dispersed Ru-Cu clusters have a metal dispersion of the order of 50 percent. The latter were 
supported on SiO2. In the case of the large Ru-Cu aggregates, the square points represent total H2 chemisorption and the triangular points 
represent strongly chemisorbed H2, that is, H2 that cannot be removed by evacuation at room temperature (31). Fig. 6 (right). Influence of the 
state of dispersion of Ru-Cu catalysts on the relationship between C2He hydrogenolysis activity and catalyst composition. The catalysts are the 
same as in Fig. 5 (31). 

adjacent active metal atoms. [The term 
multiplet is taken from the work of Balan- 
din (30).] 

If the active metal atoms are diluted 
with inactive metal atoms in the sur- 
face, the concentration of active mul- 
tiplets will decline sharply. For the 
Ni-Cu alloy system, in which the in- 
active Cu atoms concentrate strongly in 
the surface, the addition of only a few 
percent of Cu to Ni will result in a mark- 
edly lower concentration of multiplet Ni 
atom sites. Although such a geometric 
argument can account for a large inhib- 
iting effect of Cu on the hydrogenolysis 
activity of Ni, it is difficult to dismiss the 
possibility that electronic interaction be- 
tween Cu and Ni may also affect the 
catalysis. In view of the low ability of Cu 
relative to Ni to chemisorb a variety of 
hydrocarbons, one might reasonably ex- 
pect that the addition of Cu to Ni in an 
alloy would decrease the strength of ad- 
sorption of hydrocarbon species on the 
surface. In C2H6 hydrogenolysis, the 
strength of bonding between the two C 
atoms in the chemisorbed intermediate 
might be expected to vary in an inverse 
manner with the strength of bonding of 
the C atoms to the metal. One would 
then conclude that rupture of the C-C 
bond would be inhibited by a decrease in 
the strength of adsorption accompanying 
the addition of Cu to Ni. If C-C rupture 
is rate-limiting, the rate of hydro- 
genolysis should then decrease. 

The C6Hi2 dehydrogenation reaction 
may not require a site consisting of a 
multiplet of active Ni atoms. Although 
this lack of a multiplet site requirement 
would account for the absence of a steep 
decline in activity as Cu is added to Ni, it 
does not explain why Cu-rich alloys have 
dehydrogenation activities as high or 
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higher than that of pure Ni. However, if 
the activity is controlled by a step whose 
rate is inversely related to the strength of 
adsorption (for example, desorption of 
the C6H6 product), the addition of Cu to 
Ni could increase the activity of a catalyt- 
ic site and compensate for a decrease in 
the number of such sites. Over the range 
of composition from pure Ni to pure Cu, 
however, it is likely that the rate- 
determining step changes. For pure Cu, 
the chemisorption of the C6H,2 itself may 
be limiting. 

The Ni-Cu alloys that I have discussed 
were prepared under conditions of com- 
plete miscibility of the two components. 
At this point it is pertinent to consider a 
system such as Ru-Cu, the components 
of which are essentially completely im- 
miscible in the bulk. The crystal struc- 
tures of the two metals are different, Ru 
having a hexagonal close-packed struc- 
ture and Cu a face-centered cubic struc- 
ture. Although the Ru-Cu system can 
hardly be considered as an alloy-forming 
system, bimetallic Ru-Cu aggregates can 
be prepared which are similar to alloys 
such as Ni-Cu in their catalytic behavior. 
In such aggregates, the Cu tends to cover 
the surface of the Ru (31). Evidence for 
this structure comes from studies of H2 
chemisorption capacity and C2H6 hydro- 
genolysis activity, both of which are 
markedly suppressed when even small 
amounts of Cu are present with the Ru. 
The interaction between the two com- 
ponents may be considered analogous to 
that which would exist in the chem- 
isorption of Cu on Ru. The behavior of 
the Ru-Cu system for C2H6 hydro- 
genolysis is similar to that observed for 
Ni-Cu. In C6Hi2 dehydrogenation to 
C6H6, the two systems also behave sim- 
ilarly, in that Cu has only a small effect 

on dehydrogenation activity. However, 
pure Ru exhibits extensive hydrogen- 
olysis of C6Hi2 to alkanes of lower car- 
bon number (mostly CH4) in addition to 
dehydrogenation to C6H6. Addition of 
Cu to Ru suppresses hydrogenolysis 
strongly relative to dehydrogenation, so 
that a marked increase in the selectivity 
to C6H6 is observed. The chemisorbed 
intermediates are probably different in 
the dehydrogenation and hydrogenolysis 
reactions. As in the case of C2H6 hydro- 
genolysis, the intermediate in C6Hi2 hy- 
drogenolysis is probably a hydrogen- 
deficient surface residue which forms 
bonds with more than one surface metal 
atom. 

In general, the addition of a group I B 
metal to a group VIII metal decreases 
hydrogenolysis activity markedly but 
has a much smaller effect on such other 
reactions as dehydrogenation, hydro- 
genation, and isomerization of hydro- 
carbons (3, 31-33). Selectivity is there- 
fore an important aspect of hydrocarbon 
conversion on bimetallic catalysts of this 
type. 

"Bimetallic Cluster" Catalysts 

Bimetallic systems of the type consid- 
ered in the previous section have surface 
areas that are too low, by about two 
orders of magnitude, for use as industrial 
catalysts. One method of increasing the 
surface area of a metal is to disperse it on 
a carrier such as SiO2 or A1203. The 
carrier itself has a high surface area, 
commonly in the range of 100 to 300 
square meters per gram. One can pre- 
pare a supported bimetallic catalyst by 
impregnating a carrier with an aqueous 
solution of salts of the two metals of 
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interest. The material is dried and then 
brought in contact with a stream of H2 at 
elevated temperature to reduce the metal 
salts. This procedure results in the forma- 
tion of very small metal clusters dis- 
persed on the surface of the carrier. The 
nature of these clusters is the question of 
interest. Will the individual clusters be 
monometallic, or will they contain atoms 
of both metals and therefore be bimetal- 
lic? On purely statistical grounds one 
might expect that the individual clusters 
would contain atoms of both metals. 
This expectation is supported by experi- 
ment, even for cases in which the individ- 
ual metal components exhibit very low 
miscibility in the bulk (33, 34). Examples 
of such metal clusters which have been 
investigated are Ru-Cu and Os-Cu sup- 
ported on SiO2, in which the metal clus- 
ters cover about 1 percent of the surface 
of the SiO2 (33). The metal dispersion, 
expressed as the percentage of metal 
atoms present in the surface, is in the 
range of 50 to 100 percent in these sys- 
tems. 

Although direct experimental veri- 
fication of bimetallic clusters in such 
highly dispersed systems is difficult, a 
catalytic reaction can serve as a sensitive 
probe to obtain evidence of interaction 
between the atoms of the two metallic 
components. For supported bimetallic 
combinations of a group VIII and a 
group I B metal, the hydrogenolysis of 
C2H6 to CH4 is a very useful reaction for 
this purpose. In unsupported bimetallic 
systems of this type, the interaction be- 
tween the group VIII metal and the 
group I B metal markedly decreases the 
hydrogenolysis activity of the group VIII 
metal. In applying C2H6 hydrogenolysis 
as a probe to establish interaction be- 
tween Cu and either Ru or Os on a 
carrier, one looks for a marked suppres- 
sion of the hydrogenolysis activity of the 
group VIII metal when Cu is present. 
Experiments of this type have demon- 
strated clearly that the metal com- 
ponents are not isolated from each other 
on the carrier and therefore provide evi- 
dence for the existence of bimetallic clus- 
ters (33). Chemisorption of H2 can be 
employed in a similar manner as a probe, 
in which case interaction of Cu with 
either Ru or Os is indicated by a suppres- 
sion of chemisorption capacity. The utili- 
zation of H2 chemisorption and C2H6 
hydrogenolysis as probes to detect bime- 
tallic clusters is illustrated by the data on 
highly dispersed Ru-Cu clusters in Figs. 5 
and 6. 

It is interesting to consider how the 
state of dispersion of Ru-Cu catalysts 
affects the relationship between H2 
chemisorption capacity or C2H6 hydro- 
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genolysis activity and catalyst composi- 
tion (31). Data comparing large Ru-Cu 
aggregates with highly dispersed Ru-Cu 
clusters are given in Figs. 5 and 6. The 
highly dispersed clusters require a much 
higher atomic ratio of Cu to Ru than the 
large aggregates to achieve a given de- 
gree of inhibition of H2 chemisorption or 
C2H6 hydrogenolysis. The required ra- 
tios differ by a factor approximately 
equal to the ratio of the metal dispersions 
of the catalysts. This result indicates that 
the Cu in a Ru-Cu aggregate is confined 
to the surface, which is consistent with 
the extremely low miscibility of the two 
metals in the bulk state. If one envisions 
a series of Ru-Cu aggregates of varying 
size, each containing a monolayer of Cu 
on the surface, the atomic ratio of Cu to 
Ru in an aggregate will increase with 
decreasing aggregate size. When the ag- 
gregates become small enough, the atom- 
ic ratio of Cu to Ru attains a value of the 
order of unity. The resulting Ru-Cu en- 
tity is a model of a highly dispersed 
bimetallic cluster. Consequently, a high- 
ly dispersed bimetallic cluster may have 
compositions far outside the range of 
those possible in a bulk solid solution of 
the two metals. 

As Cu is incorporated with Ru or Os in 
bimetallic clusters, the selectivity for 
conversion of C6H12 to C6H6 is improved 
greatly (33); hydrogenolysis to alkanes is 
inhibited markedly, whereas dehy- 
drogenation to C6H6 is relatively unaf- 
fected. The behavior is similar to that 
described for unsupported Ru-Cu aggre- 
gates earlier and therefore provides fur- 
ther evidence for the interaction between 
Cu and the group VIII metal on the 
carrier. 

The bimetallic clusters considered up 
to this point have been combinations of a 
group VIII and a group I B metal. These 
systems have been discussed because 
they are good model systems in which 
chemisorption and catalysis can be used 
as probes in investigating the bimetallic 
cluster concept. From the viewpoint of 
practical catalysis the obvious interest in 
this type of system is the improved selec- 
tivity for certain reactions, as a result of 
the inhibition of hydrogenolysis. Anoth- 
er type of bimetallic cluster of interest is 
a combination of atoms of two group 
VIII metals, for example, Pt-Pd, Pt-Rh, 
or Pt-Ir (35). 

Our present knowledge of bimetallic 
clusters is derived largely from studies of 
their chemisorption and catalytic proper- 
ties. X-ray diffraction has provided di- 
rect evidence for the existence of Pt-Ir 
clusters in the approximate size range of 
25 to 50 angstroms (35). However, it 
becomes increasingly difficult to charac- 

terize such systems by conventional 
physical methods as the metal dispersion 
increases. In recent years, there have 
been advances in x-ray absorption spec- 
troscopy which hold much promise for 
this purpose. It has been shown that 
extended x-ray absorption fine structure 
(EXAFS) gives structural information on 
noncrystalline materials (36). The appli- 
cation of EXAFS to bimetallic catalysts 
is currently being investigated by Sinfelt 
and his collaborators (37). 

The concept of bimetallic clusters may 
be generalized to polymetallic clusters. 
Polymetallic clusters are clusters con- 
taining atoms of two or more metals and 
thus include bimetallic clusters as a spe- 
cial case (35). Polymetallic clusters make 
possible great flexibility in the design of 
metal catalysts. Virtually any property 
of a metal catalyst, including activity, 
selectivity, or surface stability, may be 
influenced if the metal is combined with 
one or more other metals in the form of 
polymetallic clusters. Such materials 
have been shown to have practical indus- 
trial use. Research in this area at the 
Exxon Corporate Research Laboratories 
has recently led to a new catalyst for use 
in the reforming of petroleum naphthas 
(38), which has been applied extensively 
in commercial operations. 

Summary 

In recent years major progress has 
been made in the area of heterogeneous 
catalysis by metals. Much has been 
learned about the nature of metal cata- 
lysts and of catalytic phenomena on met- 
als. Characteristic patterns of catalytic 
behavior among the metallic elements 
have been established for certain classes 
of reactions, and these patterns provide 
a first step toward a more comprehensive 
understanding of catalytic specificity. 
Studies on metal alloys and related bime- 
tallic catalysts have revived interest in a 
geometric factor in surface catalysis to 
complement the traditional electronic 
factor. Closely related to this geometric 
factor is the discovery that selectivity, 
rather than activity alone, is a major 
factor in reactions on bimetallic cata- 
lysts. 

Concurrent with progress in under- 
standing how catalysts work, advances 
are also being made in the development 
of new catalyst systems, examples of 
which are the bimetallic (or polymetallic) 
cluster catalysts. Research in this area 
provides an example of how advances in 
catalyst technology can be realized with- 
in a framework of fundamental research 
on catalytic phenomena (38). 
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Of the many transmitter candidates 
known to exist in the central nervous 
system, the catecholamines dopamine 
(DA) and norepinephrine (NE) have 
been most often linked to the behavioral 
pathology of a number of neurological 
and psychiatric disorders. Among these 
disorders are Parkinson's disease (1), 
Huntington's and hyperthyroid chorea 
(2), Gilles de la Tourette's syndrome (3), 
and the schizophrenias (4). It has also 
been suggested that catecholamines may 
play a role in affective disorders (5). 

Work with animals similarly suggests 
that NE- or DA-containing neural path- 
ways, or both, may play critical roles in 
numerous basic survival-related activi- 
ties such as eating (and food-oriented 
activities such as licking and gnawing) 
(6--8) as well as reproductive behavior (9, 
10), stress-related aggression (11, 12), 
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and electrical self-stimulation of the 
brain (13, 14). The seemingly ubiquitous 
nature of catecholamine involvement 
across a wide spectrum of behaviors and 
the remarkable adaptive capacity of cate- 
cholamines to maintain relatively normal 
function even in cases of severe damage 
(1), suggests that catecholamine systems 
may play a very fundamental role in 
mediating the interaction between the 
organism and its environment. 

In recent years, there has been a con- 
siderable shift of opinion regarding the 
relative importance of NE and DA in the 
mediation of many behaviors. In stark 
contrast to the ever-growing number of 
activities in which DA appears to be 
implicated, the list of behaviors in which 
a role for NE is seriously considered 
appears to be declining. Indeed, in sum- 
marizing a recent symposium on mono- 
amines, Lipton (15) was prompted to 
remark that "So much of the behavior 
previously attributed to NE now has 
been found to be mediated by DA that 
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questions arise about the role of NE." 
We believe that these questions may be 
the unfortunate result of the traditional 
NE versus DA approach which has char- 
acterized catecholamine research in psy- 
chopharmacology for so long. 

As an alternative to an either-or ap- 
proach, it may be more profitable to 
study the possible interactions between 
these catecholamines. Although very 
little work has been deliberately devoted 
to examining possible interactions be- 
tween NE and DA (16), there is substan- 
tial support for the existence of an impor- 
tant relationship between these amines. 
Moreover, the implications stemming 
from this relationship may help in the 
resolution of long-standing controversies 
dealing, for example, with the relative 
importance of brain NE and DA systems 
in reward behavior, and may have far- 
reaching importance for the better under- 
standing of disorders such as Park- 
inson's disease and schizophrenia. 

Statement of Hypothesis 

There is much evidence that suggests 
that interference with brain NE-con- 
taining systems will, under some circum- 
stances, potentiate a variety of behaviors 
while, under other conditions, the identi- 
cal manipulations may depress the very 
same behaviors. We believe that these 
apparently contradictory findings can be 
explained or resolved by the consid- 
eration of three key factors: (i) the behav- 
iors in question are critically dependent 
on the normal functioning of brain DA- 
containing systems, (ii) the potentiation 
or depression of an organism's behavior 
relates to the activational features of the 
environment, and (iii) the behavioral out- 
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