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/. Introduction. Scope of Review 
There has been in recent years a measure of progress, 

although somewhat uneven, in understanding the action 
of alloy catalysts. The advance has been most marked 
for the class of VI I I - IB alloys, but main conclusions 
reached may turn out to hold for other binary alloy cata
lysts comprising a group VII I element and a metallic ele
ment from groups IB to IVB. This situation has come 
about through a better appreciation of the electronic 
structure of these metals and their mixtures. For other 
types of alloy of catalytic interest, particularly d-meta l /d-
metal combinations, more refined information than yet 
seems available for metal solutions appears to be needed 
for the treatment of catalytic action. Indeed, there is not 
yet agreement as to the most appropriate experimental 
parameters for interpreting fine structure of catalytic ac
tion in such cases in which the activities of the individual 
elements often differ only in degree. Discussions are 
consequently at a more exploratory level. In at least one 
case where the elements differ decisively in activity (sec
tion I I I .A.2), a semiempirical approach can be of help: 
we direct our attention away from the rationalization of 
catalysis in terms of atomic electron structure and turn 
rather toward the consequences of the physical dilution 
of the atoms of active metal. Overall, an important out
growth of this whole body of research has been a fuller 
recognition of some of the properties of alloys which may 
promote selectivity in catalytic reactions. In the author's 

view, an interim review of both progress and problems for 
future attention seems timely. The account is not intend
ed as a compendium of recipes (see ref 1 and 2). Rath
er, the object will be to examine the main origins of the 
types of catalytic specificity mentioned. In this spirit, ac
count has been taken of published literature recorded in 
Chemical Abstracts to the end of 1973. 

Firstly, in what follows, a short account is given of re
cent developments in the electronic structure of a histori
cally prominent alloy type, namely the VI I I 3 - IB group, for 
which it seems that useful catalytic conclusions can be 
drawn from a very simplified level of information. Specifi
cally, this will allow to be introduced that means of ef
fecting selectivity which depends on the number of con
tiguous active surface sites. Examples of application to 
alloy catalysts for the rearrangement and for the marginal 
oxidation of hydrocarbons are discussed in detail. The 
effect of surface blockage of a single metal on its cata
lytic selectivity is examined, with examples, on account 
of the close conceptual relationship of this to the forego
ing even though the matter is not strictly covered by our 
title. Secondly, the electronic influence of one alloy com
ponent on another is considered. So far in the account it 
will have been ignored or at least deemphasized, but it 
can play an important role in selectivity in some cataly
ses. In the cases of interest reaction selectivity is not pri
marily affected by the geometry of the surface site distri
bution but on the electronic fine structure. Demands from 
theory being more exacting here, progress has been less 
dramatic. Several current lines of enquiry are discussed. 

//. Electronic Structure of VIII3-IB Alloys and 
Their Catalytic Action 

The transition elements are notable for their activity for 
hydrogenations, C-H bond breaking, and similar reac
tions. Most opinion associates this with the presence of 
d-vacancies although there is now a disinclination to in
sist on the associated density of electron states or its 
gradient as the most directly determining parameters. 
One approach much used by investigators of catalytic 
fundamentals has been to search for a relationship be
tween observed activity patterns within a series of binary 
VI I I 3 - IB alloy catalysts (good-poor catalyst pair) and 
some electronic characteristic of the metal: comprehen
sive reviews of such studies and of the problems they 
raised may be found in the scholarly textbook of Bond.3 

An obstacle to progress has been the inadequacy of in
formation on the electronic structure of alloys. Difficulties 

•associated with the measurement of electronic spectra of 
metals have only recently been overcome. Alloy spectra 
now reveal quite clearly that the concept of a rigid 
d-band, implicit in the conception of the general class of 
catalytic studies referred to, is so incorrect as to set se
vere limits on the potential of such studies. In the fol-
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Figure 1. Supplementary absorption band due to Pd electronic states in two Pd-Au alloy samples, x is atom % Pd (reproduced with 
permission from ref 4). 

ELECTRON BINDING ENERGY [ e V ] 

Figure 2. X-Ray photoemission valence-band spectra for Ni-Cu 
alloys. The Fermi energy (e) was determined, with a Au sample, 
as the position where the 6s band is down to half its height (re
produced with permission from ref 9a). 

lowing paragraphs the terminology of the collective-elec
tron approach for metals will be retained without, how
ever, implying that approach to have special suitability for 
analysis of catalytic action. While historical justification 
could be invoked, the choice is really one of conve
nience. Alloy spectroscopists are generally physicists, 
and the macroscopic properties of interest to the physi
cist are commonly related to spectra in band-theory 
terms. 

It is now known that binary alloys of elements in the 
long periods can have separate d-bands associated with 
the component elements.4 The band of higher energy is, 
in general, that derived from the element of smaller 
atomic number. For example, in Pd-Au and Pd-Ag the 
top of the Pd d-band is reported5 to be higher by 1 and 
by 3 eV, respectively, than that of the Au(Ag) (Figure 1). 
d-Holes, present in metallic Pd, cease to exist at the Pd 
atoms when more than ~ 5 0 atom % Au is incorporated, 
and this has been attributed variously to descreening of 
the lower Pd nuclear charge by a reduction in the s-p 
electrons in the Pd cel l6 decrease in the width of the Pd 
d-band with increase in the average distance between Pd 
atoms7 or, least probably,8 donation of Au electrons to 
the Pd d-band. Although they represent a formally similar 
system, it has recently been argued that Pd-Ag alloys 
may have d-holes at all composit ions.7 '7 a The Ni-Cu sys
tem appears more clear-cut as follows. The 2-eV-wide Ni 
d-band does not appear to alter significantly in energy or 
shape with % Ni (Figure 2).9 It traverses the Fermi ener
gy level at all compositions so that there are always 
d-holes at the Ni atoms.10 Indeed, there is now a general 
impression that the Cu atoms have little influence elec
tronically on their Ni neighbors. For mechanistically sim
ple reactions, monotonic relationships between activity 
and % Ni and even constant activation energies are fa
miliar f indings,1 1 '1 2 most clearly apparent when the com
plication of phase separation in Ni-Cu alloys13 is recog
nized. Even for Pd-Au, a linear relationship has been 
found1 ' '3 between carbon monoxide chemisorption ca
pacity and atom % Pd. The nature of the chemisorption 
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bond may change through the alloy series, as appears15 

to be the case for Pd-Ag. Because catalytic reaction 
rates and chemisorption bond properties may be differ
ently determined by the characteristics of the surface, we 
restrict ourselves to the comment that these adsorption 
results illustrate the essential role of the Pd atoms in both 
phenomena. 

For the description of bulk properties of binary alloys 
of the kind under discussion, a band model with d-bands 
which may be separate in energy is currently favored by 
solid-state physicists; for the surface properties of ad
sorption and catalysis, an analogous surface-band model 
would be of value. While the experimental and theoretical 
advances needed to achieve such a description are 
awaited, an interim working model applicable to VI I I 3 - IB 
surfaces has been suggested by Dowden.1 6 In this the 
electronic configuration of a V I I I 3 surface atom is taken 
to be determined by the proportion of its nearest neigh
bors which are IB atoms, and so the number of Pd atoms 
having d-vacancies on the whole surface can be calcu
lated on a simple probability basis with an assumed size 
of atom "ensemble", taken as a count of the Pd site plus 
its nearest neighbors (Figure 3 ) . 1 6 a On spectroscopic 
and general grounds it is accepted that where d-vacan
cies exist they are located at the Vl 113 atoms. 

Evidently, from the foregoing, a theoretical vindication 
exists in the specific case of Ni-Cu alloys for the " indi
vidual a tom" viewpoint,1 1 '1 9 which ascribes activity in 
hydrogenations and the like to the Ni atoms and regards 
the atoms of the B-subgroup component mainly as a dilu
ent. Even for Pd-Ag and Pd-Au alloys hydrogenation ac
tivity can safely be identified with the Pd sites although 
there may be ranges of alloy composition where activity 
is much reduced because of the absence, or near ab
sence, of d-vacancies. Of added importance, good evi
dence will be cited later that the different kinds of ele
mental component in a VI I I - IB alloy retain their chemical 
individuality as shown by the products of catalytic trans
formation of certain hydrocarbons. In the section which 
follows a number of instances of selectivity of alloys from 
the even larger class of VI I I /B-subgroup combinations 
will be given which can be rationalized on the basis of 
the simple level of description of the electronic structure 
of the alloy we have outlined. 

///. Classification of Catalytic Reactions on the 
Basis of Site-Number Requirements 

Bond, Dowden, and Mackenzie2 0 have distinguished 
between the mechanistic and thermodynamic factors in 
catalytic selectivity. The first, for which we now examine 
possibilities for alloys, concerns whether the catalyst is 
inherently capable of converting certain only of the po
tential reactants or, in other words, whether the rate con
stants for their conversion differ appreciably. The second 
factor depends on there being a substantial difference in 
free energy of adsorption for the several competing reac
tants resulting in a large difference in coverage by each 
and so in their conversion rates; we shall return briefly to 
a possible alloy example at a later stage. 

Interesting possibilities for selectivity control emerge 
when a reaction can follow alternative courses requiring 
a differing number of contiguous active sites. For this 
reason a preliminary classification of some catalytic pro
cesses on the basis of site-number requirements is at
tempted in Table I. In this, unparenthesized citations 
refer mainly to experimental observations and the paren
thesized to overall mechanistic deductions although 
clearly such a division cannot be a sharp one. Suggestive 
information from homogeneous catalysis lies to hand in a 
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Figure 3. Values of Pn, and P\_m at various compositions of a 
random VIII3-IB alloy A j B i - * of ccp structure (for Pn,mm > 
OAn) Pn,m is the probability of finding m or more atoms of A in a 
n-atom ensemble, P\,m is the probability that a given atom will 
be of type A and that it will have > m nearest neighbors of the 
same kind in a n-ensemble (reproduced with permission from 
ref 16). 

number of instances although it must be accepted that 
metal surfaces present more complex situations than 
mono- or binuclear molecular complexes. For example, a 
crystal surface can sustain adsorbed species in several 
states of bonding and, in the general case, catalytic 
reactions can proceed along different pathways to the 
same product. Our classification is necessarily tentative 
in some instances owing to the incomplete state of pres
ent information. Finally, we ignore the question as to 
whether a reaction requires one, two, or three, etc., coor
dination positions on a site atom, although recognizing 
that the position in the table of some examples may de
pend on the answer. For the following discussion what is 
important is the relative position in the table of alternative 
routes open to the reactant(s). Specific items arising 
from Table I will now be examined under sections A.1 
and A.2 below and a further related topic discussed in 
section A.3. 

A. Examples of Application 

1. Alkane Conversion Reactions and Self-Poisoning 
by Carbonaceous Residues 

There is agreement between three groups of workers 
that alloying Ni with small percentages of Cu leads to a 
sharp fall in activity for alkane hydrogenolysis.3 6 - 3 8 , 4 9 

Because all groups carried out measurements at temper
atures above 320°, the alloy catalysts in these studies 
can be taken to be unambiguously single phased. The 
conclusion has been that at least two contiguous Ni 
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TABLE I. Number of Contiguous Sites Required for Selected Metal-Catalyzed Reactions (Schematic) 

1 Olefin metathesis 
Alkane isomerization: fcyclic 

Essol96925 \ bond-shift 
Olefin hydrogenation 
Olefin isomerization 
Acetylene hydrogenation: Rushford and Whan, 197140 

Aromatization of cyclohexane: Sinfelt, 197236 

1,2- and 1,4-cis hydrogenation of conjugated diene 
1,4-Trans hydrogenation of conjugated diene: j-allyl intermediate: 

Joice et al., 1966« 
Ethylene oxidation (Ag) -* ethylene oxide 
Oligomerization of acetylene, norbornadiene 
Rosenmund reduction 

Aromatization of cyclohexane: Gryaznov, Polyakova et al. 
Alkane hydrogenolysis 

197035 

2^3 

Olefin isomerization 
[Acetylene hydrogenation 
1,4-Trans hydrogenation of conjugated diene: "classical" 

mechanism 
Ethylene oxidation (Ag) - * acetaldehyde, CO2: Flank and 

Beachell, 1967« 
Oligomerization of acetylene, norbornadiene—stereospecific 
Self-poisoning of catalyst (high temp.) with carbon 
Methanation of CO2: Cratty and Russell, 1958" 
Ammonia synthesis 

Self-poisoning of catalyst with "acetylenic" residues: Dow Corp., 
1957;« Dowden, Mackenzie, and Bond, 1958;20 lnami, Wood, 
and Wise, 1969*' 

"Total" hydrogenolysis of alkanes: Swift, Lutinski, and Kehl, 196548 

(Dessing, Ponec, and Sachtler, 197221) 
(Gault, 1963, 1973)2223 

(McKervey et al., 197324) 
(Wilkinson, 196628) 
(Cramer, 1966") 
(Wilkinson, 196928) 

(Kwiatek, 1965;29 Bond and Wells, 196530) 

(Kwiatek, 1965") 
(Margolis, 1963s2) 
(Schrauzer, 196633) 
(Affrossman and Thomson, 1962") 

(Sinfelt, 1972;3« Plunkett and Clarke, 1972;37b 

Ponec and Sachtler, 1972a38) 
(Kovacs, 197039) 
(Morgan and Somorjai, 196941)] 

(Bond and Wells, 19653») 

(Margolis, 196432) 
(Schrauzer, 196633) 
(Lobo and Trimm, 197243) 

(Carra and Ugo, 19694S) 

atoms are necessary in this reaction with most probably 
a restriction on their geometry. 

Ponec and Sachtler have found in their later work4 9 

with n-hexane reactant that isomerization proceeds in 
preference to hydrogenolysis at Cu contents in excess of 
20-30% (Figure 4). They interpret this result by pointing 
out that at least one of the two contemporary mecha
nisms of paraffin isomerization requires only single-atom 
sites. Thus, for platinum, Gault and his coworkers found 
that isomerization through a Cs-ring intermediate was 
promoted by using smaller metal crystallites, and for this 
reason as well as from bonding arguments they have fa
vored a single metal atom reaction site.23 The isomeriza
tion products found by Ponec and Sachtler49 appear to 
have resulted from a cyclic intermediate so that these 
workers were led to propose that the rapid fall in fraction 
of multiple sites at low4 9 a nickel content causes the se
lectivity for isomerization relative to hydrogenolysis to in
crease markedly. (It may be that the immediate cause of 
the selectivity change lies in the altered surface concen
tration of hydrogen.50) If platinum and nickel are found to 
behave similarly, this will represent an impressive vindi
cation of the insight of Ponec and Sachtler. Recent 
work24 suggests strongly that the alternative "bond-shift" 
mechanism with platinum also involves a single metal 
atom so that their proposal could have an even more 
general applicability. 

The important predictive principle introduced is that 
alloying an active metal with an inert one alters the ratio 
of products arising from pathways requiring differing 
numbers of contiguous active site atoms.5 0 a A further 
feature—relevant in hydrocarbon reactions—is self-poi
soning of catalysts with polymerized acetylenic residues 
(coking) which may be associated with larger contigu
ous-site arrays designated " > 3 " in Table I. By the same 
principle as before, such self-poisoning is discouraged by 
alloying with an inert element. Extensive or total hydroge

nolysis of alkanes containing several carbon atoms may 
be linked with a formally similar site availability judging 
by results48 for "deep" hydrogenolysis of n-octane on N i -
Cu alloys. 

a. Cyc l i za t i on /A romat i za t i on of A lkanes 

/. Alloy Catalyst Examples. The two foregoing bases of 
design have consciously or unconsciously been built into 
catalysts used for several years by the petroleum indus
try. Reforming catalysts are for the most part dual-func
tional so that, apart from optimizing the physical charac
teristics of the reactor, a suitable balance of dehydroge-
nation (metal) and acidic (alumina) activity has to be 
aimed at for the desired process.5 1 '5 2 a By alloying active 
with inactive metal, the dehydrogenating role of the metal 
function can be emphasized relative to its hydrogenolyz-
ing effect. This is an especially desirable aim with the 
lighter paraff in533 and in "hydrocracking" operations 
(high temperatures; see section 11 I.A.I .b) where the pro
duction of unwanted light paraffins by hydrogenolysis on 
the metal can be suppressed in favor of the more selec
tive C-C scission on the acidic component. Although 
Pt alloyed with Co or other transition metal and supported 
on silica or alumina was already finding use for reforming 
in the late 1950's, being considered more resistant to sin
tering than the more usual platinum catalyst,54 there ap
pears in the last few years to have been a marked intensi
fication of development work on alloyed platinum and 
palladium for hydrocarbon conversions. Much of this recent 
interest derives from the quest for lead-free gasoline and 
the resulting need for reforming catalysts which have ac
ceptable yield stability at the higher temperatures (partly 
offset by higher hydrogen pressures) used to boost aro-
matics content. By way of a general illustration, a British 
patent55 describes the better resistance to coking of al
loyed palladium catalysts (nickel, rhodium, or silver as 
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Figure 4. Reaction parameters of r?-hexane conversion by Ni and Ni-Cu alloys as a function of alloy composition. A1 = log rw at 
330°, where rw is the rate of overall reaction per gram of catalyst; A2 = log rs at 330°, where rs is the rate per cm2 of total surface; 
S, a selectivity parameter, is the % of product mass which comprises Ce isomers; fission parameter M is a measure of the ratio of 
nonterminal to terminal fission so that M < 1 if methane is predominant and M > 1 when methane production is minor (reproduced 
with permission from ref 49). 

second metallic constituent) relative to unalloyed pal
ladium either in alkane dehydrogenation or in alkane de-
hydrocyclization at 400-600°. This is said to allow the de
sired reaction to proceed at lower temperature and so more 
cleanly. 

Recent catalysts for dehydrocyclizations56 and aromat-
ics product ion5 7 , 5 8 have emphasized the use of Pt-Sn 
or59 Pt-Sn-Re. The Re incorporation has the main effect 
of decisively increasing the stability of the catalyst under 
severe dehydrogenating conditions and, in newer ver
sions, of its act iv i ty.6 0 , 6 1 Pt-Pb systems are effective in 
aromatizations62 as is Pt3Cu.57 Pt-Ge catalysts have 
been developed for paraffin dehydrogenation accompa
nied by a minimum of cracking (see section I I I .A .Lb) for 
reforming6 3 and even for "hydrocracking" operations;64 

there is some question whether the germanium is not 
present as oxide in these cases.65 Sinfelt and coworkers 
at Esso laboratories have explored noble metals other 
than platinum alloyed with copper, silver, or gold as iso-
merization/reforming catalysts. A noteworthy develop
ment here has been the use of supported alloys of high 
dispersion wherein the additional surface free energy can 
be exploited66 to yield otherwise unavailable ranges of 
surface composition; (i) with Ru-Cu, Ru-Ag, and Os-Cu, 
hydrogenolysis is considerably suppressed compared to 
isomerization;67 (ii) a patent68 reports I r -Au (preferred), 
I r -Ag, or Ir-Cu on high-area alumina for hydroforming of 
paraffins and cycloalkanes with scope for procuring a 
large aromatics yield at >500° ; (iii) the performance of a 
reforming catalyst KX-130 which is rather more active 
than conventional Pt or Pt-Re catalysts and is especially 
effective in paraffin aromatizations has been given,69 in
formation otherwise being confined to its being multime-
tallic and dual functional. 

ii. Background and Interim Interpretations of Alloy Ac
tion. Because of the current heightened increase in the 

conversion of alkanes to more highly branched isomers 
and particularly to aromatics, more detailed comments 
are offered as a contribution to interpreting the distinctive 
behavior of certain alloy reforming catalysts. Remarks 
will be restricted to monofunctional (metal) action. As in
dicated, two main modes of skeletal rearrangement of 
paraffins are currently under discussion.70 The first mode 
is the bond-shift mechanism which appears to participate 
to an appreciable extent on low index faces7 1 and which 
can occur with the second of the two mechanisms during 
a single hydrocarbon residence time. Opinion is not yet 
unanimous as to whether one site or several sites70 are 
required for this process. We note that formation of prod
ucts through bond-shift should be enhanced by alloying 
by a diminution of hydrogenolysis as treated earlier and, 
perhaps, by lessened coking. The second mode of skele
tal rearrangement is by cyclization through a C5- or 
C6-ring intermediate; in either case the product may be 
cycloalkane or an isomeric alkane resulting from hydro
genolysis of the ring or, in the case of the C6 ring, a ben-
zenoid product resulting from further dehydrogenation. 
C5- (the preferred course) and C6-cyclization may be 
parallel processes in the case of paraffin reactants hav
ing a six-carbon cha in . 7 2 , 7 3 For paraffins having only a 
five-carbon chain, Cs-cyclization may be followed in the 
same sojourn at the surface by ring expansion at the 

metal sites to yield a C6 cycle7 or by ring opening to 
a straight-six-carbon-chain hydrocarbon which undergoes 
C6-cyclization.72 At temperatures above about 350°, con
version of a C6 ring to "benzene" is so favorable thermo-
dynamically that the only cyclization pathway to isomer-
ized alkanes is by a Cs-ring intermediate. A further possi
ble route to benzene production is by cyclization of hexa-
triene intermediates;7 2 , 7 7 Anderson70 is of the view that 
this pathway is of relatively small importance save under 
extreme dehydrogenating conditions. In the following 
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paragraph we examine the information on dehydrogenat-
ed residues in chemisorbed benzene on metals and then 
proceed to attempt useful conclusions as to the possible 
effects of such residues on the reaction routes just de
scribed with particular attention to the action of alloy cat
alysts. 

Most information on chemisorption of hydrocarbons is 
available for nickel catalysts. Selwood78 reported from 
measurements by the ac permeameter method of the 
changes in magnetization in nickel samples caused by 
benzene chemisorption at 120° that the number of 
"bonds" formed between hydrocarbon and metal was 
about 6 and that the number of such bonds increased 
rapidly to about 18 at 200°. There is evidence that cyclo-
hexane chemisorption on nickel leads to substantial hy-
drogenolysis to adsorbed Ci units, such hydrogenolysis 
being much less marked with cyclohexene or benzene.79 

Benzene chemisorbed at room temperature on nickel 
seems to require hydrogen treatment at temperatures in 
excess of 300° to remove it.80 LEED studies,80a particu
larly since about 1969, have shown that layers formed by 
benzene adsorption on the three principal faces of nickel 
in the range 175-375° show extensively dehydrogenated 
polymers which appear also to have suffered C-C bond 
rearrangement (Figure 5). Higher temperature annealing 
(375-425°) produced partly disoriented layers of graphite 
which, under still more severe conditions, break down 
and carbon diffuses into the bulk of the crystal. There is 
a quantity of evidence, some of it circumstantial, pointing 
to a preferential formation or attachment of carbona
ceous residues on rougher regions of nickel, platinum, or 
tungsten.81"84 LEED experiments on the dehydrocycliza-
tion of n-heptane84a showed that residues formed on cer
tain stepped regions of a platinum surface still allowed 
reaction (250-350°) to proceed there with high activity 
and without self-poisoning. Finally, we note that platinum 
chemisorbs only about one-third the amount of benzene 
chemisorbed by nickel under comparable conditions.86 

We may conveniently, in what follows, examine sepa
rately production of aromatic hydrocarbon (i) by dehydro-
genation of a cyclohexane and (N) by dehydrocyclization 
of alkane followed by dehydrogenation. 

(i) Aromatization is favored above about 300°. Boudart 
has cited experimental evidence that the reaction on 
platinum is not surface-structure sensitive,85 and this re
sult is as might be expected irrespective of whether the 
slow step is the initial chemisorption,86 a dehydrogena
tion stage in the chemisorbed layer,87 or desorption of 
the benzenoid product,36 for none of which are there 
grounds for supposing the need for special sites. Aroma
tization of cyclohexane is denoted "two-site" in Table I 
as one possibility to take cognizance of spatial needs52b 

of the intermediates and not to denote pair sites having a 
special geometric relationship such as probably needed 
for hydrogenolysis. 

In the light of the foregoing, alloying the catalytically 
active metal with a diluent metal would be expected to 
lead to a lessening of both hydrogenolysis and coke for
mation. Sinfelt, Carter, and Yates36 report that, in fact, 
the specific activity of copper-nickel powders for this 
aromatization was not sensitive to the percentage copper 
content (PCyciohexane> 0.83 atm; P H 2 ' ° - 1 7 atm). There 
was a slight increase in activity, perhaps by about a fac
tor of 5, on first copper addition; then the activity re
mained constant for most of the composition range 
(6-74% Cu) and fell by less than one order of magnitude 
in the interval from 80 to 95% Cu. We note that these al
loys were well characterized and that reactions were 
conducted in the single-phase region of temperature. Be
cause these workers came to the view that the copper 

component of the alloys influenced the nickel component 
electronically from an evaluation of the pattern of activity 
of their catalysts for ethane hydrogenolysis, also mea
sured, they took the position that the rate-determining 
step in the cyclohexane dehydrogenation reaction 
changed with composition because of the same electron
ic influence. Sinfelt has subsequently reported67 that the 
activity of highly dispersed Ru-Cu and Os-Cu alloys for 
dehydrogenation of cyclohexane (316°) followed a similar 
pattern with alloy composition to that found with Ni-Cu. 
Activity for hydrogenolysis of cyclohexane on the former 
alloys, also measured at 316°, fell by two orders of mag
nitude over the range of V i l l i metal content. This fall was 
not, however, as pronounced as that found in ethane hy
drogenolysis for which activities with the same catalyst 
fell by nearly four orders of magnitude. In addition to 
their finding that the selectivity for dehydrogenation rela
tive to hydrogenolysis increased by about a factor of 10 
through the range of increasing copper content for the 
cyclohexane reaction, there are indications from their re
sults that the V I I h metal catalyst is more prone to self-
poisoning by carbonaceous residues than are its alloys 
with copper in the case of cyclohexane hydrogenolysis. 
The first part of this finding is in agreement with the ear
lier results for Ni-Cu of Sinfelt's group and others, al
ready discussed; the latter finding suggests that, at least 
in the-case of cyclohexane reaction, there is relief from 
poisoning residues from use of the alloy. A substantial 
decrease in cyclohexane dehydrogenation activity has 
been reported35 for a series of Pd-Ag alloys for which no 
characterization is, however, available. 

(ii) Dehydrocyclization of paraffins includes at least 
one additional slow step, namely, the cyclization itself. 
Anderson70 has argued that this and any subsequent ring 
hydrogenolysis are the two (comparably) slow processes. 
The cyclization stage would seem to require step sites. 
This follows firstly from experimental evidence. Gault and 
his coworkers23 have found that high-dispersion platinum 
catalysts, favor cyclization. Joyner et a l . 8 4 a showed that a 
high index face with (111) terraces and (100) steps was 
ten times more active for dehydrocyclization of n-heptane 
than a flat (111) plane; this finding must be seen along
side the near certainty that carbon or carbonaceous resi
dues from hydrocarbon dehydrogenation tend to form at 
this type of step preferentially. Further, on the basis that 
several coordination positions are required to accommo
date the relevant " l igands" on the reaction site (see ref 
23 and 88), a site of low coordination ("rough" region) 
seems necessary. Ring expansion74 or Cs-ring opening 
to yield a six-carbon-chain hydrocarbon precursor for 
C6-cyclization72 may, in either case, likewise be expect
ed to be demanding, and for the same reason. Stepwise 
removal of hydrogen atoms by reversal of the steps in 
benzene hydrogenation should, by contrast, be fast and 
(see section (i)) facile. Some consequences of employ
ing alloy catalysts containing diluent metallic atoms at 
the surface appear now to emerge on account, inter alia, 
of the presence of residues on both low- and high-index 
regions, noted above, (a) The average degree of dehy
drogenation of hydrocarbon species should be substan
tially less and cyclization sites should be correspondingly 
more available. Most notably, catalyst life appears gener
ally to be increased as seen from the various published 
examples cited earlier, (b) Surface migration of species 
between low-index and higher index surface regions89 

would presumably be enhanced relative to desorption as 
interim product so that the nature of the product distribu
tion should be more "mixed" (both cyclic and bond-shift 
isomerization occurring in a single sojourn; for a test by 
C13-labeling, see Corolleur87a). At above about 350°, 
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however, such is the position of the surface equilibria 
that cyclic species tend largely to convert to aromatics. 
Aromatic products are then favored at the expense of 
products from bond-shift isomerizatioh sites.893 

There are several ways by which the surface concen
tration of adsorbed hydrogen may exert kinetic influence 
(or control) over the character of the reaction, and these 
may be relevant in the adoption of alloy catalysts, (i) The 
selectivity for hydrogenolysis relative to rearrangement 
reactions will depend, in part, on the surface concentra
tion of hydrogen and this, as pointed out by Anderson,50 

will certainly be dependent on the alloy composition, (ii) 
Paal and Tetenyi90 have shown that diminution of surface 
concentration of hydrogen in the conversion of n-hexane 
on platinum black favors benzene production for kinetic 
reasons. Essentially it is argued that C5-cyclization be
comes unimportant. (Hi) If hexadiene structures prove to 
play a significant part under reforming conditions, subse
quent work by the same authors77 implies a kinetic need 
for some hydrogen, to make possible geometrical isom-
erization of trans hexadiene to the cis form which can cy-
clize relatively rapidly to benzene by intramolecular bond
ing; an inadequate hydrogen pressure leaves the trans 
diene to aggregate to surface polymer by formation of 
analogous intermolecular bonds. A low concentration of 
surface hydrogen will therefore favor coking rather than 
benzene production. If, as has been argued,77 these 
steps are heterogeneous, that is, catalyzed by active sur
face sites, alloying with a diluent metal would certainly 
be expected to further inhibit the extent of polymerization 
on spatial grounds. For application of items ( i)-( i i i ) to 
practical cases there is a need for reliable experimental 
information on the variation of surface adsorbed hydro
gen with diluent metal content of the alloy catalyst: at 
present it is not clear how far means (i) and (iii) may be 
in conflict in maximizing "benzene" production. 

b. Other A l kane React ions. Dehydrogena t ion and 
" H y d r o c r a c k i n g " 

Returning to applications of the classification in Table 
I, we may examine dehydrogenation procedures in their 
own right. Dehydrogenation of alkanes to alkenes, like 
the reverse change, appears to be a single-site process 
but, as temperatures of 500° or higher are required to 
give useful yields of alkene, formation of carbonaceous 
deposits on single-metal catalysts (multisite process: 
Table I) is inevitable. Binary alloy catalysts for practical 
application have been developed which contain an inert 
metal and show extended life. Pt-Sn is now quite fully 
documented for this application.91 Other alloys used have 
been Pt-Ge9 2 (which brings about a minimum of crack
ing) and Pt or Ir with In or Ga.93 An I r -Au on a relatively 
nonporous support has been patented94 for the oxidative 
dehydrogenation of hydrocarbons (see section Il I.A.2). 

A final example of the use of alloys in reactions of par
affin with hydrogen may be mentioned. When reduction in 
mean molecular size is to be effected in oil processing, 
designers arrange that this takes place on the acidic 
function of a dual-functional catalyst. More-or-less-cen-
tral scission of the alkanes results. This is loosely termed 
a "hydrocracking" process. Suppression of hydrogenol
ysis on the metal component, which otherwise tends to 
give an indiscriminate breaking of C-C bonds leading to 
products of all possible carbon numbers, can be effected 
by using a suitable alloy for the metal function. Pd-Sn 
catalysts have been suggested95 as also have alloys of 
Au with a metal chosen from the noble group VIII ele
ments.9 6 Supported Ge-Re-VI I I (noble metal) catalysts 
have been reported for hydrocracking uses and are 
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Figure 5. Surface polymers proposed in interpretation of LEED 
patterns for benzene adsorbed on Ni(HO) at 175-375° (due to J. 
J. McCarroll, T. Edmonds, and R. C. Pitkethly; reproduced with 
permission from ref 80a). 

claimed to show extended life.97 

In the foregoing, as well as in examples of alloy cata
lysts which will follow, there is usually an uncertainty as 
to the surface composition of the metal. In strict terms 
fundamental interpretation of catalytic behavior should be 
delayed until an examination has been carried out on the 
system(s) of interest by X-ray di f f ractometry9 8 , 9 9 (to give 
homogeneity ranges, if necessary measured on more 
massive forms of catalyst; from these a rough estimate 
of surface composition is possible) or, more satisfactori
ly, by newer surface probes such as Auger electron 
spectroscopy (yielding the composition of the outermost 
surface layers d i rect ly ) . 1 0 0 ' 1 0 1 3 Fortunately, even when 
such information is not available or is incomplete, a qual
itative assessment of these factors is possible, certainly 
for the commoner alloy combinations. Firstly, data on 
heat of mixing, when available, allow a determination of 
the nominal composition range in which phase separation 
is thermodynamically to be expected. Secondly, in a two-
phased binary alloy prepared at typical temperatures it is 
to be expected that the phase rich in the metallic ele
ment of lower sublimation energy (and so of generally 
greater surface migration rate) should envelop the sec
ond phase.102 Thirdly, there is the quite general Gibbs 
enrichment of the surface atomic layers of an al loy1023 

which manifests as an enrichment in the elemental com
ponent of lower sublimation energy on account of its 
lower surface energy: Auger studies of the surface of 
Ni-Cu, Pd-Ag, and Pt-Sn samples having typical thermal 
histories reveal little, moderate, and extreme B-group-
metal enrichment, respectively.101 Differences between 
surface and bulk compositions arising in these or other 
ways may modify basic trends in selectivity within an 
alloy series. 

2. Oxidation of Ethylene and of Cumene on 
Silver-Based Catalysts and Related Examples 

Silver is unique among the metals in its ability to con
vert ethylene to ethylene oxide, and there is a consensus 
that this property derives from the ability of this metal to 
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SCHEME I. Adsorption of Oxygen on Silver (Following Kilty, 
Rol.andSachtler107) 

O2
 + 4Agadj — • 4Agadj

+ + 20a d s
2- (1) 

nonactivated in initial stages of adsorption 

O2 + Ag — * Ag+ + CV a d s (2) 

activated 

O2 + 4Agnon.ad j — * 4Ag+ + 20a d s
2- (3) 

at higher temperatures if the 4 x Ag 
ensembles have to be formed by activated migration 

SCHEME I I . Distinctive Reaction Paths of Ethylene with Oxygen 
Adatoms and Admolecules on Silver 

C2H4 + 60a d s
2" - 12e — * • 2CO2 + 2H2O (4) 

C2H4 + 0 2 - a d s + e — » - C2H4O + Oads
2~ (5) 

chemisorb oxygen nondissociatively: the diatomic oxygen 
species is held on a single silver atom, a normal peroxid-
ic configuration103 being one possibility. Dissociative ad
sorption of oxygen takes place, in addition, on silver as 
has long been clear from isotopic exchange measure
ments with labeled oxygen.1 0 4"1 0 7 Mobility of oxygen 
atoms on silver seems to set in about 100°:1 0 6 clearly, 
both pressure and temperature determine the relative 
amounts of oxygen admolecules and adatoms under con
ditions of catalytic interest. Ethylene reacts with the 
peroxidic silver entity to give ethylene oxide and an oxy
gen adatom (Schemes I and II) as has now been eleg
antly established by Kilty, RoI, and Sachtler,107 who 
showed the disappearance of infrared absorption bands 
due to the peroxy complex and the emergence of bands 
identical with those obtained upon adsorbing ethylene 
oxide. Monoatomic oxygen, so resulting or from primary 
dissociative adsorption, reacts with ethylene to give CO2 

and H2O. 

Clearly, when all peroxidic oxygen has reacted (to give 
ethylene oxide) the surface will be covered with oxygen 
atoms. Total combustion of further ethylene to give CO2 

and H2O is necessary to make bare some silver atoms 
for continued peroxide formation. If such bare Ag atoms 
diffuse apart and form O2 admolecules, this will tend to 
lead to an upper limit to selectivity expressed as ratio of 
ethylene oxide to carbon dioxide produced of about 6/7 
because of the stoichiometry of these processes.111 

While selectivity is generally high, it is sensitive to 
moderators added either unintentionally or deliberately. 
Some remarks on this effect are in order to set in proper 
context the effect of alloying silver described later. Voge 
and Adams1 0 8 suggested that moderators (such as chlo
rine) may act by decreasing 0 ( a d s l relative to 02(ads> 
by giving a larger fraction of isolated sites. Kilty et a l . 1 0 7 

found that (i) only one-fourth of the Ag sites were taken 
up at 100° by dissociative oxygen adsorption, further ad
sorption being nondissociative, and (ii) the nonactivated 
adsorption of oxygen (eq I in Scheme I) was prevented 
by a precoverage of about, or greater than, one Cl atom 
on four Ag atoms. From the first of these experimental 
observations they concluded that ensembles of four con
tiguous silver atoms are required to produce adatoms of 
oxygen in primary adsorption (Scheme I, eq 1). Thus, the 
overall effect of adsorbed chlorine on the catalytic selec
tivity is explained in its destroying these quartets of silver 
atoms, and so favoring the process in eq 2 over that in 
eq 1. Electrostatic repulsion between the C l " ions caus
ing a rather regular spreading of these is proposed to ac
count for the magnitude of their influence on the nature 
of the oxygen adsorption.107 It must be added that some 
opin ion3 2 '1 0 9 interprets the influence of moderators on 

silver in terms of an alteration in its work function. Thus if 
the latter is decreased, chemisorption of atomic oxygen 
species is favored and selectivity is reduced (and vice 
versa). 

In the light of the foregoing, alloying silver with a pro
portion of gold, which only chemisorbs oxygen weakly,110 

might be expected to increase selectivity for ethylene 
oxide production by producing a higher ratio of diatomic 
to monoatomic adsorbed oxygen, on account of the 
greater fraction of isolated silver sites. Flank and Bea-
chell ,42 working with powders, and (as they admitted) 
not under reactor conditions which would lead to optimi
zation of ethylene oxide production, found that selectivity 
approximately doubled on passing from silver powders to 
5-25 atom % Au alloys, and then decreased rapidly for 
higher gold contents (Figure 6). There is support for the 
first of these two effects from measurements on silver 
and a silver-gold film catalyst having, in the latter case, 
"a composition giving maximum isolation of the surface 
silver atoms".1 1 1 If the absolute magnitude of the selec
tivity for the alloy given in this work (namely, 100%) is 
accepted, however, there appears to be a need for the 
assumption that peroxy species on silver can form by an 
efficient recombination of oxygen adatoms.112 Such re
combination has been proposed from a comparative 
study of oxidations of ethylene and of ethylene oxide on 
silver.113 However, it is unclear how the gold constituent 
can enhance such a process so as to allow an increase 
in selectivity from the inherent upper limit of about 85% 
to a value of 100%. Certainly there are indications42 that 
oxygen attachment is of greater binding energy at higher 
Au content so that electronic influences between the me
tallic components1 1 3 3 may still be moot. Also, Cha and 
Parravano114 report measurable activity in the range 
200-350° for oxygen transfer on gold surfaces, which 
may be greater than that corresponding to the interaction 
of gold surfaces with molecular oxygen. There is clearly 
scope for further study of this system. 

A further example of the improved action of Ag-Au al
loys is the selective oxidation of cumene to cumene hy
droperoxide:115 

CHq CHo 

/ / 
C6H5CH + O2 — * • C6H5COOH 

\ \ 
CH3 CH3 

Here insertion of a pair of oxygen atoms in one step is 
required,116 and the rate of reaction increases markedly 
on passing from silver to silver-gold alloys with a maxi
mum at about 10% Au. 

Gerberich, Cant, and Hall14 have reported that the se
lectivity of oxidation of ethylene to acetic acid, acetalde-
hyde, and acetic anhydride compared to carbon dioxide 
and water is maximal to 80 atom % Au at 70-100°. They 
have suggested that the palladium atoms are isolated, 
leading to less (or less extensive) dissociative chemi
sorption of ethylene. There is disagreement as to the ef
fect of palladium addition to silver in promoting ethylene 
oxide production from ethylene and oxygen, patents117 

suggesting improved selectivity, other work reporting de
creased selectivity through decreased C2H4O production 
alongside rather constant CO2 yield.118 There are, how
ever, complications due to "dealloying" and to dissolution 
of hydrogen under reaction conditions118 which must 
complicate detailed interpretations. Adventitious addition 
of moderators is possible in the industrial operation. 

A number of patents describe oxidative dehydrogena-
tion of alkanes to alkenes,94 n-butenes to butadiene, and 
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methanol to formaldehyde119 by use of Pt-Au and Pd-Au 
alloy catalysts. Because gold additions are always sub
stantial (at least 40-50%), these reports suggest once 
again some kind of isolation of chemisorbed oxygen 
species, perhaps O2 units, which are especially effective 
for the desired process. Butene-1 and oxygen give a bu-
tadiene/C02 mole ratio at 40 atom % Au enhanced by 
2.5-3.0 at 300°, and by about 1.3 at 400°; that is, the 
specificity is clearly enhanced by the presence of gold.47 

Concurrence between the optimal alloy concentrations 
for the several reactions in this section is not obvious. 
The need for analyses of alloy surface composition is 
most severe for these catalysts, and a full assessment of 
mechanistic details must await these. However, the hy
drocarbon oxidation studies are at least suggestive that 
selectivity derives primarily from isolation of active sur
face site atoms. 

3. Modification of Catalyst Selectivity by "Blocking" 
the Surface 

Three decades ago Herington and Rideal120 treated by 
a simple mathematical approach the influence of a neu
tral poison on the rates of catalytic reactions having dif
ferent site-multiplicity requirements. If the reaction rate 
could be assumed to be proportional to the surface con
centration of reactant, it was shown to be proportional to 
8n for a reaction requiring an isolated group of n centers, 
where the poison occupies one active site per poison 
molecule and leaves a fraction d of the active sites bare; 
the good measure of agreement with the then available 
experimental results on poisoning of heterogeneous cata
lysts led the authors to prefer a picture of uniform avail
ability of reaction sites to the concept of active patches 
for hydrogenations, etc. While the Herington-Rideal treat
ment is a better approximation, the nearer the reaction 
kinetics approach zero order in the main reactant (e.g., 
hydrocarbon), alteration of product distributions in paral
lel or successive reactions by such poisoning is to be ex
pected for various reactions. (It is at present realized 
that, as well, blocking of specific crystal faces may fre
quently be responsible for a selectivity change:121 for 
possible role of surface-structure sensitivity in alloy se
lectivity patterns, see section V). It is clear that the Her
ington-Rideal poisoning model is closely related to our 
general theme and some specific examples follow. 

(i) It appears from a recent report21 that a common 
catalytic characteristic, as follows, is shown by (a) alloys 
containing roughly equal amounts of Pt and Au and (b) 
platinum surfaces largely covered with carbonaceous 
residues from a preliminary cracking reaction. Thus olefin 
metathesis (a one-site process) has been inferred to 
occur when either type of catalyst surface is exposed to 
a n-butane/hydrogen feed at above about 300° because 
n-pentane is produced in addition to hydrogenolyzed ma
terial. It seems possible, therefore, to extend our earlier 
deduction and say that hydrogenolysis (a pair- or multi-
site process) is suppressed relative to methathesis (a one-
site process) by the presence of either an inactive alloy 
component within the surface or residues on the surface. 

(ii) The sulfur "activation" of platinum catalysts for re
forming, effected the H2/H2S mixtures, appears to oper
ate largely by suppression of hydrogenolysis events 
(compare Weisz53"). By contrast, it is likely that the thio-
phene poisoning of supported platinum catalysts, brought 
about by trace amounts of thiophene in reactant alkane 
and which depresses cyclization activity relative to dehy-
drogenation,122 represents a selective poisoning of sur
face regions required23'848 for cyclization. An alternative 
viewpoint, which has been suggested as a general propo
sition for surface-structure sensitive reactions, is that sul-
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Figure 6. Ethylene oxidation on Ag-Au alloys: mole percent se
lectivity vs. alloy composition (reproduced with permission from 
ref 42). 

fur poisoning (as H2S) operates by causing surface re
construction to a less active metal site arrangement.1228 

(iii) The role of nonmetallic moderators such as sulfur 
or chlorine on silver catalysts for ethylene oxidation to 
improve epoxidation selectivity, which has been referred 
to in section 111. A.2, may be analogous to that suggested 
for gold alloying although there appears to be some evi
dence of an electronic factor as well in the action of the 
former.32 

(iv) The Rosenmund reduction of acyl chlorides to al
dehydes using supported palladium is conducted in the 
presence of sulfur-containing poisons such as thiourea 
and tetramethylthiourea. Elemental sulfur is also effec
tive. Production of alcohol by further reaction is thereby 
inhibited, and this has been attributed for the most part to 
the need for a larger number of contiguous sites for the 
second reaction than for the first.34 

IV. Role of Electronic Influences between Alloy 
Components 

Advances in the knowledge of electronic structure of 
the type of alloys so far discussed have clearly justified a 
deemphasis for catalysis of the idea of electronic influ
ences of one alloy component on another. It would be 
over-rigid, however, even from a practical standpoint, al
ways to assume that the inactive components of an alloy 
catalyst act merely as diluents. The approximation seems 
to be a close one for Ni-Cu alloys, may or may not be for 
homogeneous Pd-Ag alloys (as noted earlier) and cer
tainly needs qualification for catalysis on Pd-Au alloys. 
The latter examples, in consequence indeed of the 
breakdown in the diluent approximation, furnish examples 
of selective action which are discussed in the following 
paragraph. It is a truism that alloy components can have 
a significant electronic influence on one another when a 
wide definition of alloy is adopted. For the purposes of 
the present review we artificially restrict our definition so 
as to exclude consideration of interstitial solid solutions 
(where the nonmetal component more obviously plays 
the part of a ligand such as in an organometallic com
pound: see ref 123 and 125), intermetallic compounds and 
the influence of oxidation state of the metal on catalysis.126 
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3-rJ ELECTRON BANDS FOR DILUTE Mn IN V 

Figure 7. Schematic illustration of the solute- and solvent-band 
relationship (and occupancy) for dilute Mn in V. The occupation 
of the Mn band exceeds that of the V band by Ap (reproduced 
with permission from ref 133). 

A. Palladium/ B-Subgroup Combinations 

On both Pd-Au1 2 7 and Pd-Ag 1 2 8 activity for alkene hy-
drogenation ceases at atom % Pd < ~ 4 0 . Because alk-
yne hydrogenation proceeds even at lower palladium 
contents than this, the product under such conditions is 
clearly alkene irrespective of the conversion level .1 2 8 a 

Such palladium-lean alloys have uses, therefore, either 
for this selective hydrogenation per se or for the selective 
removal of alkynes from alkene streams.2 0 '4 6 Zinc and 
lead are other well-known additives to palladium which 
promote this object.2 The gold (certainly), silver (at low 
temperatures at least130), and the zinc or lead (probably) 
act by producing surfaces having no d-holes130a which 
are then unable to catalyze hydrogenation of alkenes but, 
owing to a strong influence of the reactant on the elec
tron density at the surface palladium atoms alluded to by 
several authors (e.g., ref 31), can hydrogenate alkynes 
to the alkene stage. It is consistent with the foregoing 
that mercury poisoning of palladium leads to loss of its 
ability to hydrogenate ethylene while deactivation with re
spect to acetylene hydrogenation is much less severe.132 

It is worth noting that addition of silver to palladium in the 
foregoing applications gives a longer lived catalyst2 0 '4 6 

due, as in the examples discussed in section I I I .A .1 , to a 
lesser formation of carbonaceous residues than found 
with 100% Pd. 

B. Binary Alloys between d-Metals 

With a view to completeness in this account, current 
viewpoints on the electronic structure of d-metal/d-metal 
alloys will first be examined. 

In most cases of interest the Fermi energy level EF ap
pears to lie below the tops of the d-bands of both compo
nents. Electron donation between the two types of atom 
may well take place (see below), and descriptions of the 
resultant electronic structure tend to employ a "similar-
but-displaced-band" picture13'-5" (Figure 7) rather than the 
cruder rigid d-band. Whether component (partial) 
d-bands merge energy-wise depends134 inter alia on the 
strength of the random scattering in the lattice. Develop
ment of virtual bound states for one component is a pos
sibility for some alloys;135 e.g., V IA-V I I I combinations of 
catalytic interest may approach this kind of electronic 
structure. There is, in fact, a useful rule1 3 6 that for neigh

boring elements in the same transition series, or, seem
ingly, if the elements belong to the same column, the 
collective band—with screening of the " impurity" at
oms—is satisfactory, but if from a different row and dif
ferent column a virtual bound state may need to be con
sidered. 

For discussion of microscopic properties of alloys such 
as in the interpretation of magnetic moments of solute 
atoms, use of the parameter of partial density of states 
(at EF) associated with a particular type of atomic com
ponent, but modified local ly1 3 5 '1 3 7 by the other partner, is 
being favored currently by physicists. Brief reference will 
be made to this again in concluding remarks. For the 
present we note that electron donation between the two 
kinds of atom is a general possibility but as well as lead
ing to net fractional charges on atomic centers increase/ 
decrease in local density of states will also occur 
because of the modified electron population of the partial 
bands. As the property of catalytic activity also may still 
turn out to be dependent on parameters such as the den
sity of states or its gradient,1373 this consideration may 
supplement usefully deductions made on the basis pri
marily of electron shifts. 

Severe difficulties await attempts at applying the ideas 
just described to catalysis by alloys of d-metals. Over-fa
cile assumptions as to the shape of the partial band of 
one alloy component can lead to difficulty as has been 
found1 3 8 in attempted interpretations of the solid solution 
chemistry of group VII I elements. A simpler and more 
hopeful approach is to try to infer the direction, and ide
ally the extent, of electron shift between the alloy constit
uents. Experience with homogeneous hydrogenation cat
alysts139 suggests that in homolytic activation of hydro
gen, other factors remaining constant, the greater the 
electron density at the metal atom because of the pres
ence of appropriate ligands the greater its ability to acti
vate hydrogen. Relative electronegativities of the ele
ments may furnish indication of electron drift in binary al
loys, but clearly experimental deductions are to be pre
ferred. Information may be obtained from studies of mo
lecular compounds containing metal-metal bonds140 in 
their pattern of reactions at the metal-metal bond,141 in
frared spectra,142 or other spectroscopic methods;143 

some caution may be necessary in extrapolating conclu
sions from one type of molecular system to another or 
from molecular systems to bulk metals.144 

One instance in which the concept of an inductive in
fluence may be helpful is to explain part of the function 
of rhenium incorporated in platinum catalysts for hydro
carbon isomerization,60 '145 namely the enhancement of 
the intrinsic activity of the platinum sites. Of the two prin
cipal pathways for isomerization discussed earlier, the 
bond-shift route, at least, is by a carbonium-ion-type 
mechanism,24 and one mechanistic version23 of the sec
ond appears in essence also to proceed with electron 
drift toward the metal site (Figure 8). It seems reason
able to argue that these processes are enhanced by 
electron abstraction from the platinum atoms by the 
rhenium. Although residual doubt must exist prior to di
rect experimental measurement whether a particular 
d-metal component, such as rhenium, donates or ab
stracts charge in a mixture with another later element 
such as platinum, experience with other metal pairs133 

suggests for this case a drift in the sense Re15^-Pt8 + . 
In practice, a significant degree of synergism in cata

lytic activity is common for alloys formed from among the 
group VII I metals.2 '1 4 6 -1 4 7 It is rarely, however, a really 
dramatic phenomenon even though a nonmonotonic 
change with alloy composition of a quantity such as den
sity of states is, in principle, quite possible on account of 
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Figure 8. (a) Dehydrocyclization intermediates for palladium and platinum catalysts. A is appropriate for palladium whereas B is pre
ferred for platinum on the basis of experiments with model compounds. Also shown is an orbital scheme suggested for the latter inter
mediate (adapted from ref 23). (b) Mechanism proposed by McKervey ef a/, for isomerization of neopentane. The intermediate C has 
carbonium ion character: bonding and antibonding orbitals are shown in I and 11, respectively (reproduced with permission from ref 24). 

TABLE II. Activity of Ternary Ni-Ru-Pt "Mixed Oxides" for 
Hydrogenation of Nitrobenzene0 (Ref 146b) 

Wt % Ni Activity Wt%Ni Activity 

0 158 
2.5 67 

0 Ru:Pt.l:2atomic. 

5 
25 

45 
20 

irregular band shape. Nevertheless, the existence of ac
tivity maxima at certain alloy compositions serves to em
phasize that there exists an optimal amount of one metal
lic component in the other. Bond and Webster1 4 6" have 
adduced evidence that activity in nitrobenzene hydroge
nation is determined mainly by electronic factors. Ru-Pt 
alloys were found to have maximum activity at 20 wt % 
Ru. Addition of nickel to this optimal alloy depressed the 
activity (Table I I ) . However, these authors draw the clear 
conclusion that, for example, the properties of rhodium 
cannot be reproduced by blending equiatomic parts of ru
thenium and palladium, even though such an alloy would 
have closely the same concentration of d-electron holes 
as rhodium; activity maxima for hydrogenation tend to 
exist even in the individual alloy series Ru-Rh and Rh-Pd 
(Figure 9). The elements, therefore, exert their own 
chemical individuality, in an intriguing but elusive way. 
Significantly for our theme, Bond and Webster1 4 6" draw 
attention to the fact that in the Ru-Pt system the rate 
maxima for hydrogenation of olefins occur when the d-
electron hole per atom ratio is about 1.5, and for hydroge
nation of acetylenic bonds when it is about 0.7. Thus 
there are grounds for believing that for each type of cata
lytic process there is an optimum number of d-electron 
holes per atom for most efficient catalysis: tentatively, 
they propose that the bond order of the function being re
duced may determine this number of d-holes. 

The foregoing may be linked to our main theme. Selec
tivity under preparative chemistry conditions can result 
from synergic improvement of a desired reaction route to 
the relative exclusion of an undesired one. An example 
from Rylander and his group may serve as an illustration, 
viz., the hydrogenation of diphenyl ether over Adams-type 
Pt-Rh.1 4 8 Aryl-oxygen bonds hydrogenolyze rather readi
ly under hydrogenation conditions. Experimentally dicy-
clohexyl ether and phenyl cyclohexyl ether appeared in 

40 60 80 100 

ATOMIC % Pd IN Ru 

Figure 9. Rates of hydrogenation of methylbutenol (A and D), of 
maleic acid (B), and of 1-octene (C) using Ru-Pd "oxides" (tri
angles) and Ru-Rh and Rh-Pd "oxides" (circles) (reproduced 
with permission from ref 146b). 

maximum yield at a nominal composition of about 70% 
Rh/30% Pt where hydrogenolysis was a minimum (Fig
ure 10). Present information is that an alloy of this com
position can form a single solid solution at relevant tem
peratures. Anderson and Kemball1 4 9 have given evidence 
that once the benzene ring is hydrogenated in anisole the 
C-O bonds become less susceptible to hydrogenolysis. 
They suggested that the lower rate of C-O breaking with 
anisole over platinum was due to the more rapid conver
sion of anisole to the less reactive cyclohexyl methyl 
ether. There are indeed indications150 that among various 
noble metal alloy pairs Pt-Rh showed maximum efficien
cy for hydrogenating xylenes. The basic property of the 
Pt-Rh alloy system which causes it to hydrogenate an 
aromatic ring with high activity makes it as a result a se
lective catalyst which avoids C-O scission during this 
process. 

Attention will now be drawn to alloy catalysis examples 
which seem to require the development of more refined 
theoretical models perhaps coupled with reliable mea
surements of physical properties of the alloys. 

Workers at Gulf Laboratories151 have reported that 
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Figure 10. Hydrogenation of diphenyl ether over Pt-Rh "oxides" 
in cyclohexane. Effect of catalyst composition (reproduced with 
permission from ref 148). 

tungsten or molybdenum addition to nickel promotes in a 
most dramatic way conversion of n-octane to butanes 
and pentanes at the expense of " tota l" hydrogenolysis 
(found with 100% Ni), the conditions being 400°, 1 atm, 
H2/n-octane equal to 1.5. It is probable that the surface 
composition is very low in tungsten or molybdenum on 
the basis of both phase stability and likely Gibbs enrich
ment. This finding is sufficiently impressive to merit ex
planation on any acceptable theory of catalysis by d-me-
tal/d-metal alloys. The Mo (or W) atoms at the surface 
appear to have a specific active role; that is, they are not 
inert "spacer" atoms in the manner of copper in the 
Ni-Cu system. The action may be one of hydrogenolysis 
on Mo (W) single-atom sites occurring more rapidly than 
on Ni pair or multiplet sites, and recalls Anderson's 
suggestion50 that quasi-isolated metal atoms may well be 
active in hydrogenolysis. Further, the action of the VIA 
atoms may be related to special electronic structures 
(virtual bound d-states) associated with dilute solutions 
of A subgroup metals in group VIII metal matrices152 

which can even in some extreme examples'5 3 leave 
d-vacancies on the solute atoms only. Certainly electron 
donation to the nickel would be expected to cause less
ened hydrogenolysis activity at the Ni atoms, from Sin-
felt 's154 type of correlation of activity and group number. 
This result, if it is confirmed using nonchemically pre
pared alloys (such as metal fi lms), particularly with char
acterization of the surface by modern techniques, would 
encourage exploration of catalysis at isolated atoms of 
group MIA to perhaps VIA or VIIA in group VIII matrices. 

The second example selected to spotlight the need for 
theoretical advance is taken from a thoroughly funda
mental investigation. McKee has reported155 results for 
the exchange reaction between methane and deuterium 
on Rh-Pd alloys the surface phase in which is ~ 1 0 % 
Rh.1 5 6 In these catalysts the Pd atoms dominate the cat
alytic activity as shown by simple (d-i) rather than multi
ple (d2-d<0 exchange. On an atom fraction basis the rho
dium would be expected to be at least as active a com
ponent. Further, rhodium gives multiple exchange with 
methane.157 It may be that the effect of site volume 
(smaller in Rh) is to promote d-vancancies in the Pd (the 
opposite effect to an Au matrix), but this inference gives 
no information on the total electron density on each kind 
of atom. Any electron shift is more likely to be from pal
ladium to rhodium atoms.1 5 7 3 Such a shift might produce 
something like the catalytic result found even for this es
sentially homolytic bond breaking process: on the sim-
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plest approach, the Fermi level of Pd lies on the high-en
ergy side of a maximum in N(E) vs. E so that the Rh 
atoms would depopulate somewhat the Pd band and 
move Ef to an energy level at which N(E) is larger. The 
density of states gradient may also, of course, be 
changed. This example of alloy catalysis serves as a cau
tion in our search for simple chemical/" individual a tom" 
explanations of alloy catalytic action. The direction of en
quiry suggested is forced on us because the effect is the 
opposite to that mentioned earlier from homogeneous ca
talysis139 of hydrogen activation and the reaction is 
homolytic. 

The direction of future thinking is likely to be rather as 
has been described for d-metal/B-metal combinations. 
There is certainly a real izat ion1 7 , 1 5 8 that averaged prop
erties of an alloy (such as, e.g., electronic specific heat), 
which result in effect from a summation over the various 
atom clusters of the different possible A to B atomic 
ratio, are inappropriate for interpretation of catalysis—a 
phenomenon sensitive to local environment. A similar po
sition has arisen in metal physics in the interpretation of 
magnetic moments, and of Mbssbauer and NMR shifts 
(e.g., ref 137). It still seems useful to regard the concept 
of a local density of states in an alloy as providing a link 
to the chemical or "individual a tom" standpoint11 ,31 on 
catalytic action. The catalytic chemist will follow with in
terest exploration of microscopic rather than macroscop
ic properties17 in the search for his rationalizations. 

V. Surface-Structure Sensitivity 
Occasional reference has been made in this review to 

the distinction between reactions which are surface-
structure sensitive ("demanding"85) and others—perhaps 
the majority—which are not ("faci le"). The possibility is 
very real that formation of an alloy of a catalytically ac
tive d-metal by incorporating a metal having a different 
specific surface energy, for example, one from a B 
subgroup where melting points are lower and sublimation 
energies smaller, could lead to alteration of the fraction 
of rougher regions of atoms on the surface as compared 
to the d-metal catalyst itself; variations in mode of prepa
ration and other previous history of the catalyst prevent a 
unique end result. Clearly, since there are reactions 
which proceed with different rate on different crystal 
faces and there can be in consequence an artificial vari
ation in activity with alloy composit ion159 (Figure 11), se
lectivity changes arising out of this surface-structure de
pendence of one of several alternative routes are to be 
expected on occasions. Hydrocarbon hydrogenolysis is 
possibly such a case1 6 0 so that it cannot at present be 
excluded with certainty that the influence of alloying 
nickel with copper in suppressing hydrocarbon hydroge
nolysis more than isomerization is due to partial elimina
tion of special rough regions which are more necessary 
for the former reaction than for the latter.161 It is perti
nent to this question that quasi-isolated site atoms may 
act as hydrogenolysis centers on some metals.50 A more 
subtle effect, namely the influence of grain boundaries 
where alloy phases meet at the surface, may be of im
portance as with platinum alloys.162 While evaluation of 
influences of surface structure on selectivity of alloy cat
alysts is still at a primitive stage, answers are important 
to obtain so that catalyst design may be less empirical. 
This as well as a variety of other problems arising wi th. 
alloy surfaces can be expected to be substantially re
solved by means of LEED and Auger spectroscopy of 
alloy single crystals.1 0 0 , 1 6 3 
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Figure 11. The apparent activation energy for formic acid de
composition on Pd-Au alloys: (O) wires,164 ( • ) evaporated 
films,159 and (X) randomly sintered Pd film.159 The formation of 
the alloy films leads to changing relative extent of exposed crystal 
faces with alloy composition.159 

Vl. Addendum 
A further number of pertinent papers have appeared. 

Comparison of product distributions in reactions of n-
hexane and n-pentane on supported Pt-Au alloy catalysts 
shows that, at a sufficient dilution of the platinum atoms 
(1-12.5 atom % Pt) at least, selectivity for nondestructive 
reactions was increased.165 The selectivity for benzene 
formation from n-hexane at ca. 300° has been found to be 
greater on I r -Au than on Ir films essentially because of a 
tenfold difference in specific hydrogenolysis rate.1 6 6 Pt-Sn 
alloy films behave similarly.167 Rhodium films have been 
found to effect 1,6- but not 1,5-cyclization of n-hexane 
whereas a 92% Rh, 8% Sn film gives predominantly 1,5-
cyclization (280-310°) .1 6 7 An increase in hydrogen pres
sure causes a sharp but equivalent increase in hydro
genolysis selectivity for methylcyclopentane reaction on 
Re and on Re-Au, so that the selectivity decrease of 
about one order of magnitude consequent on gold in
corporation is still found.1 6 8 An appreciable effect of hy
drogen pressure on selectivity with other alloy combina
tions remains possible following the findings of Paal and 
Tetenyi for platinum black,169 and a fuller study with sev
eral alloy series is now clearly called for. 

The role of multimetallic catalysts in reforming proces
ses has been surveyed.1 6 9 a 

Infrared spectra of carbon monoxide adsorbed on Pd-
Ag and Ni-Cu alloys support the idea that the second ele
mental constituent has little effect electronically on the Pd 
and Ni site atoms in these systems.170 There is evidence, 
however, from the same study for a geometric "ensem
ble" effect in chemisorption which accordingly tends to 
support this concept for catalysis intermediates (section 
II I .A.1). 

van Santen and Boersma, using a regular solution model, 
have estimated that only 10-20% gold appears in the sur
face of Ag-Au alloys at 250° even at a bulk concentration 
of gold of 70%. 1 7 1 If it is assumed that gold has an equiva
lent influence to chlorine on the selectivity in ethylene 
oxidation (section 111.A.2), the optimum yield of ethylene 
oxide would be expected at ~ 2 5 atom % Au. Because this 
surface composition would only be attained at very high 
bulk gold content, these authors conclude that the experi
mentally observed influence of gold content on selectiv
i ty4 2 , 1 1 1 is the result of several as yet undetermined fac
tors rather than simply a geometric effect. In view of this 
argument the f inding14 of a maximum in selectivity of oxi
dation of ethylene to acetic acid, acetaldehyde, and acetic 
anhydride at 80 atom % Au (section 111. A.2) assumes a 
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particular interest. 
For the preparation of supported alloy catalysts suitable 

for fundamental work, low metal loading,172 use of a high-
area silica support,172 and hydrazine as a reducing agent 
for the mixed noble-metal salts173 have been suggested. 

The applicability of the available techniques for esti
mating charge shift in alloys has been more clearly ap
preciated. Systems studied include some of prominent 
catalytic interest. The Ag Knight shift in Pd-Ag alloys un
dergoes a nonlinear decrease with increase in palladium 
content, and it has been inferred that there is some move
ment of s-electron charge from silver to palladium sites.174 

Both Mossbauer shift175 and NMR measurements176 point 
to an s-electron donation from tin to platinum atoms in Pt-
Sn alloys. The s-electron shift here does not therefore ap
pear to be in the sense expected from electronegativities. 
This is in contrast with a previous rather striking correla
tion of this type for binary alloys of gold with 16 metallic 
elements in turn.1 7 7 Watson, Perlman, and coworkers have 
argued that s charge transfers between the constituents in 
an alloy can be accompanied by a compensating d charge 
transfer.1 7 8 '1 7 9 For the Ag-Au system, in which an atomic 
size difference is not a complication, isomer shift deter
minations suggest an s charge transfer from silver to gold 
atoms of the order of 0.15 e. Thus, from XPS (which can 
be used to furnish estimates of changes in the bulk charge 
around an atomic site) it is concluded that the ratio of 
d-depletion, i.e., gold to silver, to conduction electron gain 
is 0.6 ± 0.2 in the case of Au0.5Ag0.5.179 In a discussion of 
Au-Sn alloys the same group180 suggest that the sup
posedly strong electronegativity of gold as manifested by 
conduction electron flow onto it (Mossbauer shift) reflects 
merely the screening of the d charge depletion due to 
hybridization. In any case, charge neutrality according to 
the Pauling electroneutrality principle is maintained in both 
these alloy systems and a similar situation may well obtain 
for Pt-Sn, already referred to. 

A development in X-ray spectroscopy of solids is of con
siderable potential interest. It involves high resolution 
examination in the neighborhood of a characteristic ab
sorption edge for each atomic species. Fourier analysis 
of the absorption fine structure gives a measure of the 
radial environment of each type of atom. Application to a 
Cr-Cu catalyst has been il lustrated.181 
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