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ABSTRACT

Several reactions representing important categories of
catalytic systems have bean studied on chemically modified single
crystal surfaces of Ni, Ru, and Rh. Thesea reactions are the
methanation of CO and CO , the hydrogenolysis of ethans, and
cyclopropana ring-opening and hydrogenolysis. Poisoning of the
above reactions by ordered, submonolayer coverages of sulfur show
large nonlinear effects for the attenuation of reactivity versus
sulfur coverage. Similar studies have addressed the rolse of
potassium promoters in CO and CO hydrogenation reactions. These
data, together with related chemisorption results, ars reviewed

with an emphasis on the author's and collaborators' work.

It has long been recognized that the addition of impurities
to metal catalysts can produce large sffescts on the activity,
selectivity, and resistance to poisoning of the pure matal [1].
For example, the catalytic properties of metals can be altered
greatly by the addition of a second transition or group 18 metal
or by the addition of impurities such as potassium or sulfur. On
the othar hand, catalytic processing is often plagusd by loss of
activity and/or selsctivity dus to the inadvertemt contamination
of catalysts by undesirable impurities. Although theses sffacts
are well recognized in the catalytic industry, the mechanisms
responsible for surface chsmical changes induced by aurface
additives are poorly understood. Howasver, the currant interest
and activity in this ares of rassarch promises a batter
understanding of the fundamentals by which impurities alter
surface chemistry.

A pivotal guestion concerns the underlying relative
importance of ensemble (steric or local) versus elactronic
{nonlocal or sxtended) effects. A gensral answver to this
question will critically influsnce ths degres to which we will
ultimately bes able to tallor-make exceptionally efticient
catalysts by fine tuning the slectronic structurs. If, indeed,
low concentrations of surface impurity can profoundly alter the
surface electronic structurs and thus catalytic activity, then
the possibilities for the systematic manipulation of these
properties via the selection of the appropriate additive would
appear limitless. On the other hand, if steric sffects dominate
the mode by which surface additjives alter the catalytic

chenistry, then a different set of considerations for catalyst




alteration come intc play, a set which will most certainly be
more constraining than the former. In the final analysis, a
complets understanding will include components of both alectronic
and ensemble effacts, ths relative importance of each to be
assessed for a given reaction and conditions. A major emphasis
of our research has been in the area of addressing and
partitioning the importance of these two effacts in the influence
of surface additives in catalysis.

Catalyst deactivation and promotion ares extremely difficult
questions to address expsrimentally [1]). For example, the
interpretation of relatsd data on dispersed catalysts is
seversly limited by tha uncertainty concerning the structural
characterization of the active surface. Specific surface areas
cannot always be determined with adequate precision. 1In
addition, a knowledge of the crystallographic orientation, the
concentration and the distribution of impurity atoms, as well as
their electronic states is generally poor. Tha degree of
contamination may vary considerably along the catalytic bed and
the impurity very well may alter the support as well as the
metal. Morsover, the active surface may ba altersd in an
uncontrolled manner as a result of sintering or faceting during
the reaction itself.

The use of metal single crystals in catalytic reaction
studies essentially eliminates the difficulties mentioned above
and allows, to a large extent, the utilization of a homogeneous
surface amenable to study using modern surface analytical

techniques. Carefully prepared, single-crystal catalytic

surfaces ara particularly suited to the study of impurity effects
on catalytic bahavior because of the sase with which impurity
atoms can be uniformly introduced to the surface. Although the
studies to date ars few, the results appear quite promising in
addressing the fundamental aspects of catalytic poisoning and
promotion.

These studies were carried out utilizing the specialized
apparatus described in references [2,3]. This device consists of
two distinct regions, a surface analysis chamber and a
microcatalytic reactor. The custom built reactor, contiguous to
the surface analysis chamber, employs a retraction bellows that
supports ths metal single crystal and allows translation of the
catalyst in vacuo from the reactor to the surface analysis
region. Both regions are of ultrahigh vacuum construction,
bakeable, and capable of ultimate pressures of less than 2 X 10~
10 porr, Auger spectroscopy (AES) is used teo characterize the
sample befors and after reaction. A second chamber was squipped
with Auger spectroscopy, low energy electron diffraction (LEED)
and a mass spectrometer for temperature programmed desorption
(TPD) .

Impurities whose electronegativities are greater than those
for transition metals generally poison a variety of catalytic
reactions, particularly those involving H; and CC. Of these
poisons sulfur is the best known and technologically the most
important [1]. Tha first step in the systematic definition of
the poisoning mechanism of this category of impurities is the
study of the influsnce of these impurities on the adsorption and

desorption of the reactants.




The effect of preadsorbed electronegative atoms Cl, S, and P
on the adsorption-desorption of CO and H; on Ni(100) has been
sxtensively studied [4-11] using temperature programmad
desorption, low energy electron diffraction, and Auger
spectroscopy. It has bsen found that the presence of the
slectronegativa atoms Cl, 8, and P, causes a reduction of the
sticking coefficient, the adsorption bond strength, and the -
adsorption capacity of the Ni{l100) surface for CO and H,.
Furthermore, the poisoning effect becomes more prominent with
increasing electronegativity of the preadsorbed atoms (12].

Figures 1 and 2 show the observed dependence of the total Hy
and CO adsorption on the coverage of Cl, 8, and P. Coverages of
impurities are sxpressed in terms of monclayers, ML, or the ratio
of surface impurity atoms to the surface metal atoms. The data
represant the total H, and CO desorption, as determined by TPD,
for different impurity coverages aftar an exposure sufficient to
reach the saturation adeorbate coverage. Both CO and H,
adsorption decrease markedly in the presance of surface
impurities. The effects of P, however, are much less pronounced
than for Cl or 5. As seen in Fig. 1, the reduction of Hy
coverage is most apparent in the presence of Cl atoms. The
similarity in the atomic radii of cl, 5, and P (0.99, 1.04, and
1.10A, respectivaely [131]) suggests a relationship between
slectronegativity and the poisoning of chemisorptive properties
by these surface impurities. Related studies (6] have been
carried out in the presence of C and N. These impurities have the
same slectronegativities as 5 and C1, 2.5 and 3.0, respectively.

The comparison between the results for C and N and those for §
and Cl are entirely consistent with the interprstation that
electronegativity effects dominate the poisoning of chemisorption I
by surface impurities with similar atomic size, and which occupy
the same adsorption sites. In the cass of adsorbed impurities
with the same electronegativity, but with different atomic radii
(S and ¢, ¢1 and N), the sffect bacomes less pronounced with
decreasing atomic radius.
Particularly noteworthy in the above studies is the gansral
observation that those impurities strongly slectronsgative with
respect to nickel, e.g. €1, N, and 8, modify the chemisorptive n
behavior far more strongly than would result from a simple site )
blocking modal. The initial effects of these impurities as shown
in Figs. 1 and 2 suggest that a single impurity atom can
successfully poison more than just its four nearsst neighbor
nickel atoms. This effect is especially apparent for hydrogen
adsorption on the sulfur covared WNi({100) surface. Polsoning of
next nearest neighbors supports an interaction that is primarily
slectronic in nature. g
Kinetic studies have been carried out for several rsactions :
as a function of sulfur coverage over single crystals of nickel
{4] rhodium {14], and ruthenium [15]. For the methanation
reaction over Ni{100) [4]), the sulfided surface (Fig. la) shows
behavior remarkably similar to results for the clean surface at a
considerably reduced hydrogen partial pressure. For clean
Ni(100) [16] a departure from Arrhenius linearity is observed at
700K. Associated with the onset of this nonlinearity or
"rollover* is a rise in the surface carbon level. This rise in Il




carbon level continues until the carbon level reaches 0.5 ML,
i.s. the saturation level. This behavior of the Arrhsnius plot
has bssn interpreted [16]) as reflecting the departure of
atomically adsorbed hydrogen from a saturation or critical
coverage. For a sulfur surface covarage of 4% tha resaction rate
at identical conditions departs similarly from linearity at 600K,
some 100K lower in reaction temperature. Hers too, an increase
in surface carbon lavel is associated with this deviation from
linearity. This behavior indicates that the sulfur is very
sffective in reducing the steady-state surface atomic hydrogen
coverage which results in an attenuation of the rate of sufface
carbon hydrogenation. These results are consistent with the
chemisorption results (5] discussed above for H, on sulfur
poisoned Ni(100) surface. Similar results (Fig. 9b) have been
seen (15] for sulfur poisoning of a Ru(0001) surface toward CO
hydrogenation.

Both the kineticse and the TPD studies show that the
poisoning effects of sulfur are very nonlinear. Figure 4a shows
the relationship found batwesn the sulfur covorng; on Hi{100),
Rh{100}, and Ru{0001) catalysts and the methanation rate
catalyzed by these surfaces at S00K. A precipitous drop in the
catalytic activity is observed for low sulfur coverages. The
poisoning effect quickly maximizes with little reduction in the
reaction rate at sulfur coverages exceeding 0.2 monclayers. The
activity attenuation at tha higher sulfur coverages on nickel is
in excellent agreemant with that found for supported Ni/Al,04 by
Rostrup-Nielsen and Pedersen [17}. The initial changes in the

rates in Fig. 4a-c suggest that nore than ten metal ator sites
are deactivated by one sulfur atom.

In those cases where multiple products ars possible,
dramatic modifications in the selectivity, or distributions of
these products, have bsen cbssrved [18]. Figure 5 shows the
effect that progressive sulfiding of a Ni(i11) catalyst has on
the cyclopropana/hydrogen reaction. A small amount of sulfur
(<0.1 ML) exponentially lowers the rate of methane formation, the
dominant product formed on the clean surface. Similarly, the
rate of athana formation falls in concert with the methane
suggesting, as is expected, a close corralation bstween these
hydrogenolysis products. In contrast to the methans and sthane
preducts, the production of propans/propylene (C,) product
actually increases with the sulfuy addition. Qualitatively, the
increases in the €, product corresponds to the decreass in the
methans rate. Thess results show rathar directly that the
initial sulfiding promotes the ring-cpening reaction by reducing
the tendency of the surface to break more than one carbon-carbon
bond.

In contrast to the clean Ni(111) surface where no ethylene
was ohserved as a reaction product, significant amounts of
ethyleane are found [18] for tha sulfided surface. In addition to
reducing the tendency of the surface to brsak carbon-carbon
bonds, sulfur alsc lowsrs the hydrogenation activity. This
tendency has been confirmed by measuring directly the attenuation
of the hydrogenative character of Ni(111) versus sulfur coverage
by monitoring the sthylene/hydrogenative reaction [19].

At first glance onea might interpret these results as the




6. Phosphorus, because of its less slactronegative character,

simple poisoning of minority or defect sites on the surface and effectively poisons only the four nearsst neighbor metal atom

that thess sites are crucial to the resactivity at steady-stata it
SlTa8B.

d .
reaction conditions and the TPD decomposition. However, this is a gffective poisoning of catalytic activity at sulfur cover-

1ike ti i th
very un ly axplanation given the close correspondence between ages less than 0.1ML has been cbserved for other reactions

the steady-states rate
sady-8 rates measursd for single crystal catalysts and including sthane and cyclopropane hydrogenolysis [18], ethylens

th t und £ -
ose rates fo or supported, small-particle catalysts aeen in nydrogenation [19), and COp methanation [21]). The results of

Saction 3.1. That the defect densities on these two very several studies on nickel are summarized in Pigure 7. Thase

different materials would be precisely the same is highly astudies indicate that ths sensitivity of the above reactions to

unlikely. It is ch like
Y much more 1likely that thess reactions are not sulfur poisoning are gensrally less than that for poisoning by

defect controlled and that th '
a e surface atoms of the single sulfur of CO methanation. The rate attenuation is, nevertheless,

crystals are uniformly active.
rY nly ve. Thers are two other possible strongly nonlinear at the lowar sulfur levels. A direct

sxplanations for this result:
xp (1) an electronic or ligand effect consequence of the differing molecular sizes of the reactants

or (2) an ensembl ffect, th 1
(2) e effac e requirement that a certain (CO, ethylene, etl , cyclopropane) involved in the reactions

collection of surface atoms are neca
ssary for the reactien to investigated is that electronic effects, rather than anseable

occur, rimentally these two ibilici
Expe Y poss s can be requirements, dominate the catalytic poisoning mechanism for

distinguished {7,20]. If an enssmble of more than ten nickel
these experimantal conditions.

atoms is required for methanation, then altering the electroni
aqu ' ering the electronic Recent atudies [22] using high resolution electron snesrgy

character of the impurity should produce little change in the
Y P " loss and photoelectron spectroscopy to investigats the effect of

degres to which the impurity poisons the catalytic activity. sulfur on the CO/Ni(100) system are consistent with an extended

That is, the impurity serves mersly to block a single site in th
' ¥ 9e ° effect by the impurity on the adsorption and bonding of CO.

reaction ensemble, nothing more. On the other hand, if
! o ' Sulfur levels of a few percent of the surface nickel atom

slectronic effects are playi & significant le in th
ying 9 ant role in the concentration were found sufficient to significantly alter the

poisoning mechanism, then the reaction rate should respond t
! resp ca surface elactronic structurs as wall as the CG bond stremngth.

change in the electronic character of the impurity. Substituting A direct consequence of interpreting the poisoning effects

phosphorus for sulfur (both atoms are roxi
( re approximately the same of electronegative impurities in terms of electronic surfacs

Bize) in a similar set of i t ts i ch
of experiments results in a marked change modification is that additives with electronegativities less than

in the magnitude of poisoni t
g po ng at lowv coverages as shown in Figure that of the metal should promote a different chemistry reflscting
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the donor nature of the additive. For example, alkali atoms on a
transition metal surface are kﬂgwn to sxist in a partially lonic
state, donating a large fraction of their valence slectron to the
metal, resulting in a work function decreass. This additional
electron density on the transition metal surface atoms is thought
to be a major factor in alkali atoms altering the chemisorptive
bonding of molecules such as N, [23) or CO [24], and in promoting
the catalytic activity in ammonia synthesis [25]. These results
are consistent with the general picture that slectron acceptors
tend to inhibit CO hydrogenation reactions whereas electron
donors typically produce desirable catalytic effects, inciuding
increased activity and selectivity. Recent chemisorption and
kinetic studies have examined quantitatively the relationship
between tha elsctron donor properties of the impurity and its
effect on the catalytic behavior.

The addition of alkali metal atoms to Ni(100) results in the
appearance of more tightly bound states in the CO TPD spectra and
dissociation probability increases in tha sequence Na, K, Cs,
indicating a correspondsnce batween the donor properties of the
impurity and its ability to facilitate CO dissociation. ©On iron
{26], CO adsorbs with a higher binding energy on the potassium
promcted Fe(110) surface than on the corresponding clean surface.
The CO coverage increases and the sticking costficient decreases
with increasing potassium coveraga. The probability for CO
dissociation increases in the presence of potassium [26].
Analogously, NO is more strongly adscrbed and dissociated to a

greater extent on sodium covered Ag(1ll) than on clean Ag(l1ll)
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{27). The addition of potassium to iron increases the
dissociative adsorption of N;, iscelsctronic with co, by a factor
of 300 over that for the clean surface [28]. Recent studies of
€0 adsorption on potassium promoted Pt(111) (29-31] and Ni{100)
[32] are conaistent with this general picture of donor-enhanced
metal-CO bonding. For H, chemisorption, Ertl and coworkers {31],
using TPD techniques, have observed an increass in the adsorption
energy of hydrogen on iron. They suggest that the empty atate
above the Fermi level creatsd by tha pronounced slectron transfer
from potassium to the d-band of iron may possibly be involved via
interaction with the H 1s level.

Adsorbed potassium causes a marked increase in the rate of
c0 dissociation on a Ni{100) catalyst [34]. The increase of the
initial formation rate of “active® carbon or carbidic carbon via
CcO disproportionation is illustrated in Fig. 8. The relative
rates of CO dissociation were determined for the clean and
potassium covered surfaces by observing the growth in the carbon
Auger signal with time in a CO reaction mixture, starting from a
carbon-fres surface. The rates shown in Fig. 8 are the obsarved
rates of carbon formation extrapolated to zero carbon coverage.
of particular significance in these studies is the reduction of
the activation energy of reactive carbon formation from 23 Xkcal
mole™l for the clean Ni(100) surfacs to io kcal mole_; for a 10%
potassium covered surface [34].

Kinetic measurements [34] over a Ni(100) catalyst containing
well-controlled submonclayer quantitiss of potassium show a
general decrease in the steady-state methanaticn rate with little

apparent change in the activation energy associated with the
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kinetics (Fig. 9). However, the potassium did change the steady-
state coverage of active carbon on the catalyst. This carbon
lavel changed from 10% of a aonoclayer on the clean catalyst to
30% on the potassium covared catalyst.

Msorbed potassius causes a marked increase in the steady-
state rate and selectivity of nickel for higher hydrocarbon
synthesis [J4]. At all temperatures studied, the overall rate of
higher hydrocarbon production was faster on the potassium-dosed
surface showing that potassium is a promoter with respect to
Fischer-Tropsch synthesis. Thie increase in higher hydrocarbon
production is attributed to the increase in the steady-state
active carbon level during the rsaction, a factor leading to
increased carbon polymerization. Potassium impurities on a nickel
catalyst, then, cause a significant increase in the CO
dissociation rate and a decrease in ths activation enargy for €O
dissociation at low carbon coverages. These effacts can be
explained in terms of an slectronic effect, whereby the
electropasitive potassium donates extra electron density to the
nickel surface atoms, which in turn donate electron density to
the adsorbad CO molacule. This increases the extent of pi-
backbonding in the metal-CO complex, resulting in an increased
metal-CO bond strength and a decrease in C-0 bond strength.

This model satisfactorily sxplains the decrease in the activation
snarqgy for carbide build-up brought about by potassiua.

Intrinsic to interpreting catalytic poisoning and promotion
in terns of electronic affects is the infersnce that adsorption

of an electropositive impurity should moderate or compensate for
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the effects of an slectronegative impurity. Recent experiments
have shown this to bs true in the cass of CO, methanation [21]
vhere the adsorption of sulfur decreases the rate of methans
formation significantly. The adsorption of potassius in the
presence of sulfur indicates that the potassium can neutralize

the sffects of sulfur.
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work by the Department of Energy, Office of Basic Energy
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Figure 1. Depandence of H, coveraga on Ni{100) on additive
precoverage. (From rafs. [4-11])

Figure 2. Depandence of saturation CO coverage on Ni(100) on
additive precoverags. (Froa refs. [4-11))

Figure 3. An Arrhenius plot of the rata of methanation over
sulfided (a) Ni(100) [4] and (b) Ru{0001) [15) catalysts
at 120 Torr and & H,/C0 ratio of four. Coverages are
expressed as fractions of a monolayer. N is the turnover
frequency or the number of methane moleculas produced per
surface nickel atom per second.

Figure 4. Methanation rate as a function of sulfur coverage on a
{a) Ni{l00) [4]), (b) Ru(0001) [15), and {c) Rh{1lll) [14])
catalyst. Pressure = 120 Torr, H;/CO = 4, Reaction
Tamperature = 600K.

Figure 5. Product distribution from the reaction of cyclopropane
with hydrogen as a function of sul fur coverage over a
Ni(11l) catalyst. Temperature = 550K. Total pressure = 100
Torr. Hy/cyclopropane = 100. (From ref. [16))

Figure 6. A plot of the rate of CO methanation as a function of
sulfur and phosphorous coverage over a Ni(100) catalyst at
120 Torr and a H,/CO ratic squal to four. (From ref. (16]}

Figure 7. Sulfur poisoning of various reactions over nickel.
Hydrogen partial pressure = 100 Torr. (From refs. {[3))

Figure 8. The relative initial rate of reactive carbon formation
from CO disproportionation as a function of potassium
Coverage. Pco = 24 Torr, T = 500X, (From ref. [34})

Figure 9. A comparison of the rate of methane synthesis over a
clean single crystal Ni(100) catalyst with the corresponding
rate over a potassium doped catalyst. Total rsactant
pressure is 120 Torr, Hy/CO = 4/1, (From ref. [34])
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Surface Properties of Mixed-Metal Catalysts

D. W. Goodman
surface Sciencs Division
sandia National Laboratories
Albuquarque, NM 87185

ABSTRACT

The ch!nlcgl behavior of monolayer coverages of one metal on
the surface of another, i.s., Cu/Ru, Ni/Ru, Ni/W, Fe/W, Pd/W, has
recently beesn shown to be dramatically different from that seen
for either of the metallic components separately. These chenical
alterations, which modify the chemisorption and catalytic
properties of the ovarlayers, have besn correlated with changes
in the structural and electronic properties of the bimetallic
system. The films are found to grow in a manner which causes
them to bas strained with respect tco their bulk lattice
configuration. In addition, unigue slectronic interface states
have been identified with these overlayers. These studies, which
include the adsorption of CO and H; on thess ovarlayers as well
as the measurement of the slevated pressure kinetics of the

methanation, ethane hydrogenolysis, cyclohexana dehydrogenation

reactions, are reviewed.

In addition to modification of surfaces by non-metals, the
catalytic properties of metals can also be altersd greatly by the
addition of a second transition metal {i]. Interast in
bimetallic catalysts has risen staeadily over the years because of
the commercial success of thase systems. This success results
from an enhanced ability to control the catalytic activity and
selectivity by tailoring the catalyst composition [2,3]. A long-
standing question regarding such bimetallic systems is the nature
of the properties of the mixed metal system which give rise to
its enhanced catalytic performance relative to aither of its
individual metal components. These enhanced properties (improved
stability, selectivity and/or activity) can ba accounted for by
one or more of several possibilities. First, the addition of one
metal to a second may lead to an electronic modification of
either or both of the matal constituents. This electronic
perturbation can result from dirsct bonding (charge transfer) or
from a structural modification induced by one metal upon the
other. Secondly, a metal additive can promote a particular step
in the reaction sequence and, thus, act in parallel with the host
metal. Thirdly, the additive metal can serve to block the
avallability of certain active sites, or enseables, preraquisite
for a particular reaction step. If this "poisoned* reaction step
involves an undesirable reaction product, then the net effect is
an anhanced overall selectivity. PFurther, the attenuation by
this mechanism of a reaction step leading to undasirable surface
contamination will promote catalyst activity and durability.

The studies reviewed here are part of a continuing effort

(7-10] to identify those properties of bimetallic systems which
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can be related to their superior catalytic properties. A pivotal
guestion to bs addressed of bimsetallic systems {and of surface
impuritiss in general) is the rslative iaportance of snsemble
{steric or local) versus slsctronic {nonlocal or sxtended)
effects in the modification of catalytic properties. In
gathering information to address this question it has been
advantagsous to simplify the problem by utilizing models of a
bimetallic catalyst such as the deposition of metals on single-
crystal substrates in the clean environment familiar to surface
science.

These studies were carried out utilizing the specialized
apparatus described in refsrences [11,12])}. This device consists
of two distinct regions, a surface analysis chamber and a
microcatalytic reactor. The custom built reactor, contiguous to
the surface analysis chamber, smploys a retraction bellows that
supports the mstal single crystal and allows translation of the
catalyst in vacuo from the reactor to the surface analysis
region. Both regions are of ultrahigh vacuum construction,
bakeable, and capable of ultimate pressurss of less than 2 X 10~
10 porr. Auger spectroscopy (AES) is used to characterize the
sample before and after reactjion. A second chamber was egquipped
with Auger spectroscopy, low energy elsctron diffraction (LEED)
and a mass spectrometer for temperature programmed desorption
(TPD) .

Many such model systems have been studied but a
particularly appsaling combination is that of Cu on Ru. Cu is

immiscible in Ru which facilitates coverage determinations by TPD
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(4] and circumvents the complication of determining the 3-d
composition. The adsorption and growth of Cu films on the
Ru(0001) surface have been studied [4-10,13-20) by work function
function measursments, LEED, AES, and TPD. The results from
recent studies [4-10] indicate that for submonolayer depositions
at 100K the Cu grows in a highly disperssd mode, subsequently
forming 2-d4 islands pseudomorphic to the Ru(0001) substrats upon
annealing to 300K. Pssudomorphic grovth of the copper indicates
that the coppsr-copper bond distances are strained approximately
6% beyond the aquilibrium bond distances found for bulk copper.

A comparison of CO desorption from Ru [7) from multilayer Cu
(.10ML) on Ru and 1ML Cu on Ru is shown in rig. 1. The TPD
features of the 1ML Cu (psaks at 160 and 210K) on Bu are at
temperatures intermadiate batwesn Ru and bulk Cu. This suggasts
that the monolayer Cu is electronically perturbed and that this
perturbation manifests itsslf in the bonding of CO. An increass
in the desorption temperaturs relative to bulk Cu indicates a
stabilization of the CO on the monolayer Cu suggesting a coupling
of the €O through the Cu to the Ru. The magnitude of the CO
stabilization implies that the elsctronic modification of the Cu
by the Ru is significant and should be obsarvable with a band
structure probe. Recent angular resolved photosmission studies
[7] indeed show a unique interface state which is likely related
to the altersd CO bonding on Cu films intimats to Ru.

Figure 2 shows the results [7) of CO chemisorption on the
Cu/Ru(0001) system as a function of the Cu covarage. In sach
case the axposure corresponds to a saturation coverage of CO,

Most apparent in Figure 2 is a monotonic decrsase upon addition
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of Cu of the CO structure identified with Ru (peaks at 400 and
480K) and an increase of the C0 structure corresponding to cCu
(paaks at 160 and 210K). The buildup of a third feature at ~300K
(indicated by tha dashed line) is assigned to correspond to €O
desorbing from the edges of Cu islands. Integration of the 200,
275, and 300K peaks prcvides information regarding island sizes,
that is, perimeter-to-island area ratios, at various cu
coverages. For ?xalple, at 8n, = 0.66 the average island size is
estimated to be approximately 50A in diameter. This island size
is consjstant with an estinate of the 2-4 island size
corresponding to this coverage of 40-60A derived from the width
of the LEED beam profiles [7]. i

Model studies of the Cu/Ru(0001) catalyst have been carried
out (8] for methanation and hydrogenolysis reactions. These data
suggest that copper antly serves as an inactive diluent,
blocking sites on a one-to-one basis. Similar results have been
found in analogous studies [21] introducing silver onto a Rh(111)
methanation catalyst.

Sinfelt [22]) has shown that copper in a Cu/Ru catalyst is
confined to the surface of ruthenium. Results from the model
catalysts discussed here then should be relavant to those on the
corresponding supported, bimetallic catalysts. Several such
studies have been carried out investigating the addition of
copper or othar Group 1B metals on the rates of CO hydrogenation
[23-25]) and sthane hydrogenolyais [25] catalyzed by ruthenium.

In general, these studies show a marked reduction in activity

with addition of the Group 1B metal suggesting a more profound

effect of the Group 1B metal on ruthenium than implied from the
model studies. A critical parameter in the supported studies is
the measurement of the active ruthenium surface using hydrogen
chemisorption techniques. Haller and coworkers [26,27] have
recently suggested that hydrogsn spillover during chemisorption
may occur from ruthenjum to copper complicating ths assessment of
surface Ru atoms. Recent studies in our laboratory [5,6)] have
shown directly that spillover from Ru to Cu can take place and
must be considered in the hydrogen chemisorption measurements.
H; spillover would lead to a significant overestimation of the
number of active ruthenium metal sites and thus to significant
error in calculating ruthenium specific activity. If this is
indeed the case, the results cbtained on the supported catalysts,
corrected for the overestimation of surface ruthenium, could
baecome mors comparable with the modal data reported herse.
Finally, the activation energies observed on supported catalysts
in various laboratories are genarally unchanged by the addition
of Group 1B metal [16-28] in agreement with the model studies.
These arguments suggest that Ru specific rates for
methanation and sthane hydrogenolysis on supported Cu/Ru
catalysts approximate those valuas found for pure Ru. As a
consequence, the rates for cyclohexane dehydrogenation reaction
on supported Cu/Ru, similarly corrected, must sxceed those
specific rates found for purs Ru. The uncorrscted specific rates
for cyclohexane dehydrogenation on the supported Cu/Ru system
rexain essentially unchanged upon addition of Cu to Ru [28}. An
activlty‘enhance-ent for cyclohexane dehydrogenation in the mixed

Cu/Ru system relative to pure Ru is most surprising given that Cu
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is less active for this reaction than Ru.

Figure 3 shows the effect of the addition of Cu to Ru on the
rate of cyclohexana dehydrogenation to banzens. The overall rate
of this raaction is seen to increase by approximatsly an order of
magnitude at a copper coverage of 3/4 of & monolayer. This
translates to & Ru specific rate snhancement of ~40. Above this
coverage, the rate falls to an activity approximately squal to
that of Cu-free Ru. The cbservation of non-serc rates at the
higher Cu covarages is believed to bs caused by three dimensional
clustering of the Cu ovarlayers [29). Sisilar data have been
obtained for this reaction on spitaxial and alloyed wrt{‘ln)
surfaces {30].

The rate enhancement observed for submonolayer Cu deposits
may relate to an enhanced activity of the strainad Cu film for
this reaction due to its altersd geometric {29] and slectronic
[9] properties. Alternatively, a mechanism whereby the two
metals cooperatively catalyze different steps of the reaction may
account for the activity promction. For example, dissociative H,
adsorption on bulk Cu is unfavorabls dus to an activation barrier
of approximately 5 kcal/mel [31]). In the combined Cu/Ru system,
Ru may function as an atomic hydrogen source/sink via spillover
to/from neighboring Cu. A kinetically controlled spillover of H,
from Ru to Cu, discussed above, is consistent with an observed
optimum reaction rate at an intermediats Cu coverage.

Finally, we note the differences betwveen a Ru(0001) catalyst
with or without added Cu with respsct to attaining steady-state

reaction rates. On the Cu-fres surfaca, an induction time of
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approximately 10 minutes is required to achieve steady state
activity. bDuring this time, production of benzens is quite low
vhile the hydrogenolysis to lower alkanes, primarily methane, is
significantly higher than at steady-state. During this induction
time the carbon level (as determined by Auger spectroscopy) rises
to a saturation value coincidental with the onset of stsady state
reaction. This beshavior suggests that a carbonaceous layer on
the metal surface effectively suppressss carbon-carbon bond
sciesion, or hydrogsnolysis, on the Ru surfacs.

Cu addition lsads to an snhanced rate of benzsns production
with little or no induction time. That is, the initial rate of
cyclohexane hydrogenolysis, relative to the Cu-t_nc surface, is
suppressed. Furthar, Cu reduces thes relative carbon buildup on
tha surface during reaction. Thus, Cu may play a similar role as
the carbonaceous layer in suppressing cyclochsxans hydrogenolysis
while concurrently stabiliszing those intermediates leading to the
product benzene. In addition, copper may serve to weaken the
chemisorption bond of benzsne and thus limit sslf-poisoning by
adsorbed product. This latter possibility has been proposed by
Sachtler and Somorjai [30] to explain the role of Au in
Au/Pt(111) catalysts for this reaction. A weakening of banzens
chemisorption satisfactorily accounts for our observation that
the reaction changes from zeroc order in cyclohsxans on Ru{000})
to approximately first order upon the addition of Cu.

A second bimetallic system which has been thoroughly studied
is nickel adsorbsd onto tungsten ([32,33)., Figures 4 and 5 show
plots of the AES Ni(u4BeV)/W(179eV) psak height ratios as a

function of the Ni (Mass 53) TPD area folloving depasition eof Ni
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onto W{110) and W(100) substrates, respsctively. On both
surfaces Ni ims adsorbed layer-by-layer with clear breaks in the
AES data of Figs. 4 and 5 at each successive monolayer. Annealing
Ni layers with coverages less than 1.3 ML to 1200K produced
little change in the Ni(848eV)/W(179eV) AES ratio. However, for
NKi coverages above 1.JML, a 1200K anneal resulted in a very slow
increase in this AES ratio with coverage, indicating either alloy
or 3-dimensional island formation.

The growth of Ni laysrs on W(110) and (100) subsegquent to
the first monolayer, dot.flin-d by the breaks in the AES vs. TPD
area curvea shown in Figs. 4 and 5, do not yield TPD areas that
correspond to simpls multiples of the TPD area found for the
monolayer TPD feature. This result indicates that the second and
successive N1 layers have significantly altered Ni atomic
densities compared with the first Ni layer. On W(110) the ratio
of the first to second monolaysr TPD areas, 0.78, conparas
favorably with the ratio of the surface atomic densities of
Ni(111) and W(110), 0.79, using the values 1.81 x 1015 and 1.43 x
1013 for the atomic densities of Wi(111) and W(110},
respectively. On W(100) the ratio of Ni atoms in the first to
the second layers, 0.52, is near the ratio of the surface atomic
densities of Ni(111) and W(100), 0.55, using a value of 1.0x1015
for the surface atomic density of W(100). These results are
consiastent with pseudomorphic growth of the monolayer, with
second and subsequent Ni layers relaxed to or near the Ni(111)
structure. LEED results support this conclusion in that only the

1x1 pattern from sither W surface is ohserved below the first AES

3¢

break. At higher Ni coverages satellite spots develop along the
<111> direction for Ni/W(110); a complex pattern is cbserved
above tha first monclaysr break for Ni/W(100). Satellite Bpots
were obssrved at Ni coverages less than 1ML for an unannsaled Ni
overlayaer: however, annealing to -~1150X (just below the onset of
desorption) produced a sharp 1xl LEED pattern. These results are
consistent with some 3-dimensional island formation oeccurring
upon Ni depomition at 100K,

The AES data of Fig 4 indicate only a single break in the
region around 1ML in the plot of Ni{848eV)/W(179eV) AES ratio
versus TPD area (i.e. Ni coverage). That is, no svidence is
found for a double break near the 1 ML Ni coverage as reported in
the work of Xolactkiewicz and Bauer [14] for the Ni/w{110)
systen. The onaet of the second monolayer N1 TPD peak is
detected precisely at the AES break, and no change in desorption
temperature for the first Ni monolayer is detected from 1.0 to
1.2 ML. Adsorption of Ni beyond the first monolayer results in
the appearance of a second N1 TPD peak (see Fig. 6), and the
introduction in the LEED of satellite spots, due to the presence
of atoms in the second layer. Changes in the chemisorptive
propertias would ba sxpected for a phase transition such as that
reported by Kolac:tkiewicz and Bauer {34], considering the
structural and electronic modification that would accompany this
transition. However, no apparent changes in the chemisorption
properties of the first monolayer were observed near the atom
density at which the phase transition was reported.

CO TPD data [32] as a function of Ni coverage on W(110} are

shown in Fig. 6. As the Ni coverage is increased from 0.3 to
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1.0ML, adsorption on the W(110) substrate decreases, as svidenced
by a reduction in the CO features between 225 and 350K, vhile a
feature at 380K becomss more prominent. The 380K CO TPD peak
maximum for 1ML Ni compares with 430K for the CO TPD peak maximum
for Ni(111) [35). Increasing the Mi coverage above 1.0ML results
in a broadening of the 380K CO TPD psak and in the development of
a shoulder feature, suggestive of bulk Ni CO desorption, at
~430K.

CO chemisorption on the Ni/W(100) surface is similar to CO
adsorption on Ni/W{110). Pig. 7 shows CO desorption as a
function of Ni covarage on W(100). As ths Ni coverage is
increased from 0.3 to 1.0ML, decreasing intensity in the TPD
features associated with W(100) are svident near 300K. At a Ni
coverage of 1ML, the CO TPD psak maximunm is reduced by
approximately 50K from the corresponding psak maximum on Ni{100)
{36). For coverages greatser than 1ML, a clear shouldar at 420-
45CK is observed, indicating that second and successive Ni layers
have chemisorptive properties very similar to bulk Ni. Thus the
W substrates clearly alter the chemisorptive properties of the
first Ni layer, but have only slight seffects on the second and
subsequent layers.

That CO chemisorption is perturbed on strained-layer Hi is
not surprising in view of €O chemisorption bshavior on other
metal overlayer systems. For sxample, on Cu/Ru it has been
proposed that charge transfer from Cu to Ru results in decreased
occupancy of the Cu 48 lavel. This electronic modification makes

Cu more "nickel-like.,® and results in an increase in the binding
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energy for CO. Similarly Cu/W [37] also axhibits charge transfer
to the substrate and a increase in CO binding strangth to Cu. 1In
another case where the CO binding ensrgy increases, Ni/Ru [38],
an increass in the density of states is cbssrved closs to the
Fermi lavel. The incraased slectron density may result in
increased metal-CO backbonding, which in turn would increass the
binding enexrgy of CO.

In contrast to the above sxamples, COon Ni/W is less
strongly bound to the Ni monolayer than to bulk Ni. Ons
explanation for this sffect is that the charge transfer obssrved
from Ni to W [34) results in a shift of the Ni d lavels, relevant
to CO bonding, to higher binding ensrgies (i.s. farther from the
Yermi level). Indesd, such an effsct has been cbsarved in the
cass of Ni/Nb(110) and Pd/Ta(ll0) [39). Similarly, results on
other group VIII metal - W systems [40-41] have shown a decrease
in the €0 binding strength.

The catalytic activity of strained layer NMi on W(110) for
methanation and sthane hydrogenolysis has bean studied as a
function of Ni coverage [42). The activity par Ni atom site for
methanation, a structure inssensitive reacticn, is independsnt of
the Ni coverage and similar to the activity found for bulk Ni.
The activation energy for this reaction is lower on the strained
metal overlayer, howsver, very likely reflecting the lowar
binding strength of CO on the bisetallic systea.

In contrast, sthane hydrogenolysis, which is a structurs
sensitive reaction over bulk Ni, displayed marked structural
effects on the Ni/W system [42]. We have cbssrved that the
spacific rate, or rate per surface metal atoms, but not the
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activation energy, is a strong function of metal coverage on the
Ni/w(110) surface, suggesting that the critical reaction step
involves the nesd for a single, sterically unhindered Ni atonm.
On the Ni/W(100) surface the specific reaction rate was
independent of Ni coverage. In addition, the rate on bulk
Ni(100), Ni/w(110) in the limit of zero coverage, and Ni/W(100})
were all egqual, as wers the activation energies. This implies
that on Ni/W({100) the Ni atom geometry is sufficiently open to
allow unhindered access to each Ni atom. Apparently on the
Ni/W(110)} surface only island edges and individual atoms display
activity similar to the Ni(100) surface; the island intar!ors, in
contrast, exhibit bshavior similar to Ni{111) which has a much
lower specific rate and higher activation energy. As the Ni
coverage is reduced, the number of active, Ni{100)-like atons
increases, leading to an increase in the specific rate. The
activation energy, however, remains unchanged.

Wa have studied several other matal overlayers on W{110),
W{100}, and Ru(0001) substrates [43]). Table 1 lists properties
of the metal overlayers, and the effect of the substrate on CO
chemisorption. 1In general only the first monolayer grows
pssudomorphically, though more than one monolayer may be stable
before three dimensional islands are formed (e. g. Cu/Ru grows
two stable layers). The binding strength ét CO is always altered
from the bulk metal, though the magnitude of the effect is
seeningly more dependent on the metal overlayer, than on the
degree of strain induced by the substrate (represented as the
atox density mismatch). As with Ni/W and Cu/Ru, the effect on CO
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binding energy extends primarily to only ths first monclayer;

subsegquent layers exhibit bshavior closa tcoc the bulk metal.
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FIGURE CAPTIONS

Figure 1. TPD results for CO adsorbed to saturation lavels on
clean Ru(0001), on multilayer Cu, and on a 1ML Cu covered
Ru(0001). (From ref. [7])

Figure 2. TPD results corrasponding to CO adsorbed to saturation
lerels on the clean Ru{0001) surface, and from this same
surface containing various coverages of Cu. (From ref.

71)

Figure 3. Relative rate of reaction versus surface Cu coverage
on Ru(0001) for cyclohexane dehydrogenation to benzene. Pgp
= 101 Torr. Hy/cyclohexane = 100. T = 650K. (From ref.

{29]))

Figure 4. Adsorption of Ni on W(110) plotted as the ratio
Ni(848):W(179) Auger transitions versus Ni desorbed in TPD.
Ni deposition was carried out at 100K. (From ref. {32])

Figure 5. Adsorption of Ni on ¥W(100) plotted as the ratio of
Ni(B48):W(179) Auger transitions versus Ni desorbed in TPD.
Ni deposition was carried out at 100K. (From ref. [32])

Figure 6. TPD of CO vs. Ni coverage on W{110) for an exposure
of approximately 2L at 100K, (From ref. [32]}

Figure 7. TPD of CC va. Ni coverage on W(100} for an exposure
of approximately 2L st 100K. (From ref. [32])
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Table

Adsorbate Substrate Atom Density

1. Comparison of Strained-Matal Overlayer Systems
Pssudomorphic/Epitaxial Change in co

Mismatch/ML Laysrs Desorption T
Cu Ru{0001) 6% 1/2 50K
cu W(110) 20 1/1 80
Ni w{110) 21 1/1 -50
Ni W(100) 42 1/1 -50
Ni Ru{0001) 15 1/1 50
Pd W{110) 10 1/1 -200
pd Ww(100) as 2/2 -17¢
Pd Ta(110) 18 1/1 -~230
Fe w({110) 9 1/2 ~50
Fe Ww(100) s 2/2 -60

hé
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