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We have studied the adsorption of CO and H, on bimetallic Ag/Ru(1010) surfaces by means of
LEED, temperature-programmed thermal desorption (TPD), and work function (Ad®) measure-
ments. A systematic variation of the Ag-to-Ru surface atom ratio and the gas coverage reveals that
(i) the amount of strongly chemisorbed CO or H depends on the number of adjacent (Ag-free) Ru
atoms, whereby this ‘‘ensemble effect’’ is more pronounced for H than for CO adsorption; (i1) CO
and H dipole moments as well as initial heats of adsorption decrease with increasing Ag coverage:
(iii) additional (weakly bound) desorption states appear for larger CO and hydrogen exposures at
lower temperatures; and {iv) the long-range order of the CO phases persistsup to ©4, = 0.5, whereas
ordered hydrogen LEED structures disappear already after ©,, = 0.1. The influence of Ag on the
nature of the CO and H binding states and possibilities of hydrogen spillover from Ru to Ag sites
are discussed in terms of geometrical and electronic interactions and compared with recent results

reported for similar systems.

{. INTRODUCTION

The VIIIb group metals are generally con-
sidered catalytically very active materials.
In order to optimize the activity and/or se-
lectivity for certain reaction paths, it is at-
tractive to modify these metals with a sec-
ond (metallic) component which is often a
group I (alkali or noble) metal. Interest in
these bimetallic materials consisting of an
(active) transition and an (inert) noble metal
arose because of the peculiar activity/selec-
tivity behavior of these systems in hydroge-
nation/dehydrogenation and hydrogenolysis
reactions (/-5); a comprehensive review ar-
ticle by Campbell is recommended for fur-
ther information (6). Geometrical and elec-
tronic properties were invoked to account
for this behavior leading to the terms ensem-
ble effect and ligand effect (7). Typical hy-
drocarbon reactions can be classified with
regard to their site specificity: processes in-
volving C-C bond scission (e.g., hydro-
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genolysis reactions) usually consist of sev-
eral parallel or consecutive steps and,
hence, often require specific active surface
sites (‘*demanding’’ reactions). “'Facile™’ re-
actions, on the other hand, such as hydroge-
nation, dehydrogenation, or isomerization,
mostly require only one or two adjacent ac-
tive sites. In order to investigate this geo-
metrical effect it may be quite revealing to
use the group Ib metal as a diluent which
simply blocks active surface sites of the
transition metal (e.g., Ru) and to probe the
activity of the respective bimetallic surface
as a function of the group Ib metal concen-
tration for a given type of reaction, for ex-
ample, the hydrogenolysis of alkanes. Ex-
periments of this kind were performed for
various hydrocarbon reactions on Pt/Au (2)
and Ni/Cu surfaces (/, 7, 8).

However, besides these geometrical ac-
tions, electronic effects can have a great
influence as well. The electronegativity of a
given surface atom or ensemble of surface
atoms can easily be modified by coadsorp-
tion or incorporation of chemically different
atoms resulting in altered (often site-spe-
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cific, i.e., fairly localized) sticking probabili-
ties and/or chemisorptive binding energies.
Effects of this kind are quite common with
the strongly electropositive alkali metals,
whereas noble metals rather act via a mere
site-blocking. In most cases, however, geo-
metrical and electronic effects are difficult
to delineate because of their simultaneous
operation. The Cu/Pt system (3-5) may
serve as an example here. The hydrogeno-
lysis activity generally increases with cop-
per coverage whereby the role of Cu is two-
fold: It promotes C—H bond scission but also
acts as a hydrogen carrier via spillover. At
the same time, competing hydrogenation re-
actions are suppressed because of Cu’s site-
blocking function.

Most of the aforementioned model studies
were so far carried out either with polycrys-
talline materials or with crystallographically
“smooth™ low-index-single-crystal  sur-
faces. As far as Ag-covered Ru surfaces are
concerned, previous studies dealt mostly
with the isotropic basal Ru(0001) plane
(9-19). It appeared quite interesting to us to
perform the respective investigations also
with anisotropic transition metal surfaces
which can provide a whole variety of differ-
ent adsorption sites for both the predepos-
ited noble metal and the post-adsorbed re-
actants. Furthermore, due to the surface an-
isotropy, direction-dependent diffusion or
spillover processes are likely to occur. Ac-
cordingly, we have chosen the Ag/Ru(1010)
system here, because it seemed particularly
promising to us to separate electronic and
geometrical effects (ligand vs ensemble ef-
fect), to scrutinize its eventual H spillover
activity, and to compare the respective re-
sults with the well-known systems Au/
Ru(0001) (14, 15) Cu/Ru(0001) (/6-21), and
Ag/Ru(0001) (10-12). A separate report will
be published about the interaction of silver
with a Ru(1070) surface (22).

From previous studies (/0, /1) it is well
established that Ag and Ru are neither misci-
ble in the bulk nor in the surface, and Ag/
Ru bimetallic surfaces with well-defined
chemical composition and structure can eas-
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ily be prepared. As regards our choice of the
two probe gases CO and H., we recall that
these molecules are the essential reactants
in the Fischer-Tropsch reaction. Further-
more, they differ substantially in their ad-
sorptive behavior: CO adsorbs molecularly
and favors (at least on Ru) sites with a low
coordination (23), whereas hydrogen ad-
sorbs dissociatively on Ru and rather pre-
fers highly coordinated sites (24). Marked
differences exist also with respect to the
CO-Ru and H-Ru binding energies: Previ-
ous studies showed that CO adsorbs quite
strongly on pure Ru(1010) (25) leading to
pronounced binding states between 330 and
530 K. On Ag, CO adsorption is usually very
weak, the heats of adsorption being less than
40 kJ/mole (26). At 80 K the molecular ad-
sorption of H, on Ag is not possible (27, 28),
whereas previous measurements revealed
that H, adsorbs easily on Ru(1010) (24, 29,
30).

2. EXPERIMENTAL

The experiments were performed in an
all-stainless-steel UHV chamber equipped
with a 4-grid LEED optics, a cylindrical mir-
ror analyzer (CMA) with integral electron
gun for Auger electron spectroscopy (AES).
a quadrupol mass spectrometer for the
TPD experiments, a Kelvin probe for Ad
measurements, and a vibrational loss
(HREELS) electron spectrometer. More
details about the experimental techniques
and their modes of operation, as well as
about sample handling, preparation. and
cleaning, can be found elsewhere (24, 25).
Silver layers of desired thicknesses were
prepared using an electronically regulated
Ag evaporation source (3/); the Ru surface
was kept at a temperature of 735 K during
Ag deposition. The Ag coverages were de-
termined by taking the Ag TPD-peak inte-
grals as well as from Auger electron spectra
as described in more detail elsewhere (22).
Thereafter either the adsorption of CO or
that of hydrogen was studied, whereby the
sample temperature was sufficiently low-
ered (7T,, = 80 K) and the gas exposures
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increased (=50 L) in order to populate all
available adsorbate binding states including
chemisorbed and weakly held species, in
agreement with our previous studies (24,
25). However, in our measurements of the
ensemble requirements for chemisorption,
we had to ensure that only the chemisorbed
states became filled. Limitation of the hy-
drogen gas exposure to only 10 L. (instead
of saturation exposure) ruled out the influ-
ence of the weakly held adsorbate species
which is likely to adsorb in Ag-like sites
via spillover (cf., Section 4.2); similarly, by
choosing T,; = 300 K and only a 10-L expo-
sure during CO adsorption, we could sepa-
rate strongly chemisorbed from more
weakly adsorbed CO.

3. RESULTS
3.1. Ag on Ru(1010)

(Video)-LEED, AES, TPD, Ad® measure-
ments, and CO-adsorption at 300 K were
utilized to characterize the growth and
structure of the Ag overlayers. While a com-
prehensive report is given elsewhere (22)
we present only a brief summary here. Since
CO does not adsorb on Ag at 300 K but
casily does so on Ru, we could ‘‘titrate™’
the Ru surface atoms not covered by Ag by
means of CO. The respective measurements
revealed a clear island-growth mode of Ag
up to a coverage of @, = 0.6;interestingly.
a silver-induced ¢(2 x2) LEED pattern ap-
peared even at the smallest Ag coverages
indicative of attractive Ag—Ag interactions
and the formation of islands. A brief com-
ment concerning the definition of the cover-
age 0 may be useful here: We understand
© as a dimensionless fraction of the total

number of silver atoms adsorbed on top of

the Ru surface related to the number of rop-
most Ru surface atoms (= 8.638 x 10"
cm ~* for the (1010) orientation). As pointed
out elsewhere (22), a structural model for
the Ag c(2x2) can be deduced which de-
mands a homogeneous Ag coverage of 3.
However, if we take the desorption peak
integral prga't as a measure of the coverage
in the above sense, we overestimate the ac-
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tual surfuce coverage because of the pro-
nounced island growth and early 3D-cluster-
ing of Ag—actually, at the ¢(2x2) LEED
intensity maximum the surface is covered
only by =80% of the nominal coverage of
0.75. Therefore, the effective silver cover-
age 0,4, rratheris ~0.6 instead of 0.75.—1In
the thermal desorption experiments, we
find, below ©,, ~ 0.6, only a single
(B-)-state due to chemisorbed silver. In
AES, a plot of the signal ratio (Ag(351 eV)/
Ru(321 eV)) versus silver coverage also re-
veals a break around ©,, = 0.6. Likewise at
this coverage, a second (B,) desorption state
grows in on the low-temperature tail of the
B--state. and new LEED structures ((10 X
1) and c(14 x 5)) become visible in addition
to the still persisting c(2x2) structurc.
These features indicate the sudden onset of
three-dimensional Ag growth around 0, =
0.6, whereby however, as the CO titration
measurements show, there remain even al
0 ,,~ 5 still some uncovered Ru sites left.
The reason for this behavior must be sought
In a strong attractive interaction between
the Ag atoms leading to pronounced island
growth (which was reported previously (32,
33)). This, in turn, is responsible for a re-
duced mobility of those Ag atoms or nuclel
formed on top of a two-dimensional Ag is-
land. At a certain critical diameter of such
an island the three-dimensional growth is
energetically more favorable, resulting in a
modified Frank-van der Merwe growth
mode. the so-called Simultancous Mulu-
layer (SM) growth (34, 35).

3.2. Adsorption of CO on Ag/Ru

3.2.1. LEED measurements. On pure
Ru(1010) CO adsorption at 100 K gives rise
to the formation of six different ordered
phases (25}, namely, a (3 x l)at O, = 0.3:
ac(2 x B)at Oy = 0.45,anp(3 x 1)at B,
= 0.67,a(4 X 1)at Ocy = 0.75, anp(2 x
atOc, = [.0,and a(} ) structure at @
= 1.22. At sufficiently low adsorption tem-
peratures and small Ag precoverages (0,
< 0.4), all these LEED phases could be ob-
served also in the presence of silver,
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whereby increasing ©,, caused, however,
increasing background intensity due to par-
tial random disorder. No additional CO
structures could be observed, even not with
a filled y,-state. As the CO-covered Ru/Ag
surfaces are gently heated to ~200 K, the
first three ordered phases disappear, while
the np(2 x 1) is stable up to 250 K. Interest-
ingly, the complex compression structure
remains visible even at room temperature,
a behavior that was observed also with the
clean CO/Ru(1010) system. It was particu-
larly interesting to investigate the coexis-
tence of the Ag-induced c(2 x 2) and the
CO-induced compression structure; actu-
ally this CO structure could be observed up
to ®,, = 0.48, where the Ag-c(2 x 2) LEED
pattern is already very well developed. In
principle, one could argue that the CO ad-
sorbs in empty Ru sites within the
c(2 x 2) unit cell; however, this would cor-
respond to kind of a cooperative adsorption
and should lead to a superposition of scatter-
ing contributions within an Ag ¢(2 X 2) unit
cell and, hence, alter the scattering ampli-
tudes resulting in new LEED features which
are not observed. Instead, we find coexis-
tence of both spot systems, indicating a su-
perposition of individual scattering intensi-
ties. This is compatible with the formation
of separate Ag and CO-on-Ru islands whose
diameter is larger than the coherence width
of the LEED beam, i.e., > 100 . . . 200 A.
This is strong evidence for silver clustering
in islands as pointed out before, whereby
at least at room temperature the CO only
adsorbs on those Ru patches which are not
or only little influenced by Ag.

3.2.2. Temperature-programmed desorp-
tion spectroscopy. Both the clean and the
partially Ag-covered (0, = 0.49) Ru(1010)
surface were exposed at 7,, = 300 K to
increasing amounts of CO (exposure in [L];
1{L] = 1.332 x 10 ¥Pas]) and then linearly
heated with a rate 8 of 10 K s !. Figures
la and Ib show the corresponding series of
TPD spectra for the pure Ru(1010) (a) and
the bimetallic Ag/Ru(1010) surface (b). Ap-
parently, the CO TPD spectra obtained from
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the bimetallic surface are quite similar to
those from the clean Ru(1010) surface. All
desorption states characteristic for clean
Ru(1010), namely, a first-order 8;-state with
T..x between 500 and 520 K, a B,-peak
around 400 K, and a B,-state at 380 K (25),
can also be distinguished in the Ag/Ru(1010)
surface spectra. It is noteworthy that there
is no specific CO TPD state due to the bime-
tallic surface under these conditions. The
only difference consists in a slight shift of
the desorption maximum and the relative
intensity of the §;-state: As compared with
the B,- and B,-states, B, is relatively more
suppressed for the bimetallic surfaces (actu-
ally, the respective loss of intensity in-
creases with 04,); furthermore, we observe
a shift of the 8, desorption temperature max-
imum from ~520 K to ~480 K.—However,
if we adsorb CO at 100 K instead of 300 K,
an additional CO TPD peak characteristic
of the bimetallic surface, the y-state, grows
in at temperatures between 340 and 380 K;
its intensity as well as its maximum position
depends strongly on the CO exposure. Fig-
ure 2 shows an example for @, = 0.4. Inter-
estingly, the y-maximum is, within certain
limits, independent of the Ag precoverage,
at least up to ©,, = 0.6, that is, as long as
there occurs predominantly two-dimen-
sional growth. Also quite remarkable is that
the y-state could never be observed in our
room temperature adsorption measure-
ments, although its maximum temperature
appears ~60 K above room temperature.
Apparently, the sticking probability into this
y-state is strongly temperature-dependent
and does not allow its population at 300
K.—All other TPD states described above
for the room temperature adsorption persist
and do not exhibit noticeable changes, nei-
ther in their peak temperature position nor
inintensity. For higher silver coverages and
saturation CO exposures, however, the y
intensity gradually decreases and disap-
pears around @4, = 1.5, whereby at this
high Ag coverage all CO TD states are
blurred and no longer really distinguishable.

In order to quantify the influence of the
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FiG. 1. Series of thermal desorption spectra of CO from clean Ru(1010) {a) and from a bimetallic Ag/
Ru surface (@4, = 0.49) (b) after increasing exposures (0.4, ... 6 L) at Ty = 300 K. The heating rate
was always 8 = 10 K s~'. The CO partial pressure scale is biown up in (b).

silver on the CO adsorption we have per-
formed desorption experiments where bi-
metallic surfaces with increasing silver sur-
face concentration (0.07 = 04, = 0.95) were
exposed to a constant dose of 10 L CO. The
result is shown in Fig. 3a and confirms the
statement made before, whereafter the (3,
CO TPD-state is more affected by Ag than
the .- and B,- states. We have also ex-
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FiG. 2. Thermal desorption spectrum of CO from Ag/
Ru (0,, = 0.40) after CO exposures up to 50 L at 100
K. Note the appearance of a new y-state around ~370
K for exposures greater than 3 L.

tended these 10-L CO adsorption experi-
ments up to asilver precoverage of five nom-
inal layers. We recall that a CO exposure of
10 L on clean Ru(1010) was more than suffi-
cient to fill all CO chemisorption states; in
case of the bimetallic surfaces at least all
strongly bound CO species should be in-
cluded. (In order to also map the weakly
held CO the respective saturation exposure
would have to be applied). Accordingly, the
respective CO-TPD spectra from the bime-
tallic surfaces then reveal another valuable
information, namely, the total uptake of
strongly held CO as a function of ©,,: In
Fig. 3b we have plotted the total area [ pcqdt
under a CO-TPD curve against @ ,,. and the
respective graph shows quite clearly a rela-
tively strong suppression of the amount of
adsorbed CO with increasing silver cover-
age as long as ®,, < 1. As mentioned in
the beginning, there is then only a slight
decrease of [pcodt in the range 2 < @,, =
S, thus pointing to a relatively constant num-
ber of still accessible Ru surface atoms in
this coverage regime and indicating certain
“*holes’’ in the silver film on top of the Ru
surface. It is essential in these experiments
to carefully consider eventual desorptive
contributions from sample holder and crys-
tal edges. We have, therefore, performed
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FiG. 3. (a) Series of CO thermal desorption spectra from bimetallic Ag/Ru surfaces (0.07 < @,, < 0.95)
after a constant exposure of 10 L at 300 K. (b) Plot of the 10 L. CO uptake [pdt after room temperature
adsorption (as determined from TPD spectra) as a function of the silver coverage (6),,).

blank experiments with a completely carbon
(sulfur) contaminated sample which re-
vealed absolutely no CO or hydrogen up-
take. Since the sputter-cleaning only affects
the front face of the Ru crystal, we consider
the aforementioned gas uptake at elevated
Ag coverages not as an artifact.

A problem encountered at this part of our
work is the determination of absolute ad-
sorbate (CO, H) coverages. The ©)-cali-
bration is closely tied to the absolute CO
coverage of the bare Ru(1010) surface.
where 0, was found to be 1.22 giving rise
to a (} ")) compression structure; the clear
(2 x 1)p2mg LEED structure which occurs
at somewhat lower coverages could be un-
equivocally associated with G¢, = 1 (25).
Since we find, for 7,y = 300 K, all character-
istic CO surface binding states also on the
bimetallic surfaces (at least up to @,, =
0.5), we may define a local CO coverage
which refers to CO adsorbed on the uncov-
ered (i.e., Ag-free) Ru surface patches. This
local CO coverage then is (within certain
limits) independent of the silver coverage,
whereas the overall CO coverage (related
to the entire bimetallic surface), does, of
course, depend on the Ag coverage, and
0 ,, must be known in order to deduce the
overall absolute CO coverage from the
known local CO coverage. Somewhat more

difficult is the situation at 7, = 100 K,
where the additional CO y-state comes into
play which likely reflects CO bound in low-
energy surface sites that are only present at
higher Ag surface concentrations.

Finally, one can determine effective acti-
vation energies for CO desorption from
the bimetallic Ag/Ru surfaces and com-
pare them with those obtained from bare
Ru(1010). For the respective evaluation, we
have chosen the lineshape analysis as pro-
posed by King (36) which does not a priori
assume coverage-independent activation
energies or frequency factors. We present,
in Fig. 4. as an example, the coverage de-
pendence of the CO activation energy for
desorption, based on our TPD data mea-
suredat 0 ,, = 0.4, along with the respective
data for the Ag-free Ru(1010) surface. At
small CO coverages AE¥, (which equals, for
this case of nonactivated molecular desorp-
tion, the CO-substrate binding energy) tends
toward 110 kJ/mol, but increases with
Oco 0 by some 10 kJ/mol until the B;-state
is filled around ©., = 0.3, before it drops
continuously to a level of ~90 kJ/mol at CO
saturation. A comparison with the *‘bare”’
Ru/CO data (open circles) reveals a rela-
tively similar curve shape, whereby, how-
ever, the energies of the “‘bare’ system
generally exceed those of the bimetallic
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FiG. 4. Coverage dependence of the activation en-
ergy for desorption of CO from a bimetallic Ag/
Ru(1010) surface containing 6,, = 0.40 (dark circles).
and from clean Ru(1010) (open circles), as determined
from a lineshape analysis after King (36).

system by ~40 kJ/mol. Also, the maximum
in the adsorption energy associated with the
saturation of the pB;-state is somewhat
shifted to higher CO coverages. Turning to
the overall ©,, effect, we encounter even at
the smallest silver precoverages a relatively
marked decrease of the CO adsorption en-
ergy. which we found already with the
0,, = 0.4 example above. Higher O, pre-
coverages show this effect even more dis-
tinctly: at ©,, = 0.95 the CO adsorption
energy at saturation amounts to merely 80
kJ/mol. The desorption energy of the y-state
(whose maximum does not shift with the CO
coverage) can be estimated on the basis of
the simple first-order analysis according to
Redhead (37) using the formula

T
Ej. = RT,,, (-—V Bm"‘ - 3.64). (1)

with: v = frequency factor (usually taken as
10 s "yand 8 = dT/dr = heating rate (=10
K/s in this case).

We thus determine the activation energy
for CO desorption from the y-state to be less
than 90 kJ/mol, a value which is consider-
ably smaller than the usual CO chemisorp-
tion energies of ~130 kJ/mol.

As another point of interest, we bniefly
consider the CO adsorption kiretics which
was followed by TPD (and Ad) measure-
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ments. While absolute sticking probabilities
are difficult to determine with sufficient ac-
curacy, relative quantities are more easily
evaluated simply by comparing the TPD
peak area fpcodt for given CO exposures
with the saturation spectrum. In Fig. 5 we
present two examples for the coverage de-
pendence of the relative sticking probability
sls, taken for ®,, = 0.18 and T, = 300 K
(Fig. 5a) and for ©,, = 0.32and 7,,, = 100 K
(Fig. 5b). In both cases we find a practically
constant sticking coefficient up to a CO cov-
erage of ~0.8 . . . 0.9, quite comparable to
the clean Ru(1010) surface (25), with a
strong decrease to zero at &¢, = 1.2 for the
room-temperature adsorption and a much
more gradual decay to zero at O, = 1.5 for
the low-temperature adsorption case,
caused by the additional population of the y-
state. An estimation of the absolute sticking
probability based on our CO coverage cali-
bration reveals that s, is very likely close to
unity, as with the clean Ru surface. All in
all, the coverage dependence of s on the
bimetallic surfaces resembles very much
that of the Ag-free Ru(1010) surface; the
constant initial sticking coefficient points to
a pronounced precursor state adsorption ki-
netics (38), which apparently is hardly af-
fected by the presence of the silver at least
as long as there are *free”” Ru patches ac-
cessible.

3.2.3. Work function (Ad) measure-
ments. CO adsorption on clean Ru(1010) at
100 K leads to a monotonous work function
increase of ~1130 meV at saturation, where
all B8 adsorption states are filled (25). In the
presence of silver we expect a somewhat
different A® behavior due to (i) changes in
the amount of adsorbed CO and (i1) alter-
ations of the Ru electronic band structure
induced by Ag which may affect the CO
binding mechanism to some extent. This, in
turn, could be reflected as changes of the
CO-Ru dipole moment. The existence of the
y-state at low enough adsorption tempera-
tures could be taken as a hint to such a
differently bonded CO species. In Fig. 6a
we display, for a variety of Ag precover-
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FiG. S. Coverage dependence of the relative sticking probability s’ = s/s, for CO on bimetallic Ag/Ru
surfaces: (a) Silver coverage ®,, = 0.18, adsorption temperature 300 K. (b) Silver coverage 0,, =

0.32, adsorption temperature 100 K.

ages, the exposure dependence of the CO-
induced work function change. Quite
clearly, the A® saturation values decrease
in proportion to 0,,. At ©,, = 0.56, for
example, A® amounts to merely 200 meV.
The results of various experiments are com-
piled in Fig. 6b which reveals an almost lin-
ear relationship between the Ad®-drop and
0,4, In order to determine the CO dipole
moments we must first consider how much
the CO uptake is reduced by Ag; this infor-
mation can easily be obtained from TPD
measurements; cf. Fig. 2. Accordingly, we
have, in Fig. 7, plotted the CO-induced Ad
versus the effective CO coverage for two
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different silver coverages, viz., @,; = 0.08
and 0.22, along with the data for clean Ru.
If we take the initial slope as a measure
for the initial dipole moment u, and neglect
depotlarization effects, we can easily deduce
values for u, according to the simple Helm-
holtz equation,

__ AP
Ho 47 Oo .~

with f* = l/4me, (g, = vacuum permittiv-
ity), and o,,, = dipoles/unit area.

While for clean Ru(1010) g, is ~0.34 De-
bye (1 [D} = 3.33 = 107" [As]), we have
for ©,, = 0.08 a u, of 0.22, for ®,, = 0.22

(2)

N

0
Sllver Loveraue 1 -

F1G. 6. Exposure dependence of the work function change due to CO at 300 K. (a) Compilation for
various Ag coverages (0 < 0,4, < 0.45). (b) Plot of the saturation value A, against the silver coverage.
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F1G. 7. CO-induced work function change A as a
function of CO coverage. for clean Ru(1010) and @,
= 0.08 and 0.22 at T = 300 K.

a u, of 0.14, and for ®,, = 0.45 a yu, of
0.12, which means areduction of the Ag-free
value by almost two-thirds. This net loss of
o could either come about by a mixing-
in of adsorbate complexes with a different
(low) constant dipole moment u, to dipoles
with unchanged w, or by a general overall
decrease of all dipole moments (u). Unfor-
tunately, we cannot distinguish between
these possibilities, because the Ad measure-
ment (performed via the Kelvin vibrating
capacitor method) integrates and averages
over all dipole moments present on the sur-
face at a given CO coverage. Nevertheless
it is safe to assume that with increasing ©,,
more CO dipole moments become reduced,
owing to a specific electronic interaction be-
tween Ag and Ru. This interaction could
either lead to a modification of existing Ru-
like sites and/or to the generation of new
sites (with a more Ag-like character) on
which the CO binding (as described by the
well-known Blyholder chemisorption model
(39)) occurs with a smaller electron backdo-
nation thus reducing the net dipole moment.
This latter explanation is perhaps corrobo-
rated by the observation of the TPD vy-state
mentioned before, but a final decision here
would require UV photoemission measure-
ments in order to map the possibly different
CO orbital energies. As will be shown next,
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even HREELS experiments are unable to
clearly delineate different CO species (or
CO adsorption sites).

3.2.4. High-resolution electron energy
loss spectroscopy (HREELS). HREEL
spectra of adsorbed carbon monoxide were
recorded at 100 K for different Ag precover-
ages; the scattering geometry was chosen so
as to probe preferentially dipole scattering
(specular geometry). In a previous publica-
tion (25) we determined the CO-induced vi-
brational losses as vg, o = 440 cm ™, ve_o
at 2000 cm ™! (on-top coordination), and v¢_q
= 1810 cm~! (higher coordination at ele-
vated coverages). On the bimetallic surfaces
we observed practically the same loss fre-
quencies and also a similar CO coverage
dependence, namely, a slight red shift of the
Ru~CO vibration (Ay =~ —15-20 cm ") and
a somewhat larger blue shift of vq_, (Av =
60-70 cm ™) as O saturates. In Fig. 8a we
reproduce a set of typical loss spectra for
0, = 0.17, obtained after three different
CO exposures. Furthermore, we realize the
complete absence of additional CO losses
due to silver, even under conditions where
the new v thermal desorption state appears
(cf., Fig. 2). As far as the influence of the
silver precoverage is concerned we find, ac-
cording to Fig. 8b, a significant red shift of
Vruco (Av = —70 cm ') and a (somewhat
smaller) blue shift of ve_o(Ave_o=25cm 1),
indicating some influence of the Ag on the
binding force constants. Within the limits of
accuracy we do not observe any substantial
loss peak broadening, which could point to
the occupation of energetically inhomoge-
neous adsorption sites as provided by differ-
ently Ag-covered or coordinated ruthenium
atoms in the presence of silver.

3.3. Adsorption of hydrogen on Ag/Ru

3.3.1. LEED measurements. The interac-
tion of hydrogen with pure Ru(1070) was
studied extensively in the past (24), and it
1s well established that H, adsorbs dissocia-
tively without noticeable activation barrier
in several different binding states. A variety
of ordered H LEED phases were observed:
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Fic. 8. HREEL spectra for CO on Ag/Ru (9,, = 0.17) for three different CO exposures at T,y = 100
K: 0.5 L. S L, 100 L. (b) Frequency shifts of the v¢_y and vy._co-bands as a function of the silver
precoverage (0 < B4, < [.2): T,y = 100 K. In all measurements CO was exposed to saturation.

A dim c(8 x 2) structure around 05 = 1
was followed by a (1 x 2) phase (0 = 1.2)
and a relatively intense c(2 X 2) structure
at @y = 1.5, before all “*extra’’ spots disap-
peared as the coverage approached &, = 2.
Low temperatures (T,;, = 150 K) are re-
quired to establish the long-range order
within the H phases; even small amounts of
contaminants suppress the order com-
pletely. In contrast to CO adsorption, where
the presence of silver atoms up to ®,, = 0.5
did not affect the long-range order vigor-
ously, even tiny amounts of Ag make all H-
induced ‘‘extra’ spots disappear, although
the H atoms are still present on the surface
as deduced from TPD measurements.
Whether or not this structural change is ac-
companied by an increase of the diffuse
background intensity due to disordered hy-
drogen cannot be said with certainty, be-
cause the partially disordered silver atoms
themselves contribute already to the diffuse
background and hydrogen is a very weak
electron scatterer.

3.3.2. Temperature-programmed desorp-
tion spectroscopy. The clean and the par-
tially Ag-covered Ru(1010) surfaces were
exposed to hydrogen at T, = 80 K, because
it was found in a previous study (24) that

hydrogen saturation (i.e., @y = 2) requires
fairly low adsorption temperatures. The re-
sults are compiled in Figs. 9a (clean surface)
and 9b (bimetallic surface, ®,, = 0.49). All
four TPD states («, 8, — ;) observed with
clean Ru(1010) are also seen with the bime-
tallic surface. Similar to CO desorption (cf.,
sect. 3.2.2) it is the high-temperature B;-
state that loses intensity relative to all other
states. Upto 0, = 0.5, no additional hydro-
gen-induced TPD maxima appear in the
spectra; however, for ©,, = 0.5 and large
H, exposures at 80 K (30 L. and more) two
additional hydrogen desorption states de-
noated as vy, and vy, develop on the low-
temperature tail of the a-state at 139 and 170
K. This is illustrated in Fig. 10 for ©,, =
0.60. Up to ©,, = 0.80 we find increasing
population of the y-states; still higher pre-
coverages degrade the amount of y-hydro-
gen, until at ®,, > 1 it disappears com-
pletely. We note that the intensity especially
of the y,-state depends strongly on the de-
gree of lateral dispersion of the silver: v, is
small, if hydrogen is adsorbed on bimetallic
surfaces partially covered with well-ordered
Ag islands (careful annealing after deposi-
tion of Ag — intense ¢(2 x 2) LEED pat-
tern), but it is quite large, if H, is exposed to
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F1G. 9. Hydrogen thermal desorption spectra obtained from clean (a) and Ag-covered Ru(1010). Oq,
= (.49 (b) after increasing H, exposures at 100 K ranging from 0.06 to ~10 L.

Ru surfaces which are rather covered with
largely dispersed Ag atoms or small auclei
(Ag deposition at 80 K without annealing —
very dim ¢(2 X 2) + intense LEED back-
ground). This behavior suggests that the y-
states are dominated by silver-like sites. We
have performed H, adsorption experiments,
where we exposed bimetallic surfaces (0.12
< 0,, < 1.1) to the constant hydrogen dose

00 2 300 200 500
tempercture T{K] - -

Fi1G. 10. Hydrogen desorption spectra taken from
Ag/Ru (Q,, = 0.60) after exposure at 100 K to 10, 25,
and 35 L. H, gas. Note the occurrence of the two y-
states!

of 10 L and took TPD spectra in order to
compare the intensity and desorption max-
ima as a function of the Ag coverage. We
recall that—similar to the CO case—with
clean Ru(1010) 10 L H, was more than suffi-
cient to saturate all H binding states; on the
bimetallic surfaces, as pointed out before,
10 L is sufficient to fill just all «- and 8-
states, but not to also populate the (very
weakly held) y-states, which are apparently
characterized by an extremely low sticking
probability. Hence, the exposure of 10 L
is suited to delineate strongly and weakly
adsorbed hydrogen, which is important in
the context of the ensemble size determina-
tion discussed later. The corresponding ex-
perimental desorption spectra are repro-
duced in Fig. 11a and show two effects quite
clearly: (i) All TPD states shift to lower tem-
peratures (AT = 40-50 K) and (ii) the peak
separation becomes increasingly worse as
0,, increases; at @,, = 1.1 there remains
only a single extremely broad desorption
feature pointing to a strong energetic hetero-
geneity of the hydrogen adsorption sites.
We have integrated the total area of these
spectra and plotted it as a function of the
silver coverage; the result is shown in Fig.
11b. Somewhat similar to the CO case (cf.,
Fig. 3b), we find a strong initial decrease
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between 0 < 0,, < 0.2 and a much shallower
decay for ©,, > 0.5; again, even at 04, =
1.5 there is still a nonnegligible H adsorption
capacity which points to the aforementioned
“hole’” structure of the silver film on top
of the Ru surface. In contrast to the CO
adsorption, however, this additional ad-
sorption capacity is relatively small. One
can argue that the bare Ru islands must be
somewhat larger than in the CO case in or-
der to bond H atoms with sufficient adsorp-
tion energy.

If we attempt to evaluate absolute hydro-
gen coverages we may proceed in a similar
manner as we did with the CO coverage
calibration. On clean Ru(1010) the well-de-
veloped ¢(2 x 2) LEED pattern could be
associated with @y = 1.5; under these con-
ditions, the pB,-state was approximately
filled, while the completion of the a-state
paralleled the saturation of the surface with
hydrogen, i.e., indicated & = 2 (24). Un-
fortunately, we can no longer observe H
LEED patterns in the presence of Ag; this
makes a determination of absolute H cov-
erages difficult and inaccurate—the only
means to judge the (local) coverage is to
carefully consider the appearance of the var-
ious H TPD states and correlate their inten-

sity with the respective surface concen-
tration.

Concerning the activation energies for hy-
drogen desorption from the bimetallic sur-
faces we note that the TPD maxima are, if
at all, only slightly shifted to lower tempera-
tures compared with the clean Ru(1010)
case, whereby the largest effect is observed
with the high-temperature B,-state. Again,
we have subjected the series of TPD spectra
to a lineshape analysis; however, this
method is unable to give reliable results for
any other than the 3;-state because of the
significant overlap of the other maxima. The
result for s is illustrated by Fig. 12 which
shows the coverage dependence of the acti-
vation energy for H, desorption determined
for a bimetallic surface with ©,, = 0.2. We
evaluate an initial energy of ~73 kJ/mol
which drops to ~50 kJ/mol around &, =
0.5. A similar behavior was found with the
bare Ru(1010) surface (24): the respective
E}. (O function is also marked in Fig. 12.
For this example of @,, = 0.2, E},, is re-
duced on the average by ~12 kJ/mol; if we
increase 0,4, to 0.8, this reduction amounts
to ~20 kJ/mol. An estimation of the desorp-
tion energies for the other H desorption
states can again be tried on the basis of the
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F1G. 12. Activation energy for H. desorption from a
bimetallic Ag/Ru surface (04, = 0.2, full line) as a
function of H coverage, obtained from a line-shape
analysis according to King (36). Also displayed is the
corresponding function for the Ag-free. clean Ru(1010)
surface (dashed line).

simple Redhead formula, cf. Eq. (1),
whereby approximate lIst-order rate pro-
cesses are assumed (37). A first-order Kinet-
ics is justified, because, as Fig. 10 shows,
the TPD maxima of the 8,- and 8,- and the a-
states do only slightly shift with H coverage.
Apparently, the H, desorption from these
states occurs associatively where the re-
combination of individual H atoms is no
longer rate-determining. Another remark-
able result is that neither the 8,-, nor the 8-
and the o-state are significantly shifted as
the silver coverage 0 ,, is increased from 0
to 0.8. Again, we obtain from a Redhead
analysis (Eq. (1)) approximate desorption
energies of 35 and 43 kJ/mol, for the y, and
y,-states, respectively.

Similar to the CO case, the TPD spectra
and their exposure dependence allow con-
clusions about the adsorption kinetics of hy-
drogen. Although we encounter an even
larger uncertainty as regards absolute num-
bers for @, and the sticking probability s we
present, in Fig. 13, a plot of the relative
sticking coefficient s’ = s/s, versus the hy-
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drogen coverage for a bimetallic surface
which contains ©,, = 0.48. Note that for
this Ag coverage any contribution of y-
states is not included. The remarkable result
is that s’ is practically constant up to a hy-
drogen coverage of approximately one
monolayer, i.e., @ = 1, quite similar to the
clean Ru(1010) case. We may interpret this
finding accordingly, namely, that the H ad-
sorption is also on the bimetallic surfaces
governed by a molecular hydrogen precur-
sor state which can, during its search for
appropriate chemisorption conditions, dif-
fuse over a fairly large surface area.

3.3.3. Work function (A®D) measure-
ments. Figure 14 presents an idea of how
the change of the H-induced work function
of bimetallic Ag/Ru surfaces is affected by
the silver coverage. Figure 14a shows the
exposure dependence of A®, whereas in
Fig. 14b A® is plotted against the actual H
coverage (as determined from TPD). While
H adsorption on clean Ru(1010) exhibits a
relatively complicated exposure depen-
dence which is characterized by a sharp ini-
tial increase to ~430 meV, a pronounced
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F1G. 13. Plot of the relative hydrogen sticking proba-
bility s’ = s/s, against the hydrogen coverage, for a
bimetallic surface containing ©,, = 0.48: 7,y = 100 K.
Note the practically constant sticking up to 4 = 1!
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FiG. 14. (a) Exposure dependence of the H-induced work function change Ad at T,, = 100 K. for the
clean and five bimetallic Ag/Ru surfaces with ©,, ranging from 0.18 t0 0.53. (b) Hydrogen-induced Ad
versus the H coverage (T,y = 100 K), for clean Ru(1010) and two bimetallic surfaces with different
silver coverages (0,, = 0.15 and 0.45, respectively).

first maximum, a second shallower interme-
diate maximum of ~400 meV, and a satura-
tion value of 350 meV (24), the presence of
Ag results in a general decrease of Ad and
a blurring of all maxima and minima; consis-
tent with the disappearance of the sharp sep-
aration of the individual H-Ru binding
states. In the A®(®y) plot there appears
only a single maximum around &, = 1. Fur-
thermore, the initial slope (0AD/90) de-
creases with increasing Ag surface concen-
tration, pointing to a reduction of the
average H-dipole moment due to silver. As
in the CO case this average reduction can
be either a general reduction of all H dipoles
caused by Ag or represent a superposition
of two kinds of adsorbate complexes: One
unchanged (Ru-like) species with the origi-
nal dipole moment u, and one with a smaller
charge transfer (dipole moment w;) which
perhaps indicates H bound in Ag-like sites.
From Eq. (2) we determine net dipole mo-
ments ranging from u, = 0.12 D for ©,, =
0to w, = 0.06 for ®,, = 0.45. The y-states,
by the way, do not contribute significantly
to the overall work function change, thus
pointing to quite a small associated charge
transfer.

4. DISCUSSION

In this discussion section we undertake
the attempt to directly compare the results

obtained for carbon monoxide and hydrogen
adsorption on the bimetallic surfaces and to
establish, if possible, a correlation between
the physical properties of the bimetallic Ag/
Ru system and the adsorptive behavior of
our probe gases. We recall that the catalytic
activity of any bimetallic system, be it an
alloy or be it an inhomogeneous mixture
of metals, is largely governed by both the
geometrical structure and the charge distri-
bution at the surface (= electronic struc-
ture), whereby local and long-range effects
must be considered. From a more general
point of view, all these phenomena can be
discussed in terms of the (i) the ensemble
effect, (ii) the ligand effect, and (iii) spillover
activities.

4.1. The Ensemble Effect

As mentioned in the introduction, the en-
semble effect deserves particular attention.
Whether or not a certain ensemble is re-
quired to make CO or H adsorb on a surface
consisting of an active (Ru) and an inert
(Ag) species can be tackled by means of a
titration technique, according to studies by
Burton et al. (40, 41) and by Yu et al. (42)
first performed with Au-Ni and Cu-Ni
alloys, respectively. This technique is based
on the validity of a linear logarithmic rela-
tionship (slope n) between the number of
active ensembles (consisting of n adjacent
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active atoms of kind A) and the mole frac-
tion (surface concentration) of this active
component, whereby a statistical distribu-
tion of the active and inactive (B) species
is assumed. The number of ensembles is
thereby taken as proportional to the total
uptake of adsorbate (as determined from
TPD experiments [pco(py,)dt) on the re-
spective bimetallic surface:

in <fp,.dz) =n-InX,=n-In(l - Xp)
3)

(A — Ru; B— Ag;i— CO or H, in our
case). It should be noted here that this kind
of ensemble size determination has been fre-
quently used in the past and is well estab-
lished (15, 16, 40-43); evidently, it requires
the knowledge of the exact surface coverage
of silver ©,, which could, for strictly two-
dimensional growth, be estimated from sil-
ver TPD data. Another problem represents
the lateral distribution of the inert compo-
nent on the active surface, which is, ac-
cording to Section 3.1, for Ag on Ru rather
island-like than statistical. In this situation
Eq. (3) sets a lower limit of the ensemble
size n, for the following reason: Consider a
given number of inert atoms B being ran-
domly distributed over the surface con-
sisting of atoms of kind A. It is easily seen
that this random distribution destroys the
maximum number of ensembles A. How-
ever, if there are clusters of B, far fewer A
ensembles are perturbed. Turning this argu-
ment around, it is obvious that a given de-
crease in the uptake of adsorbate reflects a
particularly significant ensemble effect, if
the diluent component is concentrated in
islands (in which case only the few B atoms
not in contact with a large B island are re-
sponsible for the overall ensemble effect).
If, on the other hand, the measured decrease
in the uptake refers to all B atoms deposited
(which presumes their statistical distribu-
tion) the related ensemble size is minimum.
In view of our ensemble size determination
using Eq. (3) we have, therefore, to be aware
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that we obtain only a lower limit for n, and
the actual ensemble size may be signifi-
cantly larger. This uncertainty in the deter-
mination of n due to clustering of the noble
metal is also well known (44-49). We have,
in the double-logarithmic representation of
Fig. 15, plotted the uptake of CO and H,,
respectively, against the ‘‘free’” Ru surface
concentration as determined by subtraction
according to 1 — 0,,. Actually, due to the
smallness of the H atom, a Ru(1010) surface
can accommodate rwo H atoms in the first
layer, which fact must be considered when
we determine H ensemble sizes in that we
derive the free Ru surface concentration by
subtraction of 2(1 — @,,). Figure 15a shows
the results for the CO, Fig. 15b those for the
H adsorption case; both times one can draw
approximate straight lines whose slopes
yield n = 1 for CO adsorption and n = 3.7
(—4) for dissociative hydrogen adsorption,
This result, whereafter a single-site ensem-
ble is sufficient for CO binding, but approxi-
mately a four-site ensemble for H adsorp-
tion, is in line with previous reports (/5, 43,
44). For CO this simply means a 1:1 site-
blocking ratio, also compatible with a termi-
nal CO binding geometry. Our HREELS
data show that no principally new adsorp-
tion site is occupied by COj; rather we pre-
sume kind of an electronic modification of
those Ru sites which have one or two neigh-
boring Ag atoms, resulting in a slight effect
on both the C-0 and the Ru-CO stretching
frequency which is roughly proportional to
the number of adjacent Ru~Ag sites. We
discuss this situation in somewhat more de-
tail in Section 4.3 (ligand effect). The ob-
served features are different from CO ad-
sorbed onto bimetallic Cu/Ru(0001)
surfaces, where also ‘*mixed’’ adsorption
sites were occupied (43), and they differ
also from recent results reported for Cu-
covered Ni(111) surfaces where a new
mixed Cu-Ni bridge site was found to be
filled at the cost of Ni—-CO top-site species
(50).

In the H case our result means that a given
ensemble of four atoms must exclusively



626

it “‘IH“BAQ)
2 a5 1 s 0

06

-08

-1

LENZ AND CHRISTMANN

@) [p

08—
04 02 0 97 04
n(2-28,y) — =

F1G. 15. Double-logarithmic plot of the adsorbed amount at saturation and the *‘free,” that is to say
nncovered by Ag. Ru surface area (which is assumed proportional to the surface Ru mole fraction,
Xry)- (a) Plot for carbon monoxide (0, = 1); slope = 1. (b) Plot for hydrogen (0, = 2): slope =~ 3.7.

consist of Ru atoms to make the hydrogen
adsorb with its characteristic binding energy
E,q: if only a single Ag atom is mixed in, £
is so much reduced that at and above ~100
K no adsorption can take place anymore.
However, it is thereby still an unresolved
question whether the ensemble is necessary
to bind H atoms sufficiently strongly, or to
dissociate the impinging H, molecules. In
both cases quantum-chemical arguments
can be invoked: The “*binding ensemble”
can be explained in terms of indirect lateral
interactions operating between adjacent H
atoms and being conducted through the
metal atoms underneath (57, 52). The “*dis-
sociation ensemble’ may be a consequence
of a dynamic gas—surface interaction and a
concerted operation between the flat-lying
H, molecule and adjacent Ru atoms forming
a trapezoidal arrangement whereby the
H-H intramolecular bond is transformed in
a one-step process into two Ru-H bonds.
Only an ensemble of a given size and geome-
try may provide the necessary interaction-
complex geometry (53, 54). Note that there
are also implications with regard to the kind
of H-metal chemical interaction: Theories
correlate the presence of an activation bar-
rier for H, adsorption on noble metals and

the absence of this barrier on transition met-
als with the role of filled or empty d-electron
states in the dissociation process—only
transition metals can provide an ‘‘escape
route’’ to avoid Pauli repulsion and cleave
the H-H bond (55, 56). The binding to the
surface, however, comes about by H s in-
teraction with the sp electrons of the metal;
accordingly, the binding-energy differences
between H-noble-metal and H—transition-
metal complexes are predicted to be not
very significant (57).

4.2. Hydrogen Spillover

Then, if the dissociation ensemble is the
limiting factor for the H, uptake one could
expect H spillover (58) to take place: Since
there is no great difference in the adsorptive
bond strength for H on a Ru-like or an Ag-
like site, it could be possible for H atoms
once they are formed on a Ru ensemble, to
migrate to Ag sites and become adsorbed
there, too. As long as there exist sufficient
Ru ensembles for dissociation all Ag and Ag-
like sites could become populated as well as
Ru-like sites, and a rapid decrease of the
hydrogen uptake f pudt (which is actually
observed) already at small overall Ag cover-
ages is not expected. Therefore, a spillover



ADSORPTION OF CO AND H, ON BIMETALLIC Ag/Ru(1010) SURFACES

effect of this kind appears less likely. On the
other hand, if the binding-energy differences
between Ru-like and Ag-like sites are sig-
nificant, one may identify the Ag-induced
y-TPD peaks as ‘‘spillover’’ states which
become increasingly filled only at higher H,
exposures and sufficiently low temperatures
and only, after all high-energy (Ru-like)
binding sites are occupied. However, it
must be assumed that despite their occupa-
tion by H atoms these sites still remain ac-
tive with respect to H, dissociation thus pro-
viding a source of supply for H atoms to spill
over to Ag-like sites. As the silver coverage
increases beyond a certain limit both the
size and the number of these Ru *‘dissocia-
tion centers’’ are so much reduced that this
H supply is no longer sufficient to populate
the y-states. In view of our experimental
observations this latter explanation seems
plausible, although we cannot offer any fur-
ther characterization of the nature of the
**Ag-like’ sites (for technical reasons we
could not perform HREELS measurements
with the H-covered Ag/Ru surfaces). We
simply note that there appear two hydrogen
vy-states which differ slightly in energy,
whereby the population of the y,-state sur-
passes that of the y,-state considerably. The
idea of H spillover is supported by recent
results of Zhou et al. (59). The authors ad-
sorbed H atoms (prepared by predissocia-
tion of H,) on Ag(111) and found two TPD
states with similar desorption temperature
maxima (166 and 191 K). Of course, we are
aware that we do not have any direct hint to
hydrogen spillover, and one could interpret
the y-states with equal justification as being
caused by ‘‘direct”” H adsorption into Ru
sites which are electronically modified by
Ag atoms.

4.3, Electronic (Ligand) Effects

Electronic interaction between the two
components of the bimetallic system is al-
ways to be expected, and there are indeed
numerous reports in favor of this so-called
ligand effect (7, 60). An important very re-
cent report of Rodriguez et al. (60) dealt
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with the Cu/Ru bimetallic system where se-
rious hints were presented that modified Ru
adsorption sites with a strongly reduced
heat of adsorption were formed. In Section
4.2 we have argued that also in the present
case of Ag/Ru(1010) an alternative explana-
tion of the CO and H vy-states (instead of
spill-over) could be the formation of elec-
tronically altered Ru sites. From work func-
tion measurements with clean Ag/Ru sur-
faces we can indeed deduce that a partial
charge transfer from Ag to the Ru surface
atoms takes place (22), and the Ad data
obtained with CO and H adsorption (altered
wo!) could also point in this direction. Proba-
bly the most direct evidence for marked
changes in the surface electronic charge dis-
tribution comes from the observation
whereafter all H LEED-superstructures are
suppressed even at small Ag concentra-
tions. Itis well known that any H long-range
order is established by the aforementioned
indirect lateral interactions (5/, 52) which
may be thought of as a **sharing’’ of binding
clectrons of adjacent metal atoms by a single
H adsorbate atom leading to charge modifi-
cations also in the range of second and third
neighbor metal atoms, sometimes even in
an oscillatory manner. Mixing-in of Ag 5s
electrons could easily perturb the overall
lateral charge distribution and. hence, in-
hibit the long-range order characteristic of
H layers on clean Ru(1010).

Any electronic (that is chemical) modifi-
cation should in some way affect the ad-
sorbate binding situation, that is, the ad-
sorption energy. If we scrutinize our
respective data for both CO and H, we im-
mediately realize that up to medium Ag cov-
erages there occurs a small but rigid shift
particularly of the respective high energy
binding state (8;) toward lower tempera-
tures, indicating a net reduction of the ad-
sorptive binding energy. This Ag-induced
binding-energy reduction is more pro-
nounced for CO (~40 kJ/mol) than for H
(~ 10 kJ/mol), but is in each case limited to
the high-energy (83;) state only as can be
seen from Figs. 4 and 12. The fact, whereaf-
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ter CO’s binding energy suffers a larger
downshift than that of hydrogen sheds some
light on the peculiar differences between CO
and H bonding to Ru: According to the Bly-
holder model (39) it is mainly the energy
position and the degree of d-electron band
filling which accounts for the CO-Ru bond
strength, whereas the H chemisorption is
rather dominated by sp electron states. Both
our TDS and HREELS data (cf., Fig. 8b)
then suggest a weakening of the OC-Me and
a strengthening of the C=0 bond indicative
of a slight reduction of d-electron state den-
sity. On the other hand, the (smail) Ad de-
crease of Ru caused by Ag (22) would imply
a donation of some charge from Ag to Ru.
If we believe in the validity of the simple
Biyholder model, it would follow that this
extra charge reduces especially the d-elec-
tron state density right at the Fermi level,
whereas other d-states could even become
enhanced. The majority of the donated
charge, however, is then expected to hy-
bridize to Ru sp-like states. At this point it
is, however, felt that a serious discussion
of these charge effects in conjunction with
thermodynamic adsorption energies and vi-
brational loss frequencies suffers from the
Jack of detailed information about surface
electronic states. This can only be obtained
from careful angle-resolved and polariza-
tion-dependent  photoemission  experi-
ments, which have not been performed for
the present system.

As another interesting point we empha-
size that already at quite low Ag coverages
even small amounts of adsorbate undergo
the aforementioned binding energy reduc-
tion in practically the same way. This sug-
gests that all adsorbed molecules or atoms
are more or less affected in the same way
which can only be reconciled with a long-
range phenomenon: Not only is the adsorp-
tion energy of a Ru site reduced in the direct
vicinity of silver nuclei or at the perimeters
of Ag islands, but everywhere else in practi-
cally the same manner. If only those Ru
atoms become energetically modified which
are next to Ag then one would expect that
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the majority of the adparticles remains ad-
sorbed with its characteristic energy, and
only a minority should experience a net loss
in adsorption energy. We cannot rule out
that such an effect is superimposed on the
adsorption energetics, i.e., the possibility
that in addition to the overall energy reduc-
tion there is a special (and higher) decrease
of adsorbates located directly in the vicinity
of silver (the spectral resolution of our TPD
spectra is such that a small amount of spe-
cies with lower EJ., cannot be separated
from the main feature). As 0,, increases
beyond a certain limit (=0.5 . . . 0.6) there
are only very few Ru atoms or ensembles
left in which there are no direct Ag neigh-
bors present; in other words, all sites are
more or less directly modified by silver and,
accordingly, we observe increasingly broad-
ened TPD features indicating a strong ener-
getic heterogeneity of these remaining sites.
It is remarkable that the same conclusions
must be drawn (at least for CO) from our
vibrational loss measurements which re-
vealed only a slight frequency shift but no
evidence for a new adsorption state.

As a summary, we may state that the in-
teraction between Ag and Ru leads 10 modi-
fications of the surface electronic structure
with a noticeable long-range character. Both
CO and H, adsorption is thereby altered in
a similar manner, whereby the specific
CO-Ru binding is more affected than the
H-Ru binding. The reverse is true, if we
look at the lateral adsorbate interactions:
While the CO ordering is hardly affected by
Ag, there occurs a very effective suppres-
sion of H ordering.

Basically similar results have been ob-
tained in previous reports on other bimetal-
lic surfaces. Apparently, neither the aniso-
tropic orientation of the Ru(1010) surface
nor the formation of a well-ordered Ag layer
(c(2 x 2)-structure!) seems to affect the gen-
eral behavior which one can briefly charac-
terize by a pronounced ensemble effect for
H, adsorption and by a slight, but general,
Ag-induced electronic modification of all Ru
sites, resulting in an unspecific decrease of
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the adsorption energy with increasing noble
metal concentration.
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