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Designing surface alloys with specific active sites
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This report describes a combined experimental and theoretical approach to the problem of designing surface alloys with specific
chemical properties. Au-Ni(111) surface alloys were prepared and the distribution of active sites was determined by atomically
resolved STM as a function of Au coverage. Using density functional theory the difference in activation energy for methane over the
various sites was determined. The activity of the surface could be predicted directly by combining this information with the distribu-
tion of sites. Subsequent measurements of the activity proved this method to be quantitative and demonstrated that surface alloys

with specificactivity can be synthesized.
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One of the ultimate goals of surface science is to be
able to design — on the atomic scale — surfaces with parti-
cular catalytic properties. It has long been realized that
alloying can modify the catalytic activity and selectivity
of a metal significantly [1,2], and that alloy catalysts
represent one of the most promising avenues towards
new catalyst systems [3]. It is still an open question in
alloy catalysis whether alloying just changes the distri-
bution of islands of a given metal which otherwise
retains its reactivity (the ensemble effect) [1,2,4],
whether alloying changes the local bonding geometry
(the structure effect) [5], or the alloying also modifies the
reactivity of the metal atoms (the electronic or ligand
effect) [6,7]. Another question in alloy catalysis is how to
control the surface concentration of the metallic consti-
tuents. Segregation between the bulk and the surface will
typically be strongly influenced by adsorption of the
reactants and therefore depends on the reaction condi-
tions. In the following we shall see how the chemical
activity of the surface Niatoms can be tuned almost con-
tinuously by alloying, and it will be demonstrated that a
surface alloy with specific activity can be synthesized.

Recently, it has been shown that in some cases alloys
form in the outermost surface layer from metals which
are immiscible in the bulk [8]. The problem of transport
between the bulk and the surface is thus much reduced
compared to bulk alloys, and a fraction of a monolayer
of one metal on another is enough to form a stable sur-
face structure. Au deposited on Ni(111) constitutes such
a system. Fig. 1 shows an STM topograph of a Ni(111)
surface where ~10% of a monolayer (ML) of Au has
been deposited by evaporation. Even though the heat of
solution of Au in Ni is large and positive [9], the depos-
ited Au does not form islands on the Ni(111) surface but
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alloys into the first Ni layer. This alloying takes place
over the full range of Au coverages. For each coverage,
the STM images can be used to get the distribution of Au
and Ni atoms relative to each other, In the insert of fig. 1,
we show the probabilities of finding Ni atoms with zero,
Py(0au), and one, Pi(fau), Au neighbors determined
from different STM images at different Au coverages
Oau. As discussed below, this information will form the
basis for the modeling of the reactivity of the alloyed
surface.

We will use methane dissociation as a test reaction to
study the effect of surface alloying. Fig. 2 illustrates the
calculated reaction path for a methane molecule disso-
ciating over a clean Ni(111) surface. The lowest barrier
is found for the molecule impinging right over one of the
Ni atoms. After the dissociation both the adsorbed H
atom and the methyl group are found in three-fold sites.
The calculated energy along the path is shown in fig. 3.
The process is highly activated, in agreement with
experiments calculations study the effect of alloying on
the dissociation process by exchanging one or two of the
neighboring Ni atoms by Au atoms. We shall keep the
reaction path fixed, which is a very good approximation
when the influence of changing the environment is small.
This is particularly true at the top of the barrier where
the stationary property of the potential energy surface
ensures that changes in the path only give rise to second-
order changes in the minimum barrier. As the dissocia-
tion still proceeds over a Ni atom we effectively study
only the change in Ni properties due to alloying. The
results are also included in fig. 3. If one out of six Ni
neighbors is substituted by an Au atom, the barrier for
methane dissociation is calculated to have an increase of
AE; = 16 kJ/mol (0.17 eV). If the Ni atom has two Au
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Fig. 1. Atom resolved STM topograph (75x75 A?) revealing the formation of an Au-Ni(111) sutface alloy after deposition of 0.087 ML Au at

500 K. The substitutional Au atoms are seen as apparent holes (0.2 A deep). Note how the six Ni atoms surrounding each substituted Au atom

appear brighter. Our calculations show that the relaxations of the Ni atoms in the presence of Au neighbors are small. We therefore identify

changes in the electronic structure of the Ni atoms next to Au atoms as the common reason for the brighter spots and the change in chemical reac-

tivity of these atoms. The insert shows the probabilities Py(fa.) and P; (fa.) of finding a Ni atom with zero or one Au nearest neighbor as a func-

tion of the Au coverage in monolayers. The experimental points are fitted with smooth functions for the use in eq. (1). The probability
distributions thus determined are very similar to those expected if the Au atoms were positioned at random.

neighbors, the barrier is increased by AE; = 38 kJ/mol.
More Au neighbors will increase the barrier even
further. A full account of these calculations is given in
ref. [17].

On the basis of these calculations it is reasonable to
model the adsorption rate by assuming a sticking prob-
ability, sy, per Ni site which only depends on the num-
ber, N, of Au nearest neighbors. A more sophisticated
model would inciude more long range interactions, but
these are expected to be considerably weaker. This is, for
instance, illustrated by the STM image in fig. 1, where it
is seen that the Ni atoms that are nearest neighbor to the
Au atoms are affected much stronger than are Ni atoms
further away from the Au. It is also seen that Ni atoms

with two Au neighbors are more strongly affected than
those with only one neighbor, providing further evidence
that the number of Au nearest neighbors is the main fac-
tor determining the sticking probability. Given the prob-
abilities, Py(f4a,), estimated from a series of STM
measurements of finding a Ni atom with N Au neighbors
at an Au coverage of 64, (see insert in fig. 1), we can get
the sticking probability as

5(0au) = So - Po(Oau) + 51 - P1(0an) + 52 - P2(0ay) + - ..
o))

We now want to test this model by comparing to
experiment. In a thermal experiment we would approxi-
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Fig. 2. An illustration of the dissociative adsorption of CHs on a
Ni(111) surface. In the most favorable reaction path, the impact of the
CH, on a Ni atom (large sphere) is close to the on-top position with the
H (small dark sphere) and CH; group moving into opposite hollow
sites. In the middle picture, the calculated transition state is shown.
Here the C atom (medium sized, bright sphere) is located 2 A above the
surface and the active C—H bond is stretched to 1.6 A, as compared to
1.08 A in the CH; molecule.

mately have that sy/so = exp(—AEy/kT) where AEy
is the difference in activation energy for a Ni site with N
and one with no Au neighbors. We can, however, get a
more detailed test by studying the methane dissociation
rate using a beam of methane molecules specified by the
translational energy Et and the distribution of internal
vibrational and rotational states (corresponding to the
nozzle temperature Tyozz0). In fig. 4, we show the results
from such a molecular beam experiment for methane
dissociation over Ni(111) with varying amounts of Au
on the surface. A full account of the molecular beam
experiments is given in ref. [20]. Results are shown for
two beams with approximately the same kinetic energy,
but different nozzle temperatures. The uncertainties on
the experimental data have been indicated with error
bars. The high Tyo.1e beam is more reactive due to a
higher fraction of vibrationally excited molecules
[12,13]. Since the calculation for the case of two Au
neighbors shows a large increase in barrier, it is reason-
able to neglect sticking on sites with more than one Au
neighbor (sy = 0, N > lineq. (1}). We fit the expression
for s(fay) to the data in fig. 4, obtaining values for so and
s; for both the 1050 K beam (sp=1.2x 1072,
51 = 3.1 x 1072 yielding s; /sp = 0.27) and for the 550 K
beam (so=18x10"3, s =18x107!2, yielding
51/50 = 107%). In order to investigate the sticking on the
Ni sites with one Au neighbor, we invest eq. (1) and plot
in fig. 5 the experimental (s(8au)/s0) — Po(fau) Which, if
the model is reasonable, is a measure for 51 /5o - P1(0ay)-
Uncertainties on these modified experimental data are
shown for the 1050 K beam, while error bars in the same
order of magnitude apply for the 550 K beam. Using the
already obtained values for s; and s and the expression
for Py(fau), the solid lines are obtained. These are seen
to describe the experimental data very well, clearly
indicating that the assumptions and the model are
reasonable.

For comparison of the theoretical calculation to the
molecular beam experiments, we will as a first-order
approximation assume that the effect on the sticking
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Fig. 3. The calculated energy along the reaction path for CH, dissociat-
ing over a Ni atom in the Ni(111) surface. Results from similar calcula-
tions for dissociation over a Ni atom with one or two Au nearest
neighbors are also included. The Au atoms are gray-shaded in the plots
indicating the dissociation geometry for the three cases. The geometries
of the CHy along the reaction path include full structural relaxation of
the CH; group in each step. The rightmost data points (dashed curves)
refer to infinite separation of the dissociated H and CH; group on the
surface. The calculations are done in a super cell geometry with CH,
approaching one side of a Ni slab consisting of four atomic layers. The
lateral periodicity is described by surface unit cells containing four Ni
atoms, five Ni and one Au atom, or three Ni and one Au atom, for the
three cases considered. For the Au—Ni system the Au and the surround-
ing Ni atoms have been allowed to relax, but the reaction path is kept
the same as over clean Ni. The total energies are calculated within den-
sity functional theory [18] describing exchange and correlation effects
in the local-density approximation augmented by non-local correc-
tions in the so-called generalized gradient approximation (GGA) [19].
Corrections due to the zero-point energy of the transition complex,
which are not included in the presented curves, will tend to lower the
calculated barriers.

coefficient when increasing the barrier height, corre-
sponds to decreasing the translational energy by an
equivalent amount under otherwise similar conditions.
Therefore, the reduced sticking probability, sy /s, corre-
sponding to dissociation over a site with one Au nearest
neighbor having an increased barrier of 16 kJ/mol, can
be found using the insert in fig. 4. Here, the initial stick-
ing probability on Ni(111) has been shown for the two
vibrational temperatures used in fig. 4 as a function of
translational energy of the CH4 molecule. For sites with
a barrier AE; higher than for pure Ni(111), we therefore
assume a reduced sticking of s1/sp = so(Er — AE1)/
so(Et) at a given nozzle temperature T}, and transla-
tional energy Er. The increased barrier of AE; = 16 kJ/
mol corresponds to a reduced sticking probability of
s1/s0 = 0.23 for the 1050 K beam and s /s, = 0.07 for
the 550 K beam are obtained. Multiplying these numbers
with P;(f4,) the dashed lines in the insert in fig. 4 evolve.
These are seen to describe the experimental data points
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Fig. 4. The measured initial sticking coefficient of methane on the Au-Ni(111) surface is shown for two molecular beams with approximately
the same translational energy (~75 kJ/mol), but with different nozzle temperatures (vibrational temperature). The absolute sticking probabilities
are shown as a function of Au coverage. The values found are s; /sy = 0.27 for the 1050 K beam and sy /so = 0.00 for the 550 K beam. The insert
shows the measured sticking coefficients as a function of the beam energy over the pure Ni(111) surface for the two nozzle temperatures. This infor-
mation is used to determine the dependence of the sticking probability on the barrier height. As a first-order approximation it is assumed that an
increase in barrier height corresponds to a similar decrease in transiational energy for the two beams. Hereby, the ratio of the sticking coefficients
are expected by theory to be s, /50 = 0.23 and s, /5o = 0.07 for Tyozz1. = 1050 and 550 K, respectively. The solid lines show the theoretical depen-
dence given by eq. (1), where the sticking coefficients have been weighted by their appropriate probabilities Po(6a.) and Py (6aa).

well, clearly indicating that sites with one nearest neigh-
bor Au atom do indeed have a reactivity, however
reduced. Only the vibrationally excited methane
molecules are able to surmount this barrier in measur-

0.25
o T, =1050K
0.20 -
Tnnzzle =550K
0.15
ﬂ:
s 0.10 4
~
o 0.05
=
0.00 -
}
-0.05
-0.10 T T T T T

0.0 0.1 02 0.3 0.4

Gold coverage, 6, [ML]

0.5

Fig. 5. The experimentally determined sticking probabilities shown in
fig. 4 have been divided by sy and the function describing the number of
sites with only Ni atoms as nearest neighbors, Py(fay) has been sub-
tracted. Po(faq) has been determined from statistical work on STM
pictures of the Au-Ni(111) surface. The solid lines are s1/5; - P;(6au)
using the parameters determined in fig. 4. The dashed lines describe the
dependence expected from the theoretically calculated increase in
barrier.

able numbers. The good agreement with the theoretical
predictions of the increased barrier should also be
emphasized.

The implications of this work are threefold. First, it
illustrates that the theoretical methods from density
functional theory have reached a point where they can be
used to predict trends in the chemical activity when a sur-
face is modified by alloying. This opens up new prospects
in computer aided design of catalysts. Second, it is clear
that ensemble control is an important aspect of alloy cat-
alysis, but the surface atoms of the alloy do not retain
their clean metal properties even for a reaction which
takes place over a single atom. This allows for a much
more fine tuning of metal surface reactivity than the dif-
ferences between the elemental metals offer. Finally, it
shows that it is possible to synthesize and characterize
new surface structures at the atomic level. These struc-
tures have no bulk counterpart and constitute a new set
of possibilities in catalysis research.

In this work we have shown that it is possible to go
all the way from synthesis of a surface alloy and subse-
quent measurement of the distribution of different sites
to a prediction of its reactivity. The predictions have
been tested by direct measurement. The success of this
approach opens new possibilities in the “design’” of sur-
faces with a specified reactivity. The results presented so
far have dealt with surface alloys with a lower methane
dissociation rate than for clean Ni(111), This is still of
potential technological interest since selectivity is often
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more important than activity. Nickel catalysts used in
the steam reforming process are for instance selectively
poisoned by sulfur to prevent carbon formation [21].
The gold alloy could have the same effect of providing
Ni ensembles that are not large enough for the incor-
poration of carbon into the catalyst. The activity of the
Ni surface can, however, also be increased by alloying.
Our calculations predict that Ni atoms surrounded by
Cu atomsin the surface have a barrier for methane disso-
ciation which is 0.05 eV lower than the clean Ni surface
in accordance with experience from experiments on alloy
catalysts [22].
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