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Ab initio studies of ethanol dehydrogenation at binary AuPd nanocatalysts
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Density Functional Theory (DFT) simulations have been performed to study ethanol anaerobic oxidation at
ten-atoms binary gold-palladium clusters with varying compositions, ranging from 0% to 100% gold content.
For each case, we have studied the loss of two hydrogen atoms, the desorption of acetaldehyde, and recombi-
nation of hydrogen into gas-phase Hy. The results show that alloying produces sizable changes in the reaction
barriers and in the stability of the intermediate species, which are related to different intrinsic reactivities of

palladium and gold.
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I. INTRODUCTION

Selective oxidation of alcohols to various carbonylic
compounds over heterogenous catalysts is a very impor-
tant process for the sustainable synthesis of fine chemicals
and intermediates'2. For such reactions, gold nanocata-
lysts have proved not only active, but also exceptionally
selective for numerous reactions® ®. One particularly in-
teresting case is the selective production of aldehydes;
various studies suggest that the main reaction mecha-
nism involves two steps: dissociation of the alcohol O-H
bond with formation of a metal-alkoxy intermediate, fol-
lowed by breaking of the C-H bond, forming the aldehyde
and a metal-hydride intermediateS 3.

One trivial consequence of such complex reaction
mechanism is that very diverse characteristics of the cat-
alyst can dramatically influence both reactivity and se-
lectivity: size and type of support currently being the
most carefully analyzed®'0. Very recently, the study
of bimetallic nanocatalysts has added even more com-
plexity and richness to the problem. Alloyed clus-
ters and nanoparticles have completely new and inter-
esting properties'!, and their catalytic applications are
rapidly expading'?'*. One crucial example is the dis-
covery of very high selectivity for aldehyde production
when gold and palladium are alloyed into bimetallic
nanoparticles'®16. For selected compositions, there is a
much better performance of the catalyst, when compared
to similar situations with either pure Au or Pd nanopar-
ticles.

Despite extensive experimental research'” ', the rea-
sons behind such improvement upon alloying are not at
all clear. Mixing two metals introduces sizable changes
on the adsorption energies and on the height of reac-
tion barriers, thus profoundly affecting both activity and
selectivity of the catalyst. While there are some theo-
retical studies treating adsorption of other molecules at
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Au-Pd nanoparticles??2! | in the case of alcohols the data

on their interaction with bimetallic Au-Pd alloys is very
scarce?2. This has motivated us to perform an exten-
sive study of ethanol (CH3CHyOH) dehydrogenation to
acetaldehyde at selected models of Au,Pd;_, catalysts,
varying uniformly their composition from 0 to 100% pal-
ladium. This allows us to analyze the effect of alloying
on the key steps of reaction, by comparing the stabil-
ity of adsorbed species, as well as the height of reaction
barriers, among various compositions.

As a first approach to this complex problem, we have
restricted the study to anaerobic reaction conditions, in-
vestigating the production of acetaldehyde in the absence
of preadsorbed oxygen. Apart from reducing the com-
plexity of the study, such conditions are interesting for
possible applications in other reactions where hydrogen
or other interesting hydrogenated species are produced.
For simplicity, and in order to keep computational costs
low, we perform this study on free clusters with a size of
ten atoms. Such simple model system has many features
in common with real nanocatalysts, as for example the
presence of many highly reactive low coordinated sites.

1. COMPUTATIONAL SETUP

Density Functional Theory (DFT) calculations were
carried out using the projector augmented-wave method,
as implemented in the GPAW code??24, Wave functions
are expanded in a three-dimensional grid, with the spac-
ing set to 0.2 A. Each cluster was placed at the cen-
ter of a large cubic cell (17Ax 17Ax 17A), thus mak-
ing interactions between the wave-functions tails and the
cell borders negligible. Exchange-correlation effects were
modelled with the PBE functional?®26. The convergence
threshold for the eigenstate energies was set to 5-1077
eV /e~. Every initial structure was optimized using the
BFGS (Quasi-Newton) algorithm?7 until forces were be-
low 0.01 eV/A. The calculations were performed with-
out spin polarization; tests including spin effects for the
bare Au,Pd, clusters showed that the ones containing
Pd have very weak magnetic effects, with the energy
difference between spin-polarized and unpolarized calcu-
lations being only of around 0.05 eV. Furthermore, we
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also checked that ethanol absorption completely kills the
residual magnetization, making the results obtained from
unpolarized simulations completely equal to the ones
with spin effects.

Energy barriers were calculated by a constrained min-
imization method, involving several simulations where
the reaction coordinate (H-O bond distance for the first
barrier, and C-H distance for the second one) was re-
stricted at increasingly larger values, while allowing the
rest of the system to freely relax?® (see details in the Sup-
plementary Information). Transition state conformations
were characterized as energy maxima in the reaction pro-
file; because of the complexity of the adsorbed molecule,
we took care of checking the saddle point character at
the transition state by relaxing various candidate confor-
mations at the critical value of the reaction coordinate.
With this procedure, we obtained a precision for the cal-
culated barrier heights of around 0.02 eV.

Since ethanol is a medium-sized molecule, dispersion
interactions are expected to be non negligible. Therefore,
we have added Grimme’s DFT-D3 dispersion correction®’
to the DFT-PBE binding energies. The value of such
correction is quite uniform, and in all cases is of the order
of 0.2 eV.

Il. RESULTS
A. Structures for alloyed clusters

Previous to the reactivity studies, it is necessary to
choose reasonable models for the alloyed Au-Pd clusters.
Therefore, we have selected six compositions for a ten-
atoms free catalyst (Pdig, AusPds, AusPds, AugPds,
AugPd; and Auyg), and we have subsequently performed
a nonexhaustive isomer search for relatively stable con-
formations on each of these compositions. In our search,
we have first considered several candidate 3D structures
for either Pdig and Aujg. Then, for the alloyed clusters
we have started from the most stable structures of the
pure clusters and we have replaced some Au atoms by
Pd ones (or viceversa), generating then several different
permutational isomers (four or five) for each composition.
It must be noted that more Au-rich compositions were
included in the study as they were found much more in-
teresting; as it will become clear later, the results for Pd-
rich compositions turned out to be fairly similar, making
irrelevant the study of Au;Pdy). Figure 1 shows the re-
laxed structures of the most stable conformations found
for all the binary compositions studied. In each case
(Au,Pd, composition, with x +y = 10), we give the
binding energy per atom:

1
E, = 1 E(AugyPd,) — zE(Au) — yE(Pd)

as well as the mixing energy (which we define as the
energy gain in the mixed cluster with respect to pure
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FIG. 1. Low energy structures found for 10-atoms Au,Pd,
clusters. Binding (Ep) and mixing (E.:.) energies are shown
for each case. Au and Pd atoms are represented by yellow
and white spheres, respectively.

Aum and Pdlo) :

Epmiz = | E(AuyPd,) — %E(Aulo) - %E(Pdlo)

It must be noted that, in order to establish mean-
ingful comparisons between clusters of various composi-
tions, we need to keep their structures relatively similar
to each other; otherwise, it would be impossible to sepa-
rate chemical effects purely due to varying composition,
from chemical effects associated to a special structural
configuration. This is the reason why we have restricted
our isomer search to clusters with 3D structures (small
Pd clusters prefer 3D structures3%3!), in order to keep a
structural uniformity across the whole range of compo-
sitions. Otherwise, we would have problems comparing
2D gold clusters with 3D alloyed structures, since the
former ones possess unique chemical features caused by
their shape32.

For the binary clusters, in all the cases the mixing en-
ergies are negative, with values between -0.5 and -0.7 eV.
This agrees with previous studies of the stability of bi-
nary Au-Pd clusters and nanoparticles33-35, Then, for
small clusters, as it also happens for bulk alloys3¢, alloy-
ing of Au and Pd is energetically favourable. The ten-
dency to mixing is consistent with the observation that
the most negative values of the mixing energy take place
for a palladium content between 20% and 50%.

In the case of AusPdg and AugPds, we have checked
that the tendency towards allowing favours conforma-
tions where the impurity atoms are separated from each
other; alternate configurations with the impurities neigh-
bour to each other are approximately 0.1 eV less stable.



In the Supporting Information, we show the results for
simulations of the ethanol dehydrogenation reaction on
these alternate conformations.

B. Reaction at the pure Au;( cluster
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FIG. 2. Energy profile of ethanol dehydrogenation reaction
at a Aujo cluster. In the ethanol molecule, grey, white and
red small spheres represent C, H and O atoms.

Let us now discuss the ethanol dehydrogenation re-
action at each of the clusters, starting with the pure
Auyg cluster. Figure 2 shows an energy profile includ-
ing the most relevant reaction steps. The first one is the
molecular adsorption of ethanol. By relaxing various ad-
sorption configurations, we confirmed that (as found in
other studies3”3®) ethanol binds to the transition metal
through its oxygen atom. In the Supporting Information
we show the equilibrium structures and the binding en-
ergies of all the conformations considered (both for the
Auyg case and for the rest of the clusters). In the case
of the pure gold cluster, due to its quite noble character,
the binding energy is moderate (-0.45 eV) with a sizable
O-Au bond distance (2.39 A). The next stage involves the
breaking of the O-H bond. This is, by far, the most dif-
ficult reaction step, as it involves a relatively large (1.23
eV) activation barrier. After hydrogen extraction, the
oxygen atom in ethanol binds at a bridge-like site be-
tween two Au atoms. With respect to gas-phase ethanol,
this state is unstable by around 0.4 eV, highlighting again
the noble character of the gold cluster towards ethanol
adsorption and dissociation.

The next stage involves the extraction of a second hy-
drogen atom, forming part, initially, of the CHy group.
The simulations show that this is a fairly easy step, with
a moderate barrier of 0.42 eV. Then, the last stage of
the reaction consists on the desorption of the produced
acetaldehyde (CH3CHO) from the cluster, which takes
only 0.26 eV. This completes the ethanol dehydrogena-
tion. After that, full recovery of the catalytic power of

the cluster requires the elimination of the hydrogen from
the cluster, which closes the catalytic cycle. Formation
of gas-phase Hy takes place in two steps: first, the two
separated chemisorbed H atoms must recombine into an
adsorbed Hy molecule. For Auyg, this step requires only
0.34 eV. Second, the adsorbed Hy molecule must desorb
to the gas phase, a very easy process which takes only
0.11 eV. As it happened for ethanol, the relatively noble
character of gold results in a very weak binding of the
adsorbed Hs molecule.

C. Reaction at the pure Pdio cluster

Next, we discuss the results obtained for the pure Pdig
cluster. Figure 3 shows the energy profile of the reac-
tion, along a very similar pathway to the case of Aug.
In comparison to gold, palladium is intrinsically more
reactive; our results confirm this intuitive idea, as we
find a systematically stronger binding of the various re-
action intermediates. For example, the binding energy of
ethanol rises now to -0.64 eV. Also, the activation barrier
for breaking the O-H bond decreases to 0.98 €V, and the
dissociated state is fairly stable, with a binding energy of
-0.82 eV relative to gas phase ethanol (let us recall that,
in the case of Aujg, the energy of the dissociated state is
+0.40 eV above).
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FIG. 3. Energy profile of ethanol dehydrogenation reaction
at a Pdio cluster.

The higher reactivity of Pd also causes some interest-
ing changes in the second reaction step. Starting from
dissociated ethanol, we have found two alternative path-
ways for the removal of the second H atom. The first one
(see insets (a) and (c¢) in Figure 3) involves interaction of
the hydrogen atom with a Pd atom neighbour to those
bonded to ethanol. The second pathway (see insets (b)
and (d)), involves the interaction of that hydrogen atom
with one of the Pd atoms bonded to the oxygen atom.
In the first case, after hydrogen removal, acetaldehyde
is weakly bound to the cluster through the oxygen atom



at a Pd-Pd bridge position. Interestingly, in the second
case we find a strongly bound acetaldehyde intermediate
complex (see inset (d)), having a sigma-like C-O bond,
and two strong bonds with Pd atoms of the cluster, a
Pd-carbon bond and a Pd-oxygen bond. Such interme-
diate is 0.56 eV more stable than the one shown in inset
(¢). We have checked, by performing similar simulations
in the case of pure Aujg, that such doubly bonded ac-
etaldehyde complex is not stable at the gold cluster. Its
formation on palladium is, therefore, an intrinsic effect
due to the higher reactivity of this metal. Acetaldehyde
desorption to the gas phase from such strongly bonded
intermediate requires 1.22 eV (only 0.65 eV from the in-
termediate (c)).

Finally, hydrogen recombination into adsorbed Hs
takes around 0.5 eV and Hy desorption an additional 0.6
eV. Overall, the higher reactivity of Pd leads to stronger
bonding for the reaction intermediates. While this is an
advantage for the first part of the reaction, because of
the lowering of the barriers, the high stability of both
adsorbed acetaldehyde (which requires up to 1.2 €V to
desorbs) and dissociated hydrogen will probably affect
the amount of available reaction sites and the overall re-
action rates.

D. Reaction at mixed AusPds, Aus;Pds, AugPd2 and
AugPd; clusters
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FIG. 4. Energy profile of ethanol dehydrogenation reaction
at a AusPdsg cluster.

Now we analyze the effects of alloying on the previously
discussed reaction pathways. Figure 4 shows the reaction
profile for the AusPdg cluster. In this case, we have a
larger variety of sites (Au and Pd) available for ethanol
binding. Test simulations show a clear preference for
Pd sites during the initial reaction steps (molecular ad-
sorption of ethanol and dissociation of the first hydrogen
atom). Once ethanol is adsorbed at a Pd site, surrounded
by other Pd atoms and with the Au atoms relatively far
away, the main features of the reaction pathway are quite

similar to the results found for pure Pdyg. The first reac-
tion barrier is moderate (0.75 eV), and the second one, C-
H bond breaking, is also quite low (0.56 eV), with height
very similar to the corresponding one for Pdyg. Also, we
find a highly stable doubly-bonded acetaldehyde interme-
diate. The similarities are not surprising, since the local
chemical environment where the reaction takes place is
very similar to that in the Pd;g case. The final reaction
steps are also characterized by high reaction energies,
given the large energy difference between the configura-
tion with chemisorbed acetaldehyde and two H atoms,
and the final state with gas-phase acetaldehyde and Hs.
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FIG. 5. Energy profile of ethanol dehydrogenation reaction
at a AusPds cluster. For the last reaction step (Hz adsorbed
at the cluster) an alternate binding configuration is shown in
a dashed line, with Hy bonded to a Au site.

Of all clusters under study, AusPds, corresponding to
50% concentration of each component, has the largest
binding energy for molecular adsorption of ethanol, -0.73
eV, which is adsorbed at a Pd site (see Figure 5). The
barrier for O-H dissociation is moderate, amounting to
0.86 eV. It is, in fact, lower than the corresponding barri-
ers on Pdyg and Auyg. Then, the intermediate state with
dissociated ethanol is characterized by a binding energy
of -0.21 eV, which is approximately halfway between the
-0.8 eV value for Pty and the +0.4 eV for Auig. The
second reaction barrier, of 0.23 eV, is now much smaller
than the first one, and it involves reaction of the second
hydrogen atom with a Pd atom. Again, the stability of
the state with adsorbed acetaldehyde, with a binding en-
ergy of around -0.6 eV, is intermediate between the ones
found for Pt1p and Auyg. Then, it takes 0.57 eV for the
acetaldehyde molecule to desorb. Recombination of the
two hydrogen atoms into adsorbed H; is energetically in-
expensive, but final Hy desorption is as difficult as in the
pure Pdj( case; this is due to the binding of molecular
Hs to a reactive Pd site, highly preferred over the neigh-
bouring Au sites. This last stage is likely to take place
in two steps, as the figure shows; in the first one, Ho
will migrate from the Pd site to a neighbour Au site; the
energetic cost of this step is about 0.55 eV. Then, the



second and final step will be desorption of Hy from the
Au site, which takes only 0.2 eV.
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FIG. 6. Energy profile of ethanol dehydrogenation reaction
at a AugPds cluster.

The results for the AugPdsy cluster are shown in Fig-
ure 6. As expected, initial adsorption of ethanol takes
place at a more reactive Pd site. The presence of many
neighbouring Au atoms results in a high barrier for O-
H dissociation (1.23 €V), with the final dissociated state
characterized by a hydrogen atom at a Pd-Au bridging
site, and by oxygen bound at a neighbour Pd-Au bridging
site. The stability of such intermediate state is similar
to the AusPds case. Then, the C-H bond breaks with a
quite small energy barrier of 0.34 eV. The lower reactivity
of Au sites (both of the dissociated hydrogen atoms bind
at Pd-Au bridging sites) results in a relatively unstable
2H + C2H40O adsorbed configuration. Then, acetalde-
hyde desorption needs again around 0.5 eV, which can
be explained in terms of this molecule binding to a Pd
site (binding at Au sites, as in the pure Aug case, leads
to a much smaller acetaldehyde binding energy). The
final reaction stage, hydrogen recombination and desorp-
tion of Hy, has some unusual features due to the cluster
structure. The presence of only two separated Pd sites
causes the state with two dissociated hydrogen atoms to
become relatively unstable, and their recombination into
molecular Hs adsorbed at a Pd site is actually exothemic.
Comparing the results with the Aujg case, we see that the
presence of just two surface Pd atoms causes important
changes, as ethanol preferentially binds and dissociates
at those Pd sites.

Finally, we have considered the case of AugPd; (that
is, further decreasing the palladium content to just one
atom). The results, shown in Figure 7, are quantitetively
very similar to the ones for AugPd,. The stabilities of
reaction intermediates as well as the height of the reac-
tion barriers are almost equal to the ones for the cluster
containing two palladium atoms. We find, however, an
interesting qualitatively difference. Initial adsorption of
molecular ethanol takes place at a Au site, instead of the
usual Pd site. Such behaviour can be easily interpreted

0,5

0,0

Reaction energy (eV)

&

-0,5

Molec TS1 Diss TS2 2H(ads) 2H H,

+ C,H,0

FIG. 7. Energy profile of ethanol dehydrogenation reaction
at a AugPd; cluster.

in terms of the special equilibrium structure for this clus-
ter, where the Pd atom is highly coordinated (with 9 Au
neighbours), thus rendering it less active than the neigh-
bour low-coordinated gold atoms. Besides, the presence
of palladium increases a litle bit the reactivity of those
gold sites, with respect to the pure Aupq case.
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FIG. 8. Binding energy of dissociated ethanol and adsorbed
acetaldehyde as a function of the number of Pd atoms (z) in
the mixed Auig_,Pd, cluster.

Overall, binding energies of intermediate compounds
and reaction barriers appear to vary in a complex way
with the changing stoichiometry of these binary clusters.
An interesting case is AusPds, where the initial adsorp-
tion of ethanol has a larger binding energy than the cor-
responding configurations for Pd-rich alloys (AusPdg and
Pdyp). However, we have noticed that there is a correla-
tion between the stability of several intermediate states
(dissociated ethanol and adsorbed acetaldehyde) and the
fraction of Pd atoms in the cluster. To reveal this fea-
ture, Figure 8 shows the binding energy of these two re-
action intermediates against the concentration of palla-
dium. A direct correlation is evident in both cases, with



an increasing amount of palladium enhancing the relative
stability of both dissociated ethanol and the adsorbed ac-
etaldehyde.

Let us recall that the performance of a given catalyst
critically depends on the stability of reaction intermedi-
ates. If those intermediates are too strongly bound (as in
the case of pure palladium), reaction rates can actually
decrease due to poisoning of the catalyst by the reaction
products. On the other hand, if the binding of those in-
termediate species is too weak (typically, the case of pure
gold) the probability for the initial reaction steps to take
place drastically decreases, thus rendering the catalyst
weakly active. According to this, the results in Figure
7 show that there exists a direct relationship between
the Pd concentration and the overall performance of the
binary catalysts, with an optimum behaviour being ob-
tained for alloyed clusters.

IV. DISCUSSION AND CONCLUSIONS

The comparison of the features for the reaction path-
ways at each composition reveals important changes as
the relative concentration of gold and palladium varies.
For pure Aujg, the noble character of Au results in a
high barrier for the initial O-H dissociation. On the
other hand, intermediate states (with either dissociated
ethanol or adsorbed acetaldehyde) have small binding en-
ergies. This means that, although gold catalysts will be
less reactive to ethanol dissociation, the latter part of
the reaction will proceed much more effectively due to
the easier removal of the reaction products (acetaldehyde
and Hj). Conversely, the pure Pdjg case is characterized
by the opposite behaviour; namely, easier dissociation of
the ethanol O-H bond, and more difficult desorption of
the products. This is due to the higher intrinsic reac-
tivity of palladium, which produces (as suggested by the
Bronsted-Evans-Polanyi model®?) lower energy barriers
and higher binding energies.

One interesting feature caused by the higher reactivity
of palladium is the formation of an acetaldehyde complex
covalently bound to the Pd cluster, with transforma-
tion of the O=H double bond into an O—H single bond
and formation of an oxymetallacycle with two covalent,
Pd-O and Pd-C bonds. Such conformation is likely to be
a precursor towards formation of complex reaction prod-
ucts by reaction between two adsorbed alcohol molecules.
For example, by removing one H atom from the acetalde-
hyde complex, and adding a dissociated ethanol molecule
(with formation of a new C-O bond), ethyl acetate (CHs-
COO-CH,-CHj3) could be formed. In a similar way, ex-
periments have found formation of benzyl benzoate at
AuPd catalysts during the oxidation of benzyl alcohol,
with concentrations varying with the catalyst composi-
tion.

Overall, the behaviour of Au-Pd alloy clusters can be
interpreted in terms of the varying relative amounts of
more reactive Pd and less reactive Au sites. In the case

of AuyPdg, all the main reaction steps take place at Pd
sites, which have local environments analogous to the
ones of the pure Pdyg cluster. This causes the reaction
pathway to be very similar to the one for Pdig. The
AusPdj; cluster is characterized by a uniform mixing of
Pd and Au atoms, resulting in each site being surrounded
by a mixture of Pd and Au sites. The reaction now in-
volves the reactants and products binding to both types
of atoms, slightly reducing the stability of the intermedi-
ate states (with respect to the Pdjo and AusPdg cases),
but keeping the reaction barriers lower than in the pure
Auyg case. Finally, the AugPd, case represents a situ-
ation where the two active Pd sites cause sizable devia-
tions from the pure gold case; these sites attract ethanol,
slightly reducing the height of the dissociation barrier.
Also, they enhance binding of hydrogen, stabilizing some
of the intermediate states.

Overall, the reactivity depends drastically on the
amount of available Pd sites; a detailed analysis of the
electronic structure of the alloyed clusters (shown in the
Supplementary Information) gives additional insight into
this. Partial densities of states (PDOS) show that the
states nearer to the HOMO (which effectively correspond
to the top of the d valence band) are almost exclusively
of Pd-character, with the Au d-states having much lower
energies. AugPd; is an exception to the rule, with the
states around the HOMO having both Au and Pd char-
acter. All these facts then agree with our observation of
a marked preference (excepting AugPd;) towards initial
binding of ethanol at Pd sites. Besides, by performing a
Bader charge analysis (see Supplementary Information),
we find that a slight charge transfer takes place from Pd
to Au upon alloying. This leaves a small residual posi-
tive charge on the Pd sites, which helps to stabilize by
favourable electrostatic interaction binding of the nega-
tively charged oxygen atom in ethanol.

As a general conclusion, composition variations induce
strong changes in the reaction features, which will affect
both the activity and the selectivity of these model AuPd
catalysts. In the case of alcohol oxidation, the most inter-
esting cases are concentrations between 50% and 20% Pd,
where the Pd atoms induce sizable reactivity changes due
to higher binding energies of both reactants and products
as compared to Au. In other words, clusters with those
compositions combine the efficiency of palladium in low-
ering a bit the barrier to dissociate the first H atom and
the efficiency of gold with respect to the later steps of
the reaction. On the other hand, Pd-rich alloys show a
behaviour almost analogous to the pure Pd case.
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Supplementary Material

Ab initio studies of ethanol dehydrogenation at binary AuPd nanocatalysts

Supplementary Information

I. ADSORPTION OF MOLECULAR ETHANOL

The following figures show the various equilibrium configurations and binding energies considered when searching
for the most stable adsorption configuration of ethanol at Au,Pd, clusters.
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II. SEARCH FOR TRANSITION STATES

The following figure shows, as an example, the energies (as well as some confomations) of the intermediate con-
figurations along the pathway for ethanol dissociation on AusPds. The O-H bond distance was taken as reaction
coordinate and varied in intervals of 0.2 A; each data in the plot corresponds to a constrained minimization of the
structure. Around the candidate TS, the interval was decreased to 0.1 A. Effectively, this procedure provides an
accuracy on the search for the barrier height of the order of 0.02 eV.

Binding energy (eV)




III. ALTERNATE CONFORMATIONS OF AU;PDg AND AUsPD,;: REACTION PATHWAYS

In the case of the 20% and 80% conpositions, we have considered, besides of the conformations shown in the
manuscript, other alternate ones with the two Au (or Pd) atoms neighbour to each other. Below we show the
reaction pathways for ethanol dehydrogentation on each of these two conformations (which are slightly less stable —by
around 0.1 eV— than the ones reported in the manuscript). The results are quite similar to the ones for the most
stable conformers. The larger differences are found in the AugPds case; having a Pd first neighbour produces some
noticeable changes in the reactivity of the Pd atom where ethanol binds and dissociates.
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IV. BADER CHARGES ON ALLOYED CLUSTERS

The figures show the value of the Bader charge on each atom for the alloyed clusters AusPdg, AusPds, AugPds

and AugPd;. There is a systematic tendency towads charge transfer from Pd to Au.
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V. ELECTRONIC STRUCTURE OF ALLOYED CLUSTERS

The following pictures show, for each of the alloyed clusters, an analysis of the electronic density of states (DOS).
We plot both the total and the partial DOS for the s and d orbitals of both gold and palladium. The palladium
d states are always less stable than the gold d ones, which causes the top of the d band (where approximately the
HOMO orbital is located) to have almost complete Pd character (with the exception of AugPdy).
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