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Abstract

The seek for materials to enhance the oxygen reduction reaction (orr) rate is a highly relevant
topic due to its implication in fuel cell devices. Herein, the orr on bimetallic electrocatalysts based
on Au-M (M= Pt, Pd) has been studied computationally, by performing density functional theory
calculations. Bimetallic (100) electrode surfaces with two different Au:M ratios were proposed, and
two possible pathways, associative and dissociative, were considered for the orr. Changes in the
electronic properties of these materials with respect to the pure metals were acknowledged to gain
understanding in the overall reactivity trend. The effect of the bimetallic junction on the stability of
the intermediates O2 and OOH was also evaluated by means of geometrical and energetic parameters;
being the intermediates preferably adsorbed on Pt/Pd atoms, but presenting in some cases higher
adsorption energies compared with bare metals. Finally, the kinetics of the O–O bond breaking in O∗

2

and OOH∗ adsorbed intermediates in the bimetallic materials and the influence of the Au-M junction
were studied by means of the nudge elastic-band method. A barrierless process for the scission of O∗

2

was found in Au-M for the higher M ratios. Surprisingly, for Au-M with lower M ratios, the barriers
were much lower than for pure Au surfaces, suggesting a highly reactive surface towards the orr.
The O–O scission of the OOH∗ was found to be a barrierless process in Au-Pt systems and nearly
barrierless in all Au-Pd systems, implying that the reduction of O2 in these systems proceeds via
the full reduction of O2 to H2O, avoiding H2O2 formation.

Keywords: oxygen reduction reaction, DFT, bimetallic electrocatalysts, cathode, fuel cell.

1 Introduction

The oxygen reduction reaction (orr) is one of the most important reactions in electrochemistry and fuel
cell technologies [1, 2, 3, 4]. It takes place in the cathode of most fuel cell devices currently designed,
and shows a highly complex behavior, which depends on the electrode material and electrolyte. The full
4e- reduction of oxygen to water can occur via two parallel pathways, known as Direct (or Dissociative)
and Serial (or Associative) mechanism. A secondary reaction can occur, which is the 2e- reduction of
oxygen to hydrogen peroxide, known as the ”peroxide route” [5]. Although innumerable experimental
studies have been carried out on noble [6, 7, 8, 9] and non-noble [10, 11, 12] metals, alloys [13, 14, 15, 16],
etc., unfortunately, they do not give a consistent picture of the reaction mechanism and their results
are still under debate [5, 17]. In principle, considering the simultaneous occurrence of both routes, the
mechanism of the orr in acid media could proceed through different adsorbed intermediates on active
sites on the metal electrode which determine the final products, H2O and/or H2O2.

Several mechanisms can be proposed for the reaction: dissociative, associative, peroxide and aquoxyl
mechanisms [18]. Two of them - the dissociation of oxygen or peroxyl – are described below (being ∗ the
active metal adsorption site), where the scission of the O–O (O–OH) bond (i.e. steps 2 and 7) will be
the focus of our studies:

Dissociative mechanism (O2)

O2 + ∗ � O∗
2 (1)

O∗
2 + ∗ � O∗ + O∗ (2)

O∗ + H+ + e− � OH∗ (3)

OH∗ + H+ + e− � H2O + ∗ (4)
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Associative mechanism (OOH)

O2 + ∗ � O∗
2 (5)

O∗
2 + H+ + e− � OOH∗ (6)

OOH∗ � O∗ + OH∗ (7)

O∗ + H+ + e− � OH∗ (8)

OH∗ + H+ + e− � H2O + ∗ (9)

Although in principle, both mechanisms lead to the same product for the full 4e− reduction of O2(dis)

(i.e. water), the associative mechanism can also lead to the suboptimal 2e− reduction of O2(dis) produc-
ing H2O2 (OOH∗ + H+ + e− � H2O2 (10)). This unwanted by-product has two main issues, on the one
hand is less energy-efficient for power generation in PEMFC; on the other hand, hydrogen peroxide can
lead to faster degradation of fuel cell components. Thus, if the associative mechanism is hindered by the
electrocatalyst, the secondary reaction is suppressed.

During the years, much information has been collected concerning the search and improvement of
electrode materials [19]. Indeed, one of the most urgent problems of the fuel cell technology is to find a
better catalyst for the oxygen reduction. Currently, Pt-based materials are the best known catalysts for
the orr, but also highly expensive and scarce [20, 21]. Over the years, several materials and combinations
have been proposed aiming to enhance the electrocatalyst performance, while replacing Pt or at least
decreasing its loading [22, 23, 24, 25]. However, due to the complexity of the reaction itself, and beyond
every attempt to improve the efficiency of the device, there is still a lack of understanding in the funda-
mental processes of the reaction; being this scenario the major source of inefficiency in fuel cells. One of
the crucial points is to delve into the knowledge of mechanistic aspects that determine the electrocatalytic
activity of the electrode materials, since it would help in their rational design. The possible reaction
routes and the behavior of the adsorbed species, such as intermediates and/or inhibitors, must be clearly
understood. Thus, a smart selection of materials for which the reaction proceeds mainly through the
most appropiate route can be consciously achieved [26, 4, 27]. Regarding this matter, many studies
have been oriented to modify the electronic properties of the adsorption sites on pure electrodes such
as the adsorption of metal adatoms [28, 29], surface facetting [30, 31], core-shell nanoparticles [32, 33],
etc. However, not always a direct correlation exists between the tuning of the material and a significant
change in its electrocatalytic activity for a specific reaction.

Many experimental and theoretical works have studied binary superlattice materials, as some of these
hybrid systems exhibit better properties than the isolated constituents, due to the existence of syner-
getic effects between them [34, 35, 36]. From a theoretical perspective, the design of hybrid materials
with heteroatomic junctions, with the maximum ratio between mixed and pure sites, provides a pow-
erful alternative for the study of reactions involving more than one adsorbed intermediate, illustrative
examples of these kind of systems can be found in literature [37, 38]. The oxygen reduction reaction
seems to be a case where the presence of active sites with different functions would benefit the electro-
catalytic activity. In this sense, some attempts have been made to develop a bifunctional model of a
more efficient mechanism for the reaction based on both, macroscopic thermodynamic properties [39] and
ab-initio calculations [40], where a metal (M1) favors the O2 bond breaking and the bond formation of
the intermediate (M1-O), while the other metal (M2) favors the intermediate electrooxidation to water.
Obviously, this is a simplified view of the process, which serves only as a guideline for the design of
possible materials. In this context, some bimetallic electrodes have shown superior performances for the
orr than each pure material [41, 42, 43, 44, 45, 46].

Herein, computational studies based on density functional theory (DFT) have been performed to
clarify energetic and electronic effects governing the reactivity of bimetallic electrode material for the
oxygen reduction reaction (orr). The studies are particularly oriented to the interfacial line generated
by the combination of two metals in contact (nPd/mAu, nPt/mAu). Additionally, we have investigated
the effect of the bimetallic junction on the activation barriers for specific kinetic processes that govern
the orr, specifically the scission of the O–O bond in two type of molecular precursors O2ad and OOHad.
This paper is organized as follows. Some pertinent details on model calculations are reported in the next
section. Then, we present the results of DFT calculations to evaluate the effect of the bimetallic junction
on the selectivity of the adsorption process. Different adsorbed intermediates, adsorption environments,
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Figure 1: Top view of the bimetallic electrodes (geometrical pattern). Left side: 2M/1Au. Right side:
1M/2Au. M=Pt, Pd. The gray spheres coespond to Pd or Pt atoms whereas the yellow ones correspond
to atoms of Au. The adsorption sites were identified as follows: A) M top site. B) Au top site. C) 4-fold
mixed hollow site, M atom underneath the first surface layer. D) 4-fold mixed hollow site, Au atom
underneath the first surface layer. E) 4-fold M hollow site. F) M bridge site. G) Au bridge site. H) M
mixed bridge site.

and electronic effects are estimated and analyzed. Kinetic processes of our interest are investigated, and
their energy barriers are addressed as well. Concluding remarks are reported in the last section.

2 DFT calculations and modeling

Periodic DFT calculations were performed using VASP code [47, 48, 49]. The core electrons were
kept frozen and replaced by pseudopotentials generated by the plane augmented wave method (PAW)
[50, 51, 52, 53]. The outermost shell were treated by means of a plane-wave basis set with a cutoff of 450
eV. The electron–electron exchange and correlation interactions were treated with the generalized gradi-
ent approximation (GGA) in the version of Perdew and Wang [54]. The application of this functional on
bulk Pt, Pd and Au results in theoretical lattice parameters of aPt

0 = 3.96 Å, aPd
0 = 3.98 Å, and aAu

0 = 4.18
Å. Within the typical margins of errors, both constants agree with the experimental data aPt

0 = 3.92 Å,
aPd
0 = 3.89 Å, and aAu

0 = 4.08 Å reported in the literature [55]. For the mixed surfaces, an average lattice
constant between both metals was taken to build the surfaces [56]. For all the systems, the two bottom
layers were fixed at the next-neighbor distance corresponding to bulk and all the other layers were allowed
to fully relax. The convergence criterion was achieved when the total forces were less than 0.02 eV/Å.
In all the calculations a vacuum corresponding to 20 Å was used. The parametrization of the k-points
sampling of the Brillouin zone based on the Monkhorst-Pack grid [57] was considered. The parameters
were increased systematically until the change in the absolute energy was less than 10 meV. A grid of (7
× 7 × 1) k-points was used for a (3 × 3) unit cell. In all the calculations spin polarization was considered.

As explained previously, we are focused on the scission of the O–O (O–OH) bond, which avoids the
hydrogen peroxide formation. Thus, the adsorption of O2 and OOH, considered precursors for their
dissociation process, was perfomed on two types of systems: pure metal surfaces – Pt(100), Pd(100)
and Au(100) – and bimetallic superlattices – nM/mAu, M=Pt, Pd. The pure metal surfaces were mod-
eled by a (3 × 3) supercell with 4 metal layers. To model the bimetallic nM/mAu electrodes, (3 × 3)
supercells with 4 layers were used. To consider the effect of the amount of atoms in the new material
on the reaction intermediates two different nM/mAu ratios were studied. Thus, two structures for each
combination were checked: 1M/2Au, 2M/1Au, M=Pt, Pd. Fig. 1 shows a representative picture of the
geometrical pattern for each combination of Pd or Pt with Au atoms considered in the present study.
The adsorption was investigated in all the sites shown in Fig. 1 for each system, and the most favorable
ones are reported in this contribution. The classification of the new adsorption sites originated by the
bimetallic combination is also reported (Fig. 1).

Kinetic processes of our interest were evaluated using the nudged elastic-band (NEB) method [58, 59]
to find the minimum energy paths and the corresponding activation barriers using seven images of the
system along the transition path. Within this method the initial and final states are known and a chain
of beads is connected by harmonic springs (k = 0.1 eV Å−2) between reactant and product states. Each
transition state have been verified to have a single imaginary frequency. The general parameters used
for the NEB calculations are the same as those for the previous DFT calculations described above. For
relaxations, the convergence criterion was achieved when the total forces were less than 0.02 eV/Å.
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3 Results

3.1 Energetics. Influence of the bimetallic junction on the adsorption.

To begin with, we have investigated the changes in the electronic properties of the bimetallic materials
to understand the surface reactivity. A comparison of the d bands for each systems –nPd/mAu and
nPt/mAu – with the bare metal (100) surfaces – Pd, Pt, Au – is shown in Fig. 2. The DOS of the
d bands changes gradually with the amount of Pd or Pt incorporated to the Au surface. As expected
due to the similarities of both metals for belonging to the same group in periodic table (Pd, Pt) the
behavior of the DOS is highly alike, although more pronounced changes are detected for the Pd profiles.
In general, for both bimetallic materials, the d band appears to be shifted to more positive energies (Fig.
2: green (1M/2Au) and blue (2M/1Au) lines) compared to the pure Au surface (Fig. 2: red dashed
line). Geometrical factors plus the chemical interplay due to the direct contact at the bimetallic junction
causes a change in the electronic properties. Therefore, it is expected that the d band profiles for the
bimetallic electrodes tend to the d band of palladium or platinum when the proportion of each metal
rises, due to the lesser gold influence. The upshift of the d bands to more positive energies is generally
associated with a higher reactivity, indeed the presence of Pd or Pt shift the Au d band to the Fermi
level, leading to an improvement in the chemisorption properties.
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Figure 2: Projected Density of States (LDOS) on the d band of the first metal layer. Left side: Pd (100)
(black line and gray area), 2Pd/1Au (blue line), 1Pd/2Au (green line) and Au (100) (red dashed line).
Right side: Pt (100) (black line and gray area), 2Pt/1Au (blue line), 1Pt/2Au (green line) and Au (100)
(red dashed line). The vertical line indicates the Fermi level taken as a reference.

Although the analysis of the electronic structure let us conclude that the presence of Pt or Pd in-
creases the reactivity respect to pure Au, it is not enough to define the performance of a material as an
electrocatalyst for a specific reaction. In our case, the attention is focused on the bimetallic junction,
which allows to tune the shift of the d band to the Fermi level and improve the material properties. Thus,
the smart selection and combination of two metals, which exhibit different behavior for the orr such as
Pt and Au [60, 39] or Pd and Au [61, 62] , allow to consider a modification in the reaction mechanism,
leading to a change in the reactivity/selectivity due to the presence of the bimetallic interface.

In this context, we have systematically investigated the adsorption of two possible precursors for the
O–O (O–OH) bond breaking, i.e. O2 (oxygen) and OOH (peroxyl), on the mixed materials to evaluate
the influence of the bimetallic junction on the adsorption properties. For comparison, the pure surfaces
– Pt(100), Pd(100) and Au(100) – have been considered as references. The adsorption energy (Ead) has
been calculated using the following expression:

Eprec
ad = Eprec/mM/nAu − EmM/nAu − Eprec (10)

The first term corresponds to the energy of the relaxed system – prec/mM/nAu – with the precursor
(prec = OOH or O2) at the adsorption equilibrium position on the surface, the second term corresponds
to the energy of the relaxed mM/nAu surface without the precursor; the third term is the energy of the
precursor in gas phase. Calculated energy values for the most favorable sites for each system are shown
in Fig. 3.

4



  

-2

-1.5

-1

-0.5

0

0.5

E
a
d

  (
e
V

)

Au(100)

1Pd/2Au
2Pd/1Au
Pd(100)

O
2

OOH

-2

-1.5

-1

-0.5

0

0.5

E
a
d

  (
e
V

)

Au(100)

1Pt/2Au
2Pt/1Au
Pt(100)

O
2

OOH

Figure 3: Adsorption energies in eV for each species OOH and O2 on all the investigated materials. Left
side: mPd/nAu, Pd, Au. Right side: mPt/nAu, Pt, Au. The energy values correspond to the most
stable adsorption site.

XXXXXXXXXXPrec
Structures 1Pd/2Au 2Pd/1Au 1Pt/2Au 2Pt/1Au

O2

OOH

Table 1: Most stable adsorption sites for O2 and OOH on the bimetallic structures: mPd/nAu and
mPt/nAu.

Our results indicate that the adsorption process of both precursos is more favored on 1Pt/2Au and
2Pt/1Au in comparison with the pure surfaces (Pt and Au), see Fig. 3. On both systems, the behavior
of OOH and O2 follows the same trend: Eprec

ad /2Pt/1Au < Eprec
ad /1Pt/2Au < Eprec

ad /Pt < Eprec
ad /Au. The

adsorption energies of OOH and O2 on the pure surfaces are in agreement with the ones reported in
the literature [40, 63, 64, 65]. After adsorption, the precursors were found located on ”H” sites (Fig. 1)
on both materials, 1Pt/2Au and 2Pt/1Au (see Table 1, right side). A higher affinity for Pt than Au is
detected, which is in line with the behavior of the species on the pure metals, see Ead in Fig. 3, right plot.
For the sake of completeness, Fig. 4 shows the charge density difference for the O2–mPt/nAu. Clearly,
main charge accumulation in the O2–mPt bond region and the unperturbed gold atoms confirms our
previous observation. A similar behavior (not shown in the present contribution) has been found for the
other systems – OOH–mPt/nAu. Finally, it should be notice that the presence of gold in these mixed
materials improves significantly the adsorption, not only with respect to pure gold but with respect to
pure Pt at the studied proportions.

For the case of mPd/nAu surfaces, a slightly different behavior has been found. The adsorption
phenomenon was improved with respect to gold for both species (OOH and O2) according to (less

Figure 4: Cross section of the charge density difference of the O2–mPt/nAu bond. Cut in the plane
perpendicular O2–mPt/nAu bond. Left side: O2–1Pt/2Au. Right side: O2–2Pt/1Au. The accumulation
of charge is in red, and the depletion in blue for charge density difference.
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negative energy value): 2Pd/1Au < 1Pd/2Au < Au. Hence, the higher the amount of Pd atoms in the
gold substrate, the better the adsorption properties in a similar way as in mPt/nAu systems. However,
a comparison with a pure palladium surface exhibits a different scenario. The OOH adsorption energies
decreases (less negative value) in the following order: 2Pd/1Au < Pd < 1Pd/2Au < Au. In the cases
of the mixed configurations, the OOH adsorption is favored on ”H” sites (Table 1), and on bridge sites
for bare Au and Pd in agreement with the reported data [65, 40]. For the oxygen adsorption, energetics
indicates that the most stable structure for pure Pd(100) is on a hollow position in accord with [63]. The
adsorption on the bimetallic configurations is strongly enhanced compared with gold surfaces. Therefore,
as the presence of Pd atoms increases, the chemisorption properties are improved in the order: 1) Au,
2) 1Pd/2Au, 3) 2Pd/1Au. The molecule is located on bridge sites on Au and 1Pd/2Au surfaces (”H”
site, Table 1), whereas it was found adsorbed on hollow sites at Pd and 2Pd/1Au structures (”E” site,
Table 1).

3.2 Kinetics. Influence of the bimetallic junction on the scission of O–O and
O–OH bonds.

There is an extensive literature on theoretical and computational work about different bimetallic surfaces
[41, 42, 43, 44, 66, 67, 68, 69] and the oxygen reduction reaction on such electrocatalysts [44, 69, 70, 71, 72].
For instance, the work of Zhang et al. can be cited, where the authors showed an enhancement of the
ORR kinetics on a mixed monolayer of Pt and another transition metal (Ir, Ru, Rh, Pd, Au, Re, Os)
deposited on a (111) Pd substrate [69].

Specifically in this occassion, we were motivated to find a change in the reactivity/selectivity of a
bimetallic material due to the metal composition and geometrical arrangement (heteroatomic junction).
In this regard, we propose an intercalated configuration that increases the intermetallic interaction,
maximizing the contact line between two metals. Also, working with two different compositions and
combinations (1Pt/2Au, 2Pt/1Au and 1Pd/2Au, 2Pd/1Au) allows to appreciate the contribution of
each metal on the kinetics, and if possible to establish a composition–reactivity trend.

A comparative study of the material electrocatalytic capacity for a given reaction can be accomplished
by analyzing the dissociation energy [73]. In line with our interest for designing an optimal material,
the formation of hydrogen peroxide must be prevented. Hence, due to the complex nature of the oxygen
reaction, we shall consider two specific steps as a starting point to avoid the H2O2 generation: the bond
breaking of O2(ad) – into 2O(ad) – and, the bond breaking of OOH(ad) – into O(ad) and OH(ad). Thus, as
a first approach, the scission energy provides valuable information regarding the material performance.
This simple idea helps to improve the in silico design of catalysts, especially for the screening of a large
number of materials. Obviously, after a pre-selection is done, further theoretical, computational and
experimental studies should be performed with the selected materials and geometrical structures to have
a deeper understanding.

Oxygen reaction mechanisms have been deeply studied for various electrocatalysts and are well doc-
umented [74]. As described above, due to the complexity of the reaction, several mechanisms have been
proposed and many approaches can be found in the literature [75]; but to the best of our knowledge,
there are still some aspects of the reaction which remain unclear. Therefore, as a starting point, we have
considered the two steps mentioned previously (2 and 7): the dissociation (or bond breaking) of O2(ad)

and OOH(ad) on pure1 and mixed surfaces: Pd(100), Pt(100), Au(100), 1Pd/2Au, 2Pd/1Au, 1Pt/2Au
and 2Pt/1Au; to investigate the fundamental aspects related with the existence of a bimetallic junction
and its influence on the kinetics of the bond breaking of O–O and O–OH to avoid the secondary product
(H2O2). Although it is out of the scope of the current contribution, H2O2 production could also be
studied to provide a full insight on the reaction pathways. Corresponding work is in progress in our
group.

According to the previous explanation, our results are summarized in Table 2. The corresponding
final and transition state configurations as well as the activation energies (in eV) are reported for the
bond breaking processes of both precursors on the mixed systems.

Our results show that the dissociation of the adsorbed precursor – O2(ad) – is a barrierless process
on Pd(100) (in accord with other authors [76]), with the two oxygen atoms as the final state located
on hollow sites. As expected for the bimetallic material with a larger amount of Pd (2Pd/1Au), the
behavior is similar to that of the pure palladium surface. The initial state is an adsorbed O2 molecule on
an ”E” site. Its dissociation takes place with no barrier on the Pd ”region”, which confirms the higher
affinity of O2 for Pd over Au. At the final state, the oxygen atoms are also situated at the Pd ”region”

1taken as reference materials
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XXXXXXXXXXPrec
Structures 1Pd/2Au 2Pd/1Au 1Pt/2Au 2Pt/1Au

O2

FS

TS

Eact/eV 0.3 0.0 0.1 0.0

OOH

FS

TS

Eact/eV 0.1 0.0 0.0 0.0

Table 2: Final (FS) and transition (TS) state configurations and the corresponding activation energies
(Eact) for each investigated reaction path. Upper part: the bond breaking process of O2. An elongated
adsorbed oxygen molecule is found at the bimetallic junction. Bottom part: the bond breaking process
of OOH. An elongated adsorbed peroxyl is found at the bimetallic junction.

on ”E” hollow sites (Table 2). For simplicity and in all the studied cases, the corresponding initial state
has been taken as reference to recast the energy values, i.e. Eini = 0.

The scenario changes notoriously when the amount of Au increases on the bimetallic material in
comparison with pure Au. The same phenomenon is now hindered by a barrier of about 0.3 eV on
1Pd/2Au surfaces, whereas on a pure Au surface the process exhibits a barrier higher than 1 eV [64].
On 1Pd/2Au systems, the oxygen molecule is initially adsorbed on a ”H” site on the surface, and starts
diffusing to the bimetallic interface, where an elongated oxygen molecule has been identified as the
transition state (Table 2). At the final state, the two oxygen atoms are located on displaced mixed ”C”
hollow sites (Table 2), which also shows the preference of O for Pd.

Similar studies have been addressed on nPt/mAu mixed surfaces as well. For 1Pt/2Au surfaces, the
adsorbed molecular oxygen (O2(ads)) dissociates in two oxygen atoms (O(ads)) with a considerably low
activation barrier of about 0.1 eV. Similarly to 1Pd/2Au, the molecule initially sits on a ”H” site and
subtly propagates to the bimetallic interface, where the oxygen bond breaks (Table 2). An elongated O2

has been also found as a transition state. The final state is shown in Table 2, with the O atoms located
on ”H” sites.

For 2Pt/1Au, the scission of O–O bond exhibits no activation energy. A situation quite similar in
comparison to 1Pt/2Au (Eact ≈ 0.1 eV) and Pt(100), which displays a rather small dissociation barrier
(Ea ≈ 0.15 eV, in agreement with other authors [63]). As in the previous cases, the molecule adsorbs
on a ”H” site and bond breaking takes place at the bimetallic junction. Finally, the oxygen atoms are
favorably adsorbed on ”H” sites (Table 2).

Besides the previous scenario, we have also considered the bond breaking step of the adsorbed OOH
for the same materials (pure surfaces and the bimetallic materials: nPd/mAu, nPt/mAu) to obtain Oad

and OHad as products. As follows from our results, the higher barrier (≈ 0.3 eV) occurs on a Au(100)
surface. For Pd(100) and 1Pd/2Au, the process takes place with nearly no barrier (≈ 0.1eV). For this
bimetallic surface (1Pd/2Au), at the initial state, the OOH is adsorbed on a distorted ”H” site. Similarly
to the molecular oxygen, the OOH species is re-oriented to the bimetallic interface, where the transition
state is identified (Table 2). The final states for both species – O and OH – sit on ”H” sites and are
shown in Table 2. For higher amount of Pd (2Pd/1Au), the scission occurs in the Pd ”region” in the
same way as it was described for the molecular oxygen precursor. No activation energy has been found,
and as final configurations, the O atom is situated on an ”E” site while the OH is located on an ”H” one
(Table 2).
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For the rest of the systems (1Pt/2Au, 2Pt/1Au), the scission is barrierless as in the pure Pt(100)
surface [18]. The O–OH breaking takes place at the junction. The corresponding final states are shown
in Table 2. The adsorption follows the expected behavior, the O and OH locate preferentially on a
”H” site and on an off-center top Pt site for the case of 1Pt/2Au surfaces (Table 2), while for 2Pt/1Au
structures, both O and OH sit on mixed Pt-Au bridge sites (Table 2).

4 Discussion

In accord to the reported data [64], the dissociation on Au(100) is unfavorable with an energy barrier
higher than 1 eV, which indicates that the orr would not evolve through the dissociative route. Hence,
according to our results, the modification of Au with Pd or Pt rows would lower the barrier for the bond
breaking process and favors the dissociative mechanism.

Additionally, it should be emphasized that the breaking of the O–OH bond is a barrierless process for
1Pt/2Au, 2Pt/1Au, 2Pd/1Au surfaces, and an almost barrierless process for 1Pd/2Au configurations;
and it would be expected that the hydrogen peroxide reaction does not take place on the investigated
materials either. This synergetic behavior for the ORR has already been seen experimentally for PtAu
in the work of Brown et al., in which Au-Pt nanoparticles with Pt59Au41 proportions showed charge
densities nearly 5 times higher than Pt thin films [77]. A similar behavior was found for this bimetallic
combination in the work of Qu et al. [78], where a Pt nanofilm decorated gold microelectrode with
various Pt/Au surface ratio were studied. The authors concluded that the optimized surface contents of
Pt and Au, which demonstrated high activity and high efficiency of Pt usage, was determined as Pt/Au
surface ratio of 0.62.

Although many works have shown that the combination of Pd and Au can selectively reduce O2 to
H2O2, which makes them suitable electrocatalysts for H2O2 synthesis [79, 80], our results suggest that
these type of electrodes would potentially reduce O2 through the 4e- route. In spite of this apparent
disagreement, it is known that several factors such as crystallographic orientations, support material,
among other characteristics (like size, pH, etc.) can strongly influence the kinetics and mechanism of the
ORR, leading to a variation from the 2 to 4 electron process. For instance, in the computational work
of Ham et al. [81], where PdAu(100) surfaces were also studied, it was found that Pd monomer pairs
can greatly enhance the kinetics for the ORR compared with pure Pd(100), which is in agreement with
what we have seen for this kind of electrocatalysts.

As it was explained previously, the scission energy can be used to obtain information about the
material performance [73]. In this context, our results reveal that the main difference lies in the bond
breaking process of the adsorbed precursor –OOH(ad) and O2(ad)– which avoids hydrogen peroxide for-
mation. In all the studied cases, the activation energy decreases or even dissapered compared to pure
gold. For those specific processes, where a transition state was found, the correspoding species –OOH
and O2– re-localizes on a mixed site in parallel direction to the bimetallic interfacial region (Table 2)
where the bond scission occurs. Then, a surface diffusion process takes place leading to the final state. It
is important to notice that, except for 2Pd/1Au, the bond breaking process of both precursors occurs at
the bimetallic junction (i.e. not on top of Pt or Pd (regions), the most active metals for this process). A
detailed observation of each reaction path obtained by the NEB method indicates that, for the scission to
take place, the precursors must be localized in a parallel way respect to the heteroatomic line. Therefore,
a material with a bimetallic geometrical arrangement that presents an interfacial line with different sites,
such as the one proposed in this contribution, or for instance, embedded mosaics of Pt or Pd in a Au
substrate, which allow the precursor to localize parallel over the junction, can be considered as possible
electrocatalysts for the reaction.

From our knowledge, our intercalated bimetallic model originates a new reaction environment –
heteroatomic interfacial line –that has not yet been investigated by computational means. Instead a
rather similar reported structure such as a monolayer of Pt on a Au(111) surface can be cited. Nilekar
et al. [44] reported an activation barrier of 0.51 eV for the molecular oxygen dissociation on a Pt ML
on Au(111), which is lower than that for the bare Pt(111) surface (≈ 0.77 eV). Another interesting
approach was made by Zhang et al. [69], where a monolayer of Pt and another transition metal was
deposited on top of a Pd(111) single crystal. According to the authors these electrocatalysts have a
high activity compared to pure Pt for ORR. It is interesting to highlight that the improvement on the
activity of the catalyst was attributed by the authors to the lowering of OH coverage due to the presence
of the neighbor surface metal atom (in this case, Ir, Ru, Re, or Os). This kind of contribution, i. e. the
modification of the metal catalytic behavior due to the presence of a foreing metal on the surface, is the
kind of synergetic effect seen on the catalysts studied in this work. Nonetheless, according to Zhang et
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al. [69], the combination of Au and Pt in the mixed monolayer decrease the ORR kinetics in comparison
with a pure Pt monolayer, which is in contrast to what we have found for the Au-Pt system studied
in this article. In spite of this, several experimental works found a synergetic effect for mixed Au-Pt
systems [82, 83] and the difference in these results could arise from the dissimilarities in the superlattice
structure studied herein.

Moreover, electronic and geometrical factors that affect the material reactivity exist in both models,
the prime difference in our proposed configuration is the existence of an exposed bimetallic interface for
the reaction to occur, which may favor some processes over others, for example, to avoid the formation
of secondary products.

5 Conclusions

The oxygen reduction reaction on bimetallic electrodes based on the combination of Au with M (M: Pd
or Pt), considering 1:2 and 2:1 ratios, was studied. Interestingly, it was found that even for the highest
Au ratios studied, the reactivity behavior of these materials shared more similarities with Pt or Pd bare
metals than with bare Au. This trend was established by electronic, geometrical and kinetic studies,
considering the adsorption and the O–O bond breaking for O∗

2 and OOH∗ intermediates. For some
combinations, adsorption energies towards these intermediates are greater (more negative values) than
for bare Pt or Pd metals, providing evidence of a synergetic behavior between Au and M. Our results
suggests not only that Pt loadings could be reduced without losing much catalytic activity towards the
orr if properly combined with gold, which is not a great benefit considering Au is also a highly expansive
metal, but could actually enhance the oxygen reduction reaction rate, although this last statement needs
further research. On the other hand, our results imply that Pd-Au, mixed in a proper ratio, can also be
a great electrode material for orr, nevertheless its catalytic properties seems to be behind the Pt-based
electrodes. Further investigations are being conducted in order to elucidate the mechanism of the orr in
intercalated Rh/Au electrodes.
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Highlights

� orr is investigated on different ratios of Pd-Au and Pt-Au bimetallic electrodes

� A heteroatomic junction is defined as a new reaction environment

� The kinetics of the O-O (O-OH) bond breaking is studied at the heteratomic junction

� For Au-M with lower M ratios, the barriers for O-O scission suggest a reactive surface towards the
orr

� The O–OH scission is nearly barrierless, implying that the O2 reduction proceeds via the full
reduction to H2O
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