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Abstract By means of density functional theory calcu-
lations, the reaction mechanisms of H,O, synthesis on
three low index and two stepped Au surfaces have been
investigated in detail. This study shows the activation
energies of five elementary reaction steps of H,O, syn-
thesis, which include two hydrogenation and three
decomposition steps of key species, are a function of
reaction energies, which observe the Brgnsted—Evans—
Polanyi rules on both the flat Au surfaces and the step edge
sites of stepped Au surfaces. This study not only provides a
simple method to estimate the reaction barriers of ele-
mentary steps of H,O, synthesis by the reaction energies
but also predicts the catalytic performances of Au nano-
particles applied in real catalysis.

Keywords Brgnsted—Evans—Polanyi relationship -
AuPd surface - H,O, - DFT

1 Introduction

H,0,, as an environmentally friendly oxidant, has played a
large role in chemical industry [1, 2]. Direct synthesis of HO,
from hydrogen and oxygen will certainly play an increasing
important role in green chemical synthesis in which the
formed H,O, is directly applied in an oxidation reaction. Pd is
the most widely investigated and highly efficient catalyst in
the direct synthesis of H,O, [3]. However, the low selectivity
for H,O, and harsh work conditions by using a mixture of H,
and O, in concentration within the explosive range are the
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serious problems of Pd catalysts [4]. Gold catalysts have
attracted special attention in the direct synthesis of HO, due
to the extraordinary catalytic properties in a series of oxidation
or selective oxidation reactions [5—11]. But monometallic Au
catalysts supported on carbon or metal oxides show very little
activity for H,O, synthesis [3]. The study of Hutching and
other research groups has shown that bimetallic catalysts,
especially AuPd, have remarkable enhanced catalytic activity
and selectivity in the direct H;O, synthesis when compared
with that of monometallic Au or Pd catalysts [3, 12, 13].
Recently, Hutchings has reported that nitric-acid pretreated
AuPd catalyst supported on carbon gives high yields of H,O,
with hydrogen selectivities greater than 95% [14]. Particle
size, atomic/surface compositions, the shape and exposed
facets of nanocatalysts particles are all the influent factors of
catalytic performances of AuPd [15-17]. Recently, these
isolated Pd atoms within the gold matrix are indentified as the
most active catalytic center for vinyl-acetate synthesis and the
direct H,O, synthesis reaction [18-21]. It is shown that single
Pd sites enhanced H,0, selectivity, whereas surface ensem-
bles of contiguous Pd atoms support H,O formation [21].

Independent of the used catalysts, during the direct
H,0, synthesis, the competing reaction channel is the
formation of H,O by the non-selective oxidation. The
elementary reactions of H,O, formation by the hydroge-
nation of molecular oxygen are as follows:

0, —» 0"

03+ H' — OOH"
OOH" + H* — H,0,"
Hy0," — Hy0,(g)

It is seen that molecular oxygen (O,), hydroperoxo
(OOH) and hydrogen peroxide (H,O,) are three key
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species for H,O, synthesis. Once these key species
decomposition (reactions 5-7), the H,O is easily formed.

0," — 20* (5)
OOH* — O* + OH* (6)
H,0," — OH" + OH* (7)

Therefore, the ideal catalysts should have high (low)
activity for the H,O, (1-4) (H,O) formation (5-7) by the
modulation of the geometric and/or electronic properties of
nanocatalysts particles. The high resolution transmission
electron microscopy characterization shows that Au or AuPd
particles are dominated by (111), (100) facets, few (110) facets
with different shapes of truncated octahedral, icosahedra and
decahedra [22-24]. The exposed facet is one of major factors
to determine catalytic properties of Au or AuPd particles.
There are several theoretical studies [20, 25-32] of H,0,
synthesis on low index Pd, Au, Pt surfaces or small Au
clusters. However, a systematically comparative study of the
key elementary reactions for H,O, and H,O formation on
these low index Au surfaces, especially Au(111), Au(100) and
Au(110) and stepped Au surfaces, is very necessary.

In this study, by means of density functional theory
(DFT) calculations, we investigate the formation and
decomposition of three key species (O,, OOH and H,0,)
during H,O, synthesis on three kinds of low index Au
surfaces (Au(111), Au(100), Au(110)), which are the major
facets of gold nanoparticles, and two stepped Au surfaces
(Au(221) and Au(211). Our study shows that, on most of
Au surfaces, reaction barriers of the formation of key
intermediates are larger than those of their decomposition.
Especially, we find that the activation energies of these
reactions are a function of the reactions energies, which is
consistent with the Brgnsted—Evans—Polanyi rules [33, 34].
This rule provides a simple way to estimate the activation
energies of H,O, synthesis on Au surfaces and nanoparti-
cles, which might be helpful to design novel Au nanocat-
alysts with superior activity and high selectivity.

2 Computational Details

The first principle DFT calculations were performed using
the Dmol® program [35, 36]. The generalized gradient
approximation (GGA) with the revised Perdew—Burke—
Ernzerhof (RPBE) functional [37] was used to describe the
exchange—correlation (XC) effects. The descriptions of the
valence states were obtained with the double numerical
basis set augmented with polarization p-function (DNP)
[35] which has a computational precision being compara-
ble with the Gaussian split-valence basis set 6-31G**. In
this study, TS searches were identified using linear syn-
chronous transit/quadratic synchronous transit (LST/QST)
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methods [38]. The TS approximation obtained in that way
was used to perform QST maximization. TS confirmation
tool based on Nudged-Elastic Band (NEB) [39, 40] algo-
rithm was applied, which has been well validated to find
the TS structure and the minimum energy pathway.

Three low index (Au(111), Au(100) and Au(110)) and
two stepped surfaces (Au(211), Au(211)), in which one Au
atom is substituted by Pd, have been considered in this
study. These surfaces are defined as Pd,/Au(111), Pd;/Au
(100), Pd,/Au(110), Pd,/Au(221), Pd,/Au(211), respectiv-
elly. For Pd;/Au(111), Pd;/Au (100), Pd;/Au(221) and
Pd;/Au(211), a four layer 3 x 3 surface unit cells, for
Pd;/Au(110), a five layer 3 x 3 surface unit cells were
used for all calculations. During the optimization process,
only the most bottom Au layer was kept fixed while the
remaining layers of Au surfaces and the adsorbates were
fully relaxed. The Brillouin zone integration was carried
out with 4 x 4 x 1 k-point sampling, where the conver-
gence tolerance of energy was set to 1.0 x 10~ Ha and
the maximum force was 0.002 Ha/A.

3 Results and Discussion
3.1 H,0, Synthesis on Low Index Au Surfaces

In this study, we investigated the elementary reactions of
the formation of H,0, and decomposition of three key
intermediates on three low index (Pd;/Au(111), Pd;/Au
(100), Pd;/Au(110)) and two stepped (Pd;/Au(221), Pd,/
Au(211)) surfaces.

Figure 1 shows the potential energy diagrams of ele-
mentary reactions of H,O, synthesis on Pd;/Au(111) Pd,/Au
(100) Pd;/Au(110) surfaces. O, does not adsorb on three
kinds of Au surfaces by using RPBE, PW91, PBE functions.
On Pd;/Au(111) Pd;/Au (100) Pd;/Au(110) surfaces, O, has
the moderate adsorption strength, which is dependent on the
specific functional. The adsorption is thermodynamically
favorable on three surfaces by using PW91 and PBE func-
tional as shown in Table 1. After the adsorption of molecular
oxygen, two successive hydrogenation steps are necessary
for the synthesis of H,O,. The activation energies of the
formation of hydroperoxide (reaction 2) and H,O, (reac-
tion 3) on Pd;/Au(111) is 0.48 and 0.28 eV, respectively.
However, the reaction barriers of these hydrogenation
reactions on the other two low index surfaces (Pd;/Au(100)
and Pd;/Au(110)) are much larger than those on Pd,/
Au(111). The reaction barrier of OOH and H,O, formation
on Pd;/Au(100) is 0.53 and 0.67 eV, while 0.66 and 0.73 eV
on Pd;/Au(110), respectively. The distance between oxygen
and hydrogen in transition state of OOH formation on Pd,/
Au(111) is slightly larger than those on other two sur-
faces(Pd;/Au(100) and Pd,/Au(110)), as shown in Fig. 2.
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Table 1 The adsorption energy of O, calculated with different
functions on five different Au surfaces

RPBE PWO91 PBE

Pd,/Au(111) 0.22 —0.17 —-0.12
Pd,/Au(100) 0.06 —-0.38 —-0.33
Pd,/Au(110) —0.07 —0.50 —0.45
Pd,/Au(211)-st —0.02 —0.45 —0.40
Pd,/Au(221)-st —0.05 —0.47 —0.42

Once the formation of H,0,, it easily desorbs from three Au
surfaces. We also investigated the dissociation reactions of
three key species for H,O, formation. Among three low
index surfaces, Pd;/Au(100) is the easiest one to active O,
and the corresponding activation energy is 1.07 eV. The
reaction barriers of O, dissociation on Pd;/Au(111) and Pd,/
Au(110) are both 1.60 eV, which is in agreement with the
value (1.55 eV) reported by Hwang et al. [20]. Similarly, on
Pd;/Au(100), the dissociation of OOH into the adsorbed
atomic oxygen and hydroxyl is also the easiest among three
investigated surfaces. The activation energy of OOH disso-
ciation on Pd;/Au(100) is 0.69 eV, while it is 1.03 and 1.29
eV on Pd;/Au(110) and Pd,/Au(111) surfaces, respectively.
The distance between oxygen and oxygen in transition states
of OOH dissociation on Pd;/Au(100) is much shorter than
those on Pd;/Au(110) and Pd,/Au(111) surfaces (Fig. 2).
However, Pd;/Au(110) is the easiest one of three surfaces to
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Fig. 2 The optimized transition states structures (top view) of the
elementary steps on three low index surfaces. The bond lengths are
given in angstrom (A)
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decompose H,O, into two adsorbed hydroxyl, which needs
to overcome a barrier of 0.44 eV. The H,0O, dissociation
barrier on Au(111) and Au(100) is 0.65 and 0.50 eV,
respectively. By comparing the reaction barriers of the
hydrogenation and dissociation of key species on three kinds
of surfaces, it is concluded that the hydrogenation of the
relevant species are all easier than their dissociation.

3.2 H,O, Synthesis on Stepped Au Surfaces

In order to simulate the edge sites of Au nanoparticles,
two kinds of stepped Au surfaces (Pd;/Au(221) and
Pd;/Au(211)), as the representative models, are used to
investigate H,O, reaction, as shown in Fig. 3. The Au(211)
surface can be described as 3(111) x (100) in microfacet
notation, a step-terrace structure consisting of three-atoms-
wide of (111) orientation and a monatomic step with a (100)
orientation. The Au(221) surface can be described as
4(111) x (111) in microfacet notation, a step-terrace struc-
ture consisting of four-atoms-wide of (111) orientation and a
monatomic step with a (111) orientation. The Au(221) sur-
face has a wider (111) terrace a lower density of step com-
pared with the Au(211) surface. Further, two different
substitutions of Au by Pd were considered, as shown in
Fig. 3: the top of the step edge (1), and the terrace (2). On
both Au (221) and Au (211) surfaces, the most favorable
substitution site with one Pd atom is the terrace site. How-
ever, after O, adsorption, the Pd atom prefers the top of

Au(221)

Fig. 3 Top view and side view of Au(211) and Au(221) surface. The
substitution site is the step edge (/) and terrace (2), labeled as Pd,/
(211)-st, Pd,/Au(221)-st and Pd,/(211)-te and Pd;/Au(221)-te,
respectively
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step edge by 0.09 eV for Pd;/Au(221) and by 0.03 eV for
Pd;/Au(221). It is anticipated that the location of Pd on Au
nanoparticles dynamically changes. All of elementary
reactions on Au(111) are also investigated on two kinds of
substituted Pd;/Au(221) and Pd;/Au(211) surfaces.

The adsorption energy of O, on the top of the step edge
and the terrace site on Pd;/Au(221) is -0.05 and 0.23 eV,
respectively. On Pd;/Au(211), the adsorption energy of O,
also follows the same order, which are —0.02 and 0.22 eV
on with RPBE functional, respectively (Table 1). Figure 4
shows the potential energy diagrams of elementary reac-
tions of H,O, synthesis on Pd;/Au(221) and Pd;/Au(211)
surfaces. The reaction barriers of two hydrogenation steps
on the top of step edge of Pd;/Au(221) and Pd,/Au(211) are
much larger than those on Pdi/Au(111) surface (Fig. 4).
The smallest energy barrier of these hydrogenation reac-
tions on the stepped surfaces is 0.66 eV, while the largest
energy barrier of the hydrogenation reactions on the flat
surface Pd;/Au(111) is 0.48 eV. However, the reaction
barriers of the competitive dissociation reactions on the top
of step edge of Pd;/Au(221) and Pd;/Au(211) are smaller
than those on Pd;/Au(111) surface. Therefore, the step edge
of Pd;/Au(221) and Pd;/Au(211) is much less favorable for
H,0,; synthesis than the terrace site of Au(111). It is diffi-
cult to split O, on the terrace of Au(221) and Au(211) by the
energy cost of 1.33 and 1.30 eV, respectively, which is
slightly smaller than that on Pd;/Au(111) surface. Similar
with Pd;/Au(111), the hydrogenation of O,, OOH needs
smaller energy than the dissociation of OOH and H,O,. For
example, the reaction barriers for the formation of OOH and
H,0, on the terrace of Au(221) and Au(211) are all about
0.30 eV. However, the minimum energy to split OOH and
H,0, on the terrace of Au(221) and Au(211) is more than
0.70 eV. Therefore, our study shows that the reactivity of
terrace sites of the stepped surfaces is very similar with the
flat surfaces. Indeed, the transition state geometries on the
terrace sites of the stepped surfaces are very similar with
those on the flat surfaces (Fig. 5).

3.3 Brgnsted—Evans—Polanyi relations of H,O,
Synthesis on Au Surfaces

In the above section, we analyzed the detailed reaction
mechanism of H,O, synthesis on three flat and two stepped
Au surfaces. It is very important to seek one or a few
descriptors to describe the catalytic performances. The
Bronsted-Evans-Polanyi relations provide a nearly linear
relationship between the activation and reaction energies of
one elementary step. At present, the Brgnsted—Evans—
Polanyi relationships are mostly used in one or one type of
bond dissociation or formation on different metal surfaces.
To the best of our knowledge, very few reports on the
Brgnsted—Evans—Polanyi relationships for the complete
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Fig. 4 Potential energy
diagram for the elementary
reaction (H,O, formation (black
solid line), O, dissociation (red
dot line), OOH dissociation
(blue dot line), H,O,
decomposition (yellow dot line))
on two stepped surfaces

Fig. 5 The optimized transition
states structures (fop view) of
the elementary steps on two
stepped surfaces. The bond
lengths are given

in angstrom (;&)
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reaction networks, which involve multiple elementary
steps. Figure 6 shows the Brgnsted—Evans—Polanyi plots
for the calculated activation energies as the function of the
reaction energies of elementary reaction of H,O, synthesis
on Pd;/Au surfaces. Firstly, it is seen that, the activation
energies of five elementary steps for HO, synthesis have
an excellent linear relation with their reaction energies on
three flat and the step sites of two stepped surfaces for both
O-0O bond dissociation and O-H bond formation. In fact,
Au nanoparticles are mainly composed of Au(111) and
Au(100) facets and a great number of steps. Therefore, the
Brgnsted—Evans—Polanyi relations for H,O, synthesis
identified in this study provide a simple descriptor for not
only Au surfaces but also Au nanoparticles. Secondly,
although the slop of the Brgnsted—Evans—Polanyi relations
is close to one (Fig. 6a), which originate from the transition
states geometries are very similar with the final state ones
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(as shown in Figs. 2, 5). The specific values of the relations
are dependent on the surfaces (Fig. 6b—g). It indicates that
the facet of catalysts nanoparticles is an important factor to
determine the performance of H,O, synthesis. Thirdly, as
shown in Fig. 6b—g, for all of the investigated surfaces, the
most difficult step among five elementary reactions is the
dissociation of O,. However, for Pd;/Au(110) and the step
site of Pd;/Au(211) and Pd;/Au(221), the easiest step is the
dissociation of H,0,, while for Pd;/Au(111), the most
facile step is the hydrogenation. The coordination number
of Pd on Au(111) and Au(100) is 9 and 8, while on
Au(110), and step edge of Au(221) and Au(211), the value
is 7. It is seen that the larger coordination number of Pd,
the larger (smaller) activation energies for the dissociation
(hydrogenation) reactions. From this point, Pd;/Au(111)
is the better catalysts for H,O, synthesis than other
three surfaces. Finally, the activation energies are direct
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proportion to the reaction energies for both the formation
of H,O, via the hydrogenation and the dissociation reac-
tions of three key species (O,, OOH and H,0O,). An ideal
catalyst for H,O, synthesis should have low activation
energies for the H,O, formation and high activation ener-
gies for the dissociation reaction, which indicate that the
dissociation reaction should be endothermic or slightly
exothermic and the hydrogenation should be exothermic.
Therefore, our study provides a simple descriptor to esti-
mate the energy barriers based on the reaction energies
for H,O, synthesis on metal surfaces and probably
nanoparticles.

4 Conclusions

In conclusion, by the detailed analysis on the elementary
steps for H,O, formation, we found that Pd;/Au(111) is the
most suitable surfaces among the investigated five different
surfaces (Pd;/Au(111), Pd,/Au(100), Pd,/Au(110), Pd,/
Au(221) and Pd;/Au(211)). Especially, our study found
that the activation energies of five elementary steps for
H,0, synthesis have an excellent linear relation with their
reaction energies on three flat surfaces and the step edge
sites of two stepped surfaces for both O—-O bond dissoci-
ation and O—H bond formation, which are consistent with
the Brgnsted—Evans—Polanyi relations. This study provides
a simple method to estimate the reaction barriers of ele-
mentary steps of H,O, synthesis. This study of H,O,
synthesis on a series of Au surfaces is also helpful for the
design the Au nanoparticles with high activity and selec-
tivity of H,O, in industrial/application catalysis fields.
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