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a b s t r a c t

The direct synthesis of hydrogen peroxide (H2O2) from hydrogen (H2) and oxygen (O2) on Pd(1 1 1),
Pt(1 1 1), PdH(2 1 1) and Au0.89Pd0.11(2 2 1) catalysts was investigated through the use of Density Func-
tional Theory calculations. Three formation steps and their competing (decomposition) counterparts
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were examined on all model surfaces: O2 hydrogenation versus O2 dissociation, OOH hydrogenation ver-
sus OOH dissociation, and H2O2 desorption versus H2O2 dissociation. We have found that as we change
the surface from Pd to Pt to Au, the step which governs the non-selective formation of water shifts from
O2 dissociation to OOH dissociation to H2O2 decomposition.

© 2010 Elsevier B.V. All rights reserved.
xygen
ydrogen

. Introduction

Hydrogen peroxide is a key commodity chemical that has large-
cale use as a cleansing agent and as a selective oxidant in the fine
hemical industry [1]. Currently the majority of selective or par-
ial oxidation processes use bulky stoichiometric organic donors
hat exhibit poor atom efficiency. Hydrogen peroxide is the next
referred green oxidant, after O2, because the byproduct after oxy-
en donation is water. At present no commercial process exists
hat produces hydrogen peroxide via the direct hydrogenation
f molecular oxygen with hydrogen, as industrial production of
2O2 is performed using a Riedl–Pfleiderer process, an indirect
nthraquinone process. Development of a direct synthesis route to
ydrogen peroxide is of significant commercial interest, as safety

ssues stemming from an inability to produce hydrogen peroxide
n site in desirable concentrations (3–8%) prevent larger scale use
n the chemical industry.

The main focus of early experimental studies was to achieve high
ates of product formation [2]. The solutions of greater than 35 wt%
ydrogen peroxide were made by reacting H2 and O2 mixtures
ypically over palladium catalysts at elevated pressure of approx-
mately 10 MPa and temperatures in range of 0–50 ◦C [3]. Using

n aqueous medium, explosion hazards associated with the com-
ination of high H2O2 concentrations and organic cosolvents are
bsent. However, there is still an intrinsic hazard associated with
ixing H2 and O2 gases at high pressures over a supported metal

∗ Corresponding author. Tel.: +1 312 996 4607.
E-mail address: rjm@uic.edu (R.J. Meyer).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.07.011
oxidation catalyst as the non-selective formation of water is highly
exothermic and potentially explosive. Therefore, studies have been
performed that utilize feed-streams containing hydrogen concen-
tration of less than 4 vol% wherein due to a dilute nature of the
mixture the process will be carried out away from the explosive
region [4]. However, the biggest issue associated with a direct H2O2
synthesis process is the selectivity, because conditions suitable for
the synthesis of H2O2 are the same leading to its dissociation or to
a non-selective formation of H2O.

Although competitive selectivities can be achieved with halide
promoted Pd catalysts [5], handling the aqueous phase promoters
is problematic due to waste generation. As an improvement to Pd
monometallic catalysts, Hutchings and co-workers [6] have found
that PdAu catalysts are both active and selective for H2O2 forma-
tion even without the presence of additional promoters. Calcination
was found to be critical to the stability of the catalyst and selectiv-
ities of larger than 90% could be achieved. Active PdAu catalysts
were found to be enriched in Pd at the surface. Recently, Hutchings
and co-workers [7] have further improved on this process. Using an
acid pretreatment on a carbon support of AuPd alloy catalyst they
were able to completely block H2O2 hydrogenation and decompo-
sition and selectivity to H2O2 of 98% can be achieved. Unlike AuPd
nanoparticles on oxide supports, the alloy particles on carbon tend
to be homogenous as opposed to core-shell. However, acid pre-
treatment of the support improved nanoparticle nucleation and

thereby favored the formation of a greater number fraction of the
smallest (which are Pd-rich) alloy particles as opposed to interme-
diate (Au–Pd, 1:1) or large (Au-rich) particles. With some additional
gains in performance, commercialization of these catalysts may
soon be possible.

dx.doi.org/10.1016/j.cattod.2010.07.011
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:rjm@uic.edu
dx.doi.org/10.1016/j.cattod.2010.07.011
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The demand for improvement of the catalyst selectivity in the
irect synthesis of H2O2 has inspired some recent theoretical inves-
igations concerning the mechanism of the reaction and the steps
hich control selectivity [8–10]. Staykov et al. [10] have examined

he hydrogenation of O2 and OOH on Pd(1 1 1) and gold substituted
d and found that for Pd(1 1 1), OOH hydrogenation will be the lim-
ting step in H2O2 synthesis, causing a non-selective formation of

ater. By substituting two Pd atoms with Au atoms in the Pd(1 1 1)
urface, the barrier to dissociation of O2 increases from 0.88 eV to
.38 eV and should therefore increase the selectivity for H2O2 for-
ation. However, in Staykov et al.’ s work, the authors did not

onsider the dissociation of OOH or the decomposition of H2O2.
wang and co-workers [8] observed that the selectivity of direct
2O2 synthesis is directly related to the amount of Au in the surface.
he barriers for dissociation reactions increase as the amount of Au
n the surface increases. Similarly, the barriers for the hydrogena-
ion reactions (which are associative) decrease as the amount of Au
n the surface increases. This would indicate that a surface which is
early covered with Au should be a highly selective H2O2 synthesis
atalyst. However, molecular oxygen does not adsorb strongly to
u and the presence of Au should also suppress H2 dissociation. As
arrio et al. [11] have previously established, molecular H2 will not
dsorb on Au(1 1 1) and Au (1 0 0) surfaces.

The aim of this study is to perform further theoretical examina-
ion of candidate surfaces that may increase the selectivity towards
he main product, H2O2. Four different catalytic surfaces, Pd(1 1 1),
t(1 1 1), PdH(2 1 1) and Au0.89Pd0.11(2 2 1), were investigated for
he selective direct formation of H2O2 from molecular H2 and
2. Four possible reaction mechanisms on each candidate surface
ere examined: the desired path to H2O2 formation and three

ompeting mechanisms, O2 intermediate dissociation path to H2O,
ydroperoxo intermediate dissociation path to H2O, and the H2O2
ecomposition. The complete potential energy surface for each of
hese reaction pathways has been calculated including transition
tate barriers for the desired process as well as its competing coun-
erparts in order to determine the important steps and the factors
hat will influence the selectivity. Our goal is to perform a detailed
nalysis of prior investigated surfaces as well as to explore some
ossible new candidates for the safe and efficient synthesis of H2O2.
e have found that as we change the surface from Pd to Pt to Au,

he step which governs the non-selective formation of water shifts
rom O2 dissociation to OOH dissociation to H2O2 decomposition.

. Methods

The density functional theory calculations in this work are
erformed using the Vienna Ab Initio Simulation package (VASP)
12,13]. A plane-wave basis set with a cutoff energy of 400 eV
nd ultrasoft Vanderbilt pseudopotentials (U.S.-PP) [14] were
mployed. The Perdew Wang (PW-91) form of the generalized
radient approximation (GGA) exchange [15] and correlation func-
ional was used in all calculations reported herein.

For the Pd(1 1 1), Pt(1 1 1), and Au(2 2 1) a 3 × 3 unit cells with
our layer thick metal slabs were used for all calculations. The
ottom two layers of metal were held fixed while the top metal

ayers and the adsorbates were relaxed. Vacuum space equivalent
o approximately four atomic layers was used to separate the slabs.
or PdH(2 1 1) a five (metal) layer thick metal hydride was used,
eeping the subsurface H layer empty. The slab was cleavaged
rom the bulk geometry of �-PdH0.8, which possesses a tetrago-

al unit cell [16]. The bottom two metal layers were held fixed
hile the top three metal layers and the adsorbates were relaxed.

he H-vacancy structure results from the migration of the top H
tom in the Pd-terminated surface towards the adsorption posi-
ion, leaving behind the vacancy between the two top Pd layers
Fig. 1. Summary of the reaction mechanisms examined.

and is represented by slabs of alternating layers of H and Pd. Dis-
cussion of this model is detailed in Section 3. The Brillouin zone
was sampled with (5 × 5 × 1) k-point grid (Monkhorst-Pack) [17].
Structures were converged with regard to both k points and cutoff
energies to within 0.02 eV/adsorbate atoms (O and H). Finally, the
energies of all molecules (H2O2, O2, etc.) were calculated using a
single molecule in a 10 Å cube with gamma point sampling.

Reaction paths and barriers are determined using the Climb-
ing Nudged Elastic Band (NEB) method [18]. In the NEB method a
reaction coordinate relating the initial and final states are defined
and a set of intermediate states are distributed along the reaction
path. Each intermediate state is fully relaxed in the hyperspace
perpendicular to the reaction coordinate. Vibrational frequencies
were computed for the initial, transition and final states, where
the substrate is frozen but adsorbates are allowed to vibrate in any
direction. If the molecule is in a true transition state it should have
one and only one imaginary frequency. Vibrational frequencies
were also used to perform zero point vibrational energy corrections
to all the relevant initial, transition and final states.

3. Results and discussion

The direct synthesis of hydrogen peroxide from hydrogen and
oxygen occurs through the hydrogenation of molecular oxygen
on the surface as shown in Fig. 1. However, as mentioned above,
three alternative pathways exist that all result in the non-selective
production of water. First, O2 may dissociate prior to hydrogena-
tion. Oxygen atoms may then be hydrogenated to form OH species
and ultimately, H2O. Second, the hydroperoxo intermediate (OOH)
which is formed after the first hydrogenation step in H2O2 synthe-
sis may dissociate into OH and O surface species before the second
hydrogenation step. The surface OH species are then hydrogenated
to form H2O. Finally, even if O2 is successfully hydrogenated to
form peroxide, H2O2 may dissociate, prior to desorption, into two
OH surface species which can subsequently react via dispropor-
tionation to form water. We have calculated the thermodynamics
and kinetics for all the steps in Fig. 1 over four surfaces of inter-
est: Pd(1 1 1), Pt(1 1 1), PdH(2 1 1) and Au0.89Pd0.11(2 2 1) with all
relevant reaction enthalpies and barriers listed in Table 1. We will
discuss the kinetically relevant steps for each surface in turn begin-
ning with Pd(1 1 1).

Clearly O2 must be adsorbed molecularly (without dissociating)
on the metal surface before H2O2 can be produced. Therefore, it

is imperative that an active, selective H2O2 synthesis catalyst will
have a high barrier to O2 dissociation. Honkala and Laasonen [9]
have previously studied O2 adsorption and dissociation on the Pd
(1 1 1) surface using DFT. On Pd(1 1 1), O2 may adsorb molecularly
to a bridge site (−0.95 eV) which is a precursor state for the O2
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Table 1
Summary of the activation energies (Eact) and reaction enthalpies (�H) for the O2 hydrogenation and dissociation, OOH hydrogenation and dissociation, O and OH hydro-
genation, and H2O2 decomposition reactions on four surfaces of interest (energies are referenced to the initial states and are reported in eV).

Reactions Pd(1 1 1) Pt(1 1 1) PdH(2 1 1) AuPd(2 2 1)

Eact �H Eact �H Eact �H Eact �H

O2 + 2H → OOH + H 0.75 0.41 0.60 −0.09 0.51 0.20 0.19 −0.76
H + OOH → HOOH 1.13 0.37 0.91 0.04 0.73 0.34 0.70 −0.39
O2 + 2H → 2O + 2H 0.59 −1.44 0.89 −0.87 0.77 −1.05 1.81 0.59
H + OOH → OH + H + O 0.35 −1.51 0.05 −1.25 0.12 −1.48 0.72 −0.49
HOOH → 2OH 0.04 −1.64 0.03 −1.37 0.05 −1.73 0.09 −1.63
2O + 2H → OH + H + O 0.72 0.34 1.41 −0.48 0.87 −0.10 0.34 −1.66
OH + H + O → H2O + O 0.42 −0.58 0.26 −0.67 0.49 −0.26 0.02 −1.00

Fig. 2. O2 hydrogenation reaction: (a) top view of initial (O2 + 2H), (b) transition and (c) final (OOH + H) states.
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Fig. 3. Hydroperoxo hydrogenation reaction: (a) top view

dsorption. We have calculated the adsorption and dissociation for
2 on Pd(1 1 1) and have found that for 0.5 ML coverage activation
nergy is 0.77 eV [19] in agreement with results from Honkala and
aasonen [9] and Hafner and co-workers [20].

In contrast to oxygen, hydrogen must adsorb dissociatively
ith a low barrier. Hafner and co-workers [21] found that

hreefold-hollow fcc sites are the most stable sites for the dis-
ociative adsorption of H2 on Pd(1 1 1), reporting a hydrogen
dsorption energy of −0.50 eV for the 2/3 ML coverage with no
arrier. Hence, these results show that Pd(1 1 1) can dissociate H2
olecules quite efficiently. Our own calculations confirm these

nding as we could locate no barrier to dissociative H2 adsorption
�E = −0.91 eV).

Following O2 adsorption, H2O2 formation proceeds through two
onsecutive hydrogenation reactions as depicted in Figs. 2 and 3,
ollowed by the H2O2 desorption. Both hydrogenation reactions on
he Pd (1 1 1) surface are thermoneutral. While the initial hydro-
enation barrier is 0.75 eV (Fig. 2), the second reaction has a 1.13 eV
Fig. 3) barrier, which leads to low selectivity. H2O2, once formed,
s weakly bound to the surface with adsorption energy of −0.38 eV.

Along the path described above, there are several other dele-
erious reactions which can decrease selectivity to H2O2. First, O2

ay also dissociate to 2 O atoms located at fcc sites with a bar-

ier of 0.59 eV on Pd(1 1 1) as depicted in Fig. 4. Second, the OOH
ntermediate formed after the initial hydrogenation step may dis-
ociate to OH + O on the surface with a barrier of 0.35 eV as shown in
ig. 5. Finally, as shown in Fig. 6, decomposition of H2O2 may occur
rior to desorption. Hydrogen peroxide may dissociate into two

Fig. 4. O2 dissociation reaction: (a) top view of initial (O
itial (OOH + H), (b) transition and (c) final (H2O2) states.

OH’s which is spontaneous with no discernable energy barrier. In
the case of Pd(1 1 1), the barrier to O2 dissociation is 0.16 eV smaller
than that for hydrogenation to OOH. In Fig. 7, the entire reaction
pathway for H2O2 formation on Pd(1 1 1) is depicted. As the bar-
rier for first hydrogenation reaction is larger than the barrier for O2
dissociation, this step governs a non-selective formation of water.
This result is not surprising given that experimental results clearly
indicate that unpromoted Pd is unselective for hydrogen peroxide
formation.

From previous work of Norskov and co-workers [22–25], we
note that the high reactivity of the Pd(1 1 1) surface to O2 dissocia-
tion is related to the location of the d-band center. Therefore, if we
move to a less reactive metal, O2 dissociation may be suppressed
and association reactions like O2 hydrogenation may be favored.
Therefore, we have chosen Pt(1 1 1) as a second candidate surface
for our analysis of direct synthesis of H2O2. The potential energy
surface for H2O2 formation over Pt(1 1 1) is shown in Fig. 8. As in
the case for Pd(1 1 1), we have found that hydrogen dissociation is
barrierless over Pt(1 1 1) in agreement with previous calculations
[26]. The barrier for O2 dissociation over Pt(1 1 1) rises to 0.89 eV.
At the same time, we found a barrier for the initial hydrogenation
reaction to be 0.60 eV, thus indicating that OOH formation should
precede on Pt(1 1 1). In our calculation of the second hydrogenation

barrier (0.91 eV) on Pt(1 1 1), once again we find that it is more diffi-
cult than the initial hydrogenation step. However, unlike O2 which
is a stable gas phase molecule, OOH is a highly reactive surface
intermediate and possesses a low barrier of 0.06 eV to dissociate to
O and OH on the Pt(1 1 1) surface. Therefore, although the unselec-

2 + 2H), (b) transition and (c) final (2O + 2H) states.
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Fig. 5. Hydroperoxo dissociation reaction: (a) top view of initial (OOH + H), (b) transition and (c) final (OH + O + H) states.

Fig. 6. Hydroperoxo decomposition reaction: (a) top view of initial (H2O2), (b) transition and (c) final (2 OH) states.
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ig. 7. Potential energy surface for the reaction mechanisms on Pd (1 1 1). Activati
2 and O2.

ive product, H2O, is again preferred, the rate limiting step which
ontrols its formation has now switched from the dissociation of
2 on Pd(1 1 1) to the dissociation of OOH on Pt(1 1 1).

One well known feature of Pd hydrogenation catalysts is that
ydrogen may diffuse into the subsurface forming palladium
ydride [27]. Even at the very low partial pressure of H, Pd will
eact to form PdH [28,29]. Therefore, given the hydrogen partial

ressures often involved in direct hydrogen peroxide synthesis, a
odel of the PdH surface was constructed to give some insight into

he presence of subsurface hydrogen on the reaction selectivity.
ur model of �-PdH(2 1 1) follows that previously developed in the

ig. 8. Potential energy surface for the reaction mechanisms on Pt (1 1 1). Activation barri
nd O2.
riers and reaction mechanism species are plotted with reference to the gas phase

DFT calculations of King and co-workers [30]. King and co-workers
created a 1:1 PdH structure by placing hydrogen into all of the octa-
hedral sites of the Pd bulk where the Pd lattice is expanded by 4%
by the presence of hydrogen. They showed that H in the adsorp-
tion position (H-vacancy configuration) is more stable by 0.33 eV,
as compared to the Pd-terminated surface configuration. Our own
model of the PdH(2 1 1) surface follows that of King et al. where

we use the tetragonal unit cell PdH0.8 so that 80% of the octa-
hedral sites in the bulk are occupied. Therefore, the first surface
we examined was the so-called H-vacancy surface, whereby one
monolayer of hydrogen atoms sits on the surface with no hydro-

ers and reaction mechanism species are plotted with reference to the gas phase H2
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Fig. 9. PdH(2 1 1) surfaces examined: (a) H-vacancy/FCC, (b) H-vacancy/HCP, (c) H-vacancy/0.5 ML H/FCC, (d) H-vacancy/0.5 ML H/HCP, (e) 0.5 ML H/HCP + 0.5 ML octahedral,
(f) H-vacancy/0.4 ML H/FCC.
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As mentioned above, Barrio et al. found that low index sur-
faces of Au do not activate H2 [11]. However, Barrio did observe
that H2 could dissociate spontaneously on Au14 and Au29 clusters.
Therefore, we chose to examine a stepped gold surface where the
ig. 10. Potential energy surface for the reaction mechanisms on H-vacancy/0.4 ML
eference to the gas phase H2 and O2.

en present in the first subsurface layer as depicted in Fig. 9a. As in
he case of Pd(1 1 1), hydrogen spontaneously dissociates on open
ocations of the metal hydride surface. The possibility of H adsorp-
ion onto two different surface (and subsurface) threefold hollow
ites, FCC (octahedral) and HCP (tetrahedral), requires a need to
est different surfaces in search for the lowest energy configura-
ion. Four additional PdH(2 1 1) surfaces were examined: an HCP
-vacancy surface (Fig. 9b), an FCC surface with 0.5 ML H (Fig. 9c),
n HCP surface with 0.5 ML H (Fig. 9d), and a surface combining the
CP structure with 0.5 ML H in octahedral sites (Fig. 9e). Results
btained by King and co-workers [30] were confirmed showing
hat the H-vacancy terminated surface is the thermodynamically

ost stable system under UHV and that it gives the lowest energy
onfiguration. However, it was found that oxygen could not adsorb
n any of the surfaces where a full monolayer of hydrogen atoms
as preadsorbed (Fig. 9a, b and e) and in fact, O2 adsorption was

ery weak on the surfaces with 0.5 ML of hydrogen atoms. There-
ore in order to stabilize molecular oxygen in a state where it can be
ydrogenated, the hydrogen coverage must be reduced to 0.4 ML
urface coverage. Although this coverage is somewhat arbitrary, we
ave chosen to examine it as a limiting case: the highest hydrogen
overage which allows adsorption of molecular oxygen. One can
magine that in real systems, there may be local regions which are
ydrogen deficient and therefore we have chosen this surface with
his idea in mind.
The 0.4 ML H-covered PdH(2 1 1) surface is depicted in Fig. 9f.
2 adsorbs exothermically on this surface (−0.6 eV), but the bar-

ier to dissociation rises from 0.59 eV to 0.77 eV. As depicted in
ig. 10, the lowest energy path follows a mechanism by which
2 is hydrogenated with a barrier of 0.52 eV (0.26 eV lower than
C PdH (2 1 1). Activation barriers and reaction mechanism species are plotted with

O2 dissociation) but OOH dissociates easily on the surface just as
it is the case with Pt(1 1 1). When the PdH(2 1 1) activation ener-
gies for each of the reaction mechanisms is compared to those on
Pd(1 1 1) and Pt(1 1 1), it can be concluded that the PdH(2 1 1) sur-
face will increase the O2 and OOH dissociation barriers and lower
the hydrogenation barriers. However, our calculations show that
the palladium hydride surface still does not result in a selective
surface for H2O2 formation.
Fig. 11. Side view of the AuPd(2 2 1) surface.
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ig. 12. Potential energy surface for the reaction mechanisms on Au0.89Pd0.11(2 2 1).
hase H2 and O2.

arrier to hydrogen dissociation may be sufficiently low to allow
eaction between hydrogen atoms and O2. After examining three
ossible step adsorption sites (threefold, bridge-above edge and
ridge-side edge site) we have found that the hydrogen dissociation

s thermoneutral with a −0.01 eV adsorption energy and a barrier
f 0.80 eV. Given this limitation, it appears that the Au(2 2 1) cannot
e active for direct hydrogenation of O2 to H2O2.

As mentioned above, AuPd alloys have been demonstrated to
e successful for hydrogen peroxide synthesis. Results from Ham
t al. [8], indicate that even the presence of isolated Pd atoms
n a gold surface will increase its activity sufficiently to create

viable catalytic surface with high selectivity. Based upon our
esult for Au(2 2 1) and the results of Ham et al., we have then
ecided to examine an analogous situation by replacing a single
tom of Au in the Au(2 2 1) step with Pd as shown in Fig. 11.
s in the case of the Au substituted Pd(1 1 1), surface created by
am et al. [8], the Au0.89Pd0.11(2 2 1) step surface was found to
e highly selective towards the H2O2 surface species formation.
ddition of one palladium atom to the step surface was sufficient

o stabilize the adsorption of molecular O2 on the surface. Dif-
erent O2 adsorption positions were examined and it was found
hat the exothermic adsorption of O2 species is at the bridge
ite (−0.07 eV) above the Pd and an Au atom. This adsorption
osition was used as a starting geometry for all the reaction mech-
nisms on Au0.89Pd0.11(2 2 1) surface. The potential energy surface
or H2O2 formation over Au0.89Pd0.11(2 2 1) is shown in Fig. 12.
ower activation barriers were found for all the desired reac-
ion mechanism steps; therefore the selectivity towards the main
roduct was increased. Over Au0.89Pd0.11(2 2 1), the barrier for O2
issociation rises to 1.81 eV while hydrogen can more easily dis-
ociate over the Pd substituted Au(2 2 1) surface (0.47 eV). Unlike
he Au(2 2 1) surface, hydrogen adsorption is weakly exothermic
n the Au0.89Pd0.11(2 2 1) surface (−0.25 eV) but its dissociation
s still essentially thermoneutral (�E = 0.05 eV). At the same time,
he O2 hydrogenation barrier is decreased to 0.19 eV as OOH for-

ation is considerably exothermic (�E = −0.76 eV). For the OOH
ydrogenation we find the barrier of 0.70 eV as compared to
.72 eV for the dissociation, indicating the formation of H2O2 on
he Au0.89Pd0.11(2 2 1) surface. However, the selectivity issue arises
nce the surface H2O2 is formed. The energy barrier for H2O2

esorption is 0.45 eV, compared to the minimal energy barrier
0.09 eV) for the dissociation into 2 surface OH species. Therefore,
nce the H2O2 is formed it will spontaneously dissociate. Although
he unselective product, H2O will again be preferred through the
ation barriers and reaction mechanism species are plotted with reference to the gas

subsequent OH disproportionation reaction, the rate limiting step
which controls its formation will be shifted from OOH dissocia-
tion to H2O2 decomposition. By comparison, we find that H2O2
dissociation over the pure gold surface of Au(2 2 1) has a barrier of
0.25 eV surprisingly similar to the result of Ham et al. on Au(1 1 1)
(0.31 eV).

It should be noted that this study did not explicitly consider
entropic effects. However, we can note that the free energy sacri-
fice for moving an oxygen molecule to the surface is 0.39 eV and
for moving a hydrogen molecule to the surface is 0.30 eV using the
reaction condition described in Edwards et al. [6] (not including any
entropy associated with the mixture). Previously, O’Sullivan et al.
report a free energy of solvation for H2O2 in an aqueous environ-
ment of ∼−28 kJ/mol (−0.29 eV) [31]. In addition, H2O2 has a free
energy in the gas phase at the vapor pressure above an aqueous
solution as described in Edwards et al. [6] of −0.71 eV. Considering
these entropic effects, desorption of H2O2 from the metal surface
where it can be dissolved into solution is a thermodynamically
favorable process. However, the situation is slightly more compli-
cated. In order to properly account for the solvent, the presence
of water associated with the surface must be included in tran-
sition state in the hydrogenation process. Recently, Neurock and
co-workers showed that the polarity of the transition state may
vary considerably and thus the presence of the solvent may influ-
ence individual reaction barriers to a largely varying extent [32].
Therefore, a more complete study of solvent effects would be a valu-
able contribution for improved understanding of H2O2 production
(and decomposition) on metal surfaces.

4. Conclusions

We have found that as we change the surface from Pd to Pt to
Au, the step which governs the non-selective formation of water
shifts from O2 dissociation to OOH dissociation to H2O2 decomposi-
tion. Pure metal surfaces (Pd and Pt) exhibit low selectivity towards
the product and in both cases the intermediate mechanism leading
towards the non-selective formation of water was found. The �-
PdH(2 1 1) surface increases the O2 dissociation barrier and lower
the hydrogenation barriers. However, the dissociation of OOH is

still favored over hydrogenation to H2O2. Au0.89Pd0.11(2 2 1) surface
increases the selectivity for the H2O2 formation and more easily
activates H2 as compared to Au(2 2 1) (and Au(1 1 1) as well). How-
ever, the barrier to H2O2 dissociation is still too low to explain the
experimentally observed selectivity.
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