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§Facultad de Matemáticas, Astronomı́a y F́ısica, IFEG-CONICET, UNC, Argentina

E-mail: pquaino@fiq.unl.edu.ar

Abstract

The hydrogen absorption into overlayers of Pd deposited on Au(111) has been

investigated by density functional theory (DFT). Hydrogen concentrations, absorption

environments, geometrical and electronic effects have been analyzed, seeking for a

better understanding of the general principles governing the process and the effect of

foreign supports. The results show that the absorption is more favored than in pure Pd

leading to lower absorption energies and less repulsive interactions due to the surface

expansion induced by the gold larger lattice constant. Our findings also suggest that

the hydrogen absorption process is more favorable for lower number of Pd overlayers.

This situation changes gradually until the substrate influence is no longer detected

and the pure palladium nature appears. An entangled combination of repulsive forces,

strain effect, structural ordering and chemical affinity has been found. The kinectis
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of hydrogen absorption has been studied as well. Two cases were explored: 1) the

absorption of an adsorbed hydrogen atom and 2) the bond-breaking and penetration

of a H2 molecule.

1. Introduction

In surface science the interaction of hydrogen with metal surfaces was always of pivotal

interest, not only from the viewpoint of fundamental theory, but also due to its great tech-

nological impact on many processes such as energy storage and conversion,1,2 hydrogenation

reactions,3,4 bulk absorption (embrittlement),5 among others.

In electrochemistry, the hydrogen reaction is of great importance due to its participation

in the fuel cell technology. It takes place through the well known Volmer-Heyrovsky-Tafel

mechanism, where an adsorbed hydrogen atom acts as a reaction intermediate on an active

site on the metal electrode.6–8 To understand the behavior of the intermediate and the role of

the electrocatalyst (substrate), the adsorption and absorption of hydrogen and their interplay

are of major interest.

For many decades, various mechanisms have been proposed for the adsorption-absorption

processes on Pd. A one-step route has been initially proposed by Bagotskaya9 and Frumkin,10

where hydrogen enters directly into the metal without going through any intermediate ad-

sorbed state. A two-steps route has been proposed by Bockris et al,11 where hydrogen

absorption occurs indirectly: first the adsorption on the metal surface takes place, accompa-

nied by chemical absorption into the subsurface metal layer. Recently, Sakong et al12 have

also suggested a concerted mechanism, where the subsurface penetration of a hydrogen atom

involves another hydrogen atom at an adjacent bridge site in a concerted manner.

Additionally, in an electrochemical environment simultaneously with the absorption, hy-

drogen evolution reaction takes place, involving one of two possible further steps: the chemi-

cal or electrochemical recombination (Tafel and Heyrovsky mechanisms, respectively). Simi-

lar to metal deposition, hydrogen adsorption can occur at both, higher and lower potentials,
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than the predicted thermodynamical values given a weakly and a strongly adsorbed species,

overpotential (OPD) and underpotential (UPD) deposition, respectively.13

Pd hydrides show a quite complicated phase diagram with two main forms, α- and β-

PdHx.
14 The former appears at low, while the latter at high contents of hydrogen. It has

been shown that hydrogen evolution occurs only after the β-phase formation.14 Although

the presence of both, Had (adsorbed hydrogen) or Hab (absorbed hydrogen) affects the nature

of the substrate, most of the known work is focused on hydrogen adsorption on metals. An

excellent review on this topic can be found in Christmann’s book.15

Practically all pure metals and alloys have been tested as possible electrocatalysts for

the hydrogen reaction to find something cheaper and better than Pt. Nowadays attention

is attracted on nanostructured electrodes, like metals covered by monolayers, or clusters of

another metal or core-shell particles. In this context, a combination of Pd and Au seems to

be a promising catalyst and a wide variety of combinations was deeply investigated at both,

theoretical and experimentally. For instance, hydrogen adsorption on overlayers of Pd on

gold surfaces was studied by Roudgar et al.16,17 and Gross.18 The stability of Pd monomers,

dimers or trimers in the surface or subsurface layers of Au(111) and the influence on the

hydrogen adsorption were investigated by Venkatachalam et al.19 In addition, experimental

findings related to the hydrogen evolution/oxidation on Pd-Au systems have been supported

by theoretical studies such as those in the group of Nørskov20–22 and in our own group.23–27

We have systematically investigated the effect of the substrates on the electronic properties

of Pd-nanostructures. We have also focused on the hydrogen evolution and oxidation at

Pd-Au nanostructures by means of both experiment and theory.24 In contrast, there is a

lack of knowledge about the hydrogen absorption on bimetallic surfaces and most of the

work is mainly centered on pure transition metals, such as Pd,28,29 Ni,30 Fe,31 Ru,32 Rh,

etc. and their different facets.33,34 As the bulk palladium actively absorbs hydrogen, it is

interesting to explore some features of this process occurring in layers of Pd adsorbed on

other metal substrates. In this sense, different hydrogen related processes (i.e., adsorption,
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absorption, diffusion, and desorption) occuring on Pd/Au(111) surfaces have been studied by

means of temperature-programmed desorption (TPD) under ultra-high vacuum conditions.35

The results reveal PdAu bimetallic surfaces weakly bind H adatoms while H absorption was

observed when hydrogen was exposed at higher surface temperatures. The near-surface H

was relatively unstable and desorbed at a lower temperature than adsorbed H. Oruga et

al.36 investigated the hydrogen interaction with a Pd70Au30 alloy by thermal desorption

spectroscopy (TDS) and nuclear reaction analysis (NRA). The authors reported hydrogen

accumulation in the near-surface region and absorption in the bulk of the alloy.

In a previous work, we have investigated the electrocatalytic properties of multilayers of

Pd epitaxially deposited on Au(111).37 We have focused on the kinetics of the electrochemical

step for hydrogen adsorption (Volmer reaction) and determined the energy of activation by a

combination of density functional theory calculations and our own theory of electrocatalysis,

which allows to take into account the electrochemical environment explicitly. For two layers

of Pd on Au(111) containing absorbed hydrogen in the subsurface, the adsorption free energy

was found to be less negative and the barrier lower than pure Pd(111). This was in agreement

with experimental data which showed a higher activity for hydrogen oxidation with hydride

Pd systems. In another study, we have analyzed the Volmer step and the hydrogen absorption

for a system containing a Pd layer underneath the Au(111) surface.38 To the best of our

knowledge, this is the only theoretical study of H absorption in overlayers of Pd on a gold

substrate.

Herein, we focus on the absorption of H into pure Pd and overlayers of Pd deposited

on Au(111) to gain a deeper insight into the general principles governing the absorption

process and the effect of foreign supports in the absorption phenomena. Additionally we

have investigated the penetration rate due to the possible existence of quantum tunneling.

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 for the

interaction of the H atom with Pd(111) and Pdn/Au(111); different hydrogen concentrations,
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absorption environments, geometrical and electronic effects are estimated and analyzed. The

rate constants describing the absorption of H atoms from an adsorbed state are calculated

as well. Concluding remarks are reported in the last Section.

2. Theory

DFT Calculations and Modeling

Periodic DFT calculations were performed using DACAPO code.39 A plane-wave basis set

was used to expand the electronic wave functions, and the inner electrons were represented by

ultrasoft pseudopotentials,40 which allows the use of a low-energy cutoff for the plane-wave

basis set. Special care was taken for the parametrization of the energy cutoff and the k-points

sampling of the Brillouin zone based on the Monkhorst-Pack grid.41 Both parameters were

increased systematically until the change in the absolute energy was less than 10 meV. An

energy cutoff of 450 eV and a grid of 8 × 8 × 1 satisfied the energy accuracy. The electron-

electron exchange and correlation interactions were treated with the generalized gradient

approximation in the version of Perdew et al. (PBE).42 Application of this functional on bulk

Au and Pd results in theoretical lattice parameters of aPd
0 =3.99 Å and aAu

0 =4.18 Å. Within

the typical margins of error, both constants agree with the experimental data (aPd
0 =3.89 Å

and aAu
0 =4.08 Å) reported in the literature.43 To evaluate the influence of the exchange-

correlation functional employed, test calculations were performed using PW91 version.44

Resulting modifications in energetics and structure were negligible.

In all the calculations spin polarization was considered but no effect was found. Dipole

correction was used to avoid slab-slab interactions.45

To study the hydrogen absorption process several systems were considered: a pure metal

surface -Pd(111)- and overlayers of Pdn (n=1,2,3,4) on Au(111). The pure Pd(111) surface

was modelled by a (2×2) supercell with 5 metal layers. For the alloy, a (2×2) supercell with

4 substrate-layers -Au(111)- and n (n=1,2,3,4) adatom-overlayer(s) were used.
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The penetration of hydrogen in the presence of pre-adsorbed hydrogen on the Pd2/Au(111)

surface was evaluated with the nudged elastic-band (NEB) method46,47 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/Å2) between reactant and

product states. The general parameters used for the NEB calculations are the same as for

the previous DFT calculations described above.

We also performed model calculations to investigate the absorption rate of a hydrogen

atom. The friction coefficient2 η which governs the motion of a H atom in the adsorption

well can be estimated as follows (see pag. 59 in ref.48)

η ≈
εFme

ℏmp

(1)

εF is the Fermi level of a metal, me and mp are the electron and proton mass, respectively.

As a typical value of εF lies in the interval 5 – 10 eV, the friction amounts to ∼ 1013

s−1 which is comparable with the vibrational frequency values of adsorbed H atoms, ν± (see

Table 4). We can employ, therefore48 the transition state theory to describe the absorption

rate constant (kab):

kab = ν± exp(−∆Ea/kBT ) (2)

where the activation energy is (∆Ea = Emax − ε0), Emax is the maximum energy value of

potential energy surface and ε0 is the zero vibrational energy at 300 K.

The frequency ν± was calculated in harmonic approximation. If quantum tunneling is

addressed, eq. 2 should be re-written:

2The physical meaning of the friction coefficient is that a hydrogen atom in a potential well (being a
light particle) ”feels” the electron bath in a metal more than the phonon bath generated by the slow modes
of atomic nuclei. Eq. 1 provides a resonable estimate of this quantity, because it originally describes the
relaxation rate of the H atom at its transition from the vibrational energy level n to n− 1.
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k∗

ab = ν
∑

i

pi exp(−∆E(i)
a /kBT ) (3)

where pi is the tunneling probability from the ith vibrational energy level of initial well to the

nearest level of the final well; as shown in eq. 4. ∆E
(i)
a is defined as before, (∆E

(i)
a = εi−ε0),

being εi the energy of the ith vibrational level of potential energy surface and ε0 the zero

vibrational energy at 300 K.

In the quasi-classical approximation we have,

pi = exp
−2

ℏ

∫ xR

xL

√

2m(U(x)− εi)dx (4)

where U(x) is a potential energy surface describing the energy barrier region; xR and xL are

the right and left turning points, respectively.

To find the proton vibrational energy levels in two-dimentional potentials of an arbitrary

form, we employed the original technique described previously in Ref.49 In this case, the

Schrödinger equation of second order is reduced to a differential equation of first order which

is integrated numerically. The accuracy of this method is higher than the frequently used

Numerov’s scheme.

Pd(111) and Pd3/Au(111), as well as a sandwich-like system – Au/Pd/Au(111) – taken

from literature38 have been investigated.

3. Energetics, Structure and Electronic Properties

Hydrogen adsorption on Pd and Pd-Au systems are well-documented topics from an exper-

imental and a theoretical point of view.16–18,21,23,24,50–57 Specifically, the study of hydrogen

adsorption on a different number of palladium overlayers on Au surfaces was reported by

Roudgar et al.16 However, the lack of attention to the absorption phenomena on these sys-

tems is a tempting motivation to seek a deeper understanding of such process.
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In this context, we have systematically investigated the hydrogen absorption in both

systems, Pd(111) and Pdn/Au(111). To begin with, a pure Pd(111) – surface has been

considered as a reference and studied for two different absorption environments – octahedral

and tetrahedral (Table 1). The effect of the hydrogen concentration ([H]) was also evaluated.

The absorption energy (Eab) has been calculated by the following expression:

Eab = (EHm−Pd(111) − EPd(111))/m− 1/2EH2
(5)

Here, the first term corresponds to the energy of the relaxed system Hm−Pd(111) with the

hydrogen at the absorption equilibrium position in the subsurface, being m the number of

hydrogen atoms; the second term corresponds to the energy of the relaxed Pd(111) surface

without hydrogen; the third term is half the energy of a hydrogen molecule in vacuum.

Calculated energy values plus structural parameters such as % of expansion 3 and hydrogen

perpendicular distance bewteen the first two layers are shown in Table 1.

Our results indicate that the presence of hydrogen underneath the surface originates

geometrical perturbations in the upper metal layer, and the absorption was found to be

stable after optimization for all the hydrogen concentrations investigated. These results are

in good agreement with previously reported data.58,59 The absorbate-induced configurational

changes are sensitive to the hydrogen concentration and to the absorption site as well. Such

wave-like configuration found in the first layer was detected in both environments, but much

more noticeably in the tetrahedral one (Fig. 2). In the octahedral site, the modifications in

the surface due to the presence of hydrogen are subtler and the material seems to remain

geometrically comparable to pure palladium. Due to the features of the tetrahedral site, the

repulsion is stronger leading to higher expansion. This findings are in agreement with the

expansion parameter (%∆), which increases with the amount of hydrogen in both cases (see

Table 1).

3The expansion (%∆) has been calculated between the first and second layers after H absorption, and
relative to the same interlayer distance previous the absorption.
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gated the absorption phenomena in Pd overlayers on Au(111). The investigations have been

carried out for different number of Pd layers and hydrogen concentrations. The absorption

has been restricted and hence analysed between the first and second metal layers. We refer

to these systems as Pdn/Au(111), where n=1,2,3,4 corresponds to the number of palladium

layers on a gold surface. The absorption energies have been computed by

Eab = (EHm−Pdn/Au(111) − EPdn/Au(111))/m− 1/2EH2
(6)

where the first term corresponds to the energy of the relaxed system Hm−Pdn/Au(111)

with the hydrogen at the absorption equilibrium position under the first Pd layer of the

Pdn/Au(111), being m the number of hydrogen atoms and n the number of Pd layers; the

second term corresponds to the energy of the relaxed system Pdn/Au(111) without hydrogen;

the third term is half the energy of a hydrogen molecule in vacuum.

The first investigated system is Pd1/Au. We found that the Pd-Au interface is an ex-

ceptional case. As expected, after structure relaxations, no hydrogen was found underneath

the surface 4. Calculations carried out for both sites, tetrahedral and octahedral, showed

that no absorption takes place. The optimized structures exhibited only adsorbed hydrogen.

According to experimental information reported by Baldauf et al.,60 no hydrogen absorption

was detected for one palladium monolayer on a gold surface. Additionally, it is well known

that hydrogen adsorption energy is endothermic on bare gold surfaces.24,61 Hence, we con-

clude that gold repel hydrogen atoms and the absorption phenomena is not favored for one

monolayer of Pd on Au. Furthermore, it can be conjectured that if the surface behaves like

a valve and hydrogen start to diffuse into the bulk after saturation, adding hydrogen to a

full ML of H on Pd1/Au(111) will not induce the penetration of the pre-adsorbed H atoms

due to the high activation barrier at the Pd–Au interface.

This situation changes when more overlayers of palladium are deposited on gold. The

4According to our technical methodology, the hydrogen atom was located at the octahedral or tetrahedral
site before optimization. This configuration has been taken as an initial state.
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absorption is favorable and hydrogens are localized between the first and second layer of Pd.

The absorption energy for the tetrahedral and octahedral sites are given in Table 2.

The absorption underneath the surface is only favorable at high concentration of hydro-

gen; for lower [H] the adsorption was found favorable. In the case of 2 Pd overlayers, the

process is exothermic for [H]=0.75 and 1.00. Nevertheless, in the case of 3 Pd overlayers no

absorption takes place in the octahedral site for [H]=0.75 (see Table 2). An analysis of the

energetics indicates that the absorption in the tetrahedral site is more favorable than in the

octahedral one (see Table 2).

Absorption in the octahedral environment shows a similar behavior that for pure Pd.

The absorption energy rises with the hydrogen atom concentration due to an increase of

the repulsion. In this case, the larger lattice constant of Au induces a relative expansion

of the Pd layers, allowing for a better localization of hydrogen atoms at the interstitial

sites of Pdn/Au(111) and leading, in consequence, to less repulsive interactions and to lower

absorption energies (more favorable) in comparison to pure Pd. The opposite trend was

found for pure Pd at the tetrahedral environment. Here, the absorption energies are lower

when the concentration increases, leading to larger stability. This fact can be attributed

to the smaller lattice constant of palladium, which leads to a more compressed surface with

smaller interstitial sites. Indeed, the structure expands vertically to diminish the interactions,

conducting to a higher order structure when the amount of hydrogen rises.

Table 2: Hydrogen absorption energies (eV/atom) for octahedral and tetrahedral sites in
the case of Pdn/Au(111) n=2,3. Different hydrogen concentrations underneath the first two
atoms layers were tested. No absorption has been found after structural optimization for
low hydrogen concentrations (0.25 and 0.5).

Pd2/Au(111) Pd3/Au(111)

[H] octahedral tetrahedral octahedral tetrahedral

Eab %∆ Eab %∆ Eab %∆ Eab %∆

0.75 -0.446 4.3 -0.475 6.0 – – -0.458 6.3

1.00 -0.417 5.7 -0.436 10.3 -0.396 6.3 -0.435 10.5
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For completeness, the influence of the number of palladium layers on the absorption

process was compared for a full monolayer of absorbed hydrogen in Pdn/Au (n=2,3,4). The

energetic information is summarized in Table 3. The absorption energy for palladium was

also included to be considered as reference.

The results indicate that for the octahedral environment, the energy values become higher

– but lower than pure Pd – as the number of palladium layers increases. Interestingly, for

the tetrahedral sites, the minimun in absorption energies appears for two (Eab = −0.436

eV/atom) and three (Eab = −0.435 eV/atom) palladium layers, although for four layers the

process is still favorable (Eab = −0.407 eV/atom). These results are in agreement with the

experiments reported by Baldauf et al.:60 These authors suggest that no appreciable amount

of hydrogen was detected at the first two palladium layers, however significant amount of

hydrogen appeared at the third.

Table 3: Hydrogen absorption energies for octahedral and tetrahedral sites in the case of
Pdn/Au(111) n=2,3,4 and pure Pd(111) for a full monolayer of hydrogen underneath the
first two atoms layers. For comparison, the adsorption energy (eV/atom) for the fcc-hollow
site at θ = 0.25 is shown in parentheses.

Systems Eab(octa) [eV/atom] Eab (tetra) [eV/atom]

Pd2/Au(111) -0.417 (-0.69) -0.436

Pd3/Au(111) -0.396 (-0.66) -0.435

Pd4/Au(111) -0.372 (-0.64) -0.407

Pd(111) -0.209 (-0.58) -0.230

Our data indicate that in both environments the absorption phenomena is more favored

than in pure Pd, leading to lower absorption energies and less repulsive interactions due to

the surface expansion induced by the gold larger lattice constant. These theoretical findings

also suggest that the hydrogen absorption process at the subsurface sites is more favorable

for lower number of Pd overlayers. This situation changes gradually until the substrate

influence is no longer detected and the pure palladium nature is found. As can be seen from

Table 3, the adsorption energy values lie deeper (ca 0.2 eV) as compared with those found
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for the absorbed positions. Therefore, the latter can be considered for these systems as a

metastable state.

We have also analysed the changes on the electronic properties of Pd overlayers. A com-

parison of the d bands for the systems – Pdn/Au(111), n=1,2,3,4 – is shown in Fig. 3. The

band structure for the bare Pd(111) are also included for comparison. The DOS of the d

bands changes markedly for Pd1/Au(111). The band appears shifted to more positive ener-

gies (Fig. 3: red line) compared to pure Pd surface (Fig. 3: black line, grey shaded area).

It becomes thinner, indicating a stronger localization of the electrons. The lattice constants

misfiting induces the well-known strain in the overlayer, which also causes a change in the

electronic properties. However, the modifications in the electronic structure are also a con-

sequence of the chemical interplay due to direct contact with the gold substrate. Therefore,

it is expected that the d band profiles for the surface of Pdn/Au(111) tend to the d band

of palladium with increasing n (Fig. 3), due to the lesser substrate influence. The upshift

of the d bands to more positive energies and the narrower profiles are generally associated

with a higher reactivity and follows the expected trend: Pd2/Au(111) > Pd3/Au(111) >

Pd4/Au(111) > ... > Pdn/Au(111) ≈ Pd(111); in accordance with the trend in the absorp-

tion energy shown in Table 3.

A clarification is needed before proceeding: some DFT code take advantage of periodicity

to handle the electronic structure problem for infinite solids in 3D simulation cells. In

the case of surfaces, periodic boundary conditions are only applied in two dimensions, but

the idea of a 3D simulation cell can be employed to simulate a surface by introducing a

vacuum region in the remaining dimension, e.g. z-direction. Thus, the simulation cell is

divided in two domains: a solid region (known as a slab) and a vacuum region. Due to

the 2D periodicity, when a surface relaxation is performed in all the coordinates (xyz) only

displacements in the unfixed atom layers are detected, which move inward or outward along

the surface normal (z-direction). Alterations in the geometry involving lateral displacements

(xy-directions) can not be mimic by periodic DFT. Taking into account the limitations of
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Figure 3: Density of states projected on the d bands for systems under study: black line
– grey shaded area: Pd(111), red line: Pd1/Au(111), green line: Pd2/Au(111), blue line:
Pd3/Au(111), yellow line: Pd4/Au(111). The vertical line indicates the position of the
Fermi level.

the model outlined above, a simple relaxation procedure of Pdn/Au (where all the Pd layers

plus the first Au layer were allowed to optimize) will exhibit only geometrical modifications –

expansions or compresions – in the direction of the surface normal (for completeness see Fig.

4). This restriction prohibits us to detect the lateral structural changes as the number of Pd

multilayers increases. Hence, the lateral expansion due to the lattice constant mismatch will

remain fixed. With this in mind, we have found that the lattice constant of Pd expanded 4.8%

when is located over the Au surface. For obvious reasons, those changes should gradually

tend to the properties of bulk Pd as the number of Pd layers rises. With this limitation in

mind, we can extrapolate our results trying to represent them by the following model (Fig.

5):

Interface Pd–Au: formed by the gold surface layer in contact to the first palladium

metal layer. The substrate induces geometrical expansion plus a direct chemical influcence

on the Pd layer. Strong changes in the Pd electronic structure are identified (see Fig. 3).
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Due to the lattice constant mismatch between Au and Pd, changes in the electronic states

distribution and shapes are expected in the virtual systems. Fig 6 (top panel) shows the d

and sp bands of a Pd surface with the geometrical structure of gold (aAu
0 ). In comparison

to bulk Pd, the former exhibits thinner d band structure shifted to higher energies, showing

stronger electron localization. The same trend is also found in the sp bands. These changes in

the electronic properties enhance the structure reactivity. As a consequence, an improvement

in the absorption energies has been detected for both sites when compared to Pd(111), as

can be observed in Fig 7. Furthermore, the calculated energies of the artificial palladium are

even better than those obtained for Pdn/Au(111) n=2, 3, 4.

On the other hand, the lattice constant of Au have been replaced by the one correspoding

to Pd, and the calculated density of states projected on the d and sp bands of a Au surface

with the geometrical structure of palladium (aPd
0 ) are shown in Fig. 6, botton panel. The

opposite behavior has been found: the bands are thicker and shifted to lower energies in

comparison to bulk Au. The effect of the lattice constant can be clearly observed. In this

case, aPd
0 is smaller than aAu

0 and obviously, the number of gold electrons remains constant.

Thus, if the lattice constant decreases, the delocalization of the orbitals increases, producing

the extension of the d band into lower energies. Absorption energies have been evaluated

and showed endothermic values for all [H].

The latter findings, in combination with the results presented in Table 2, let us conclude

the existence of a tangled interplay between the strain, chemical and repulsive interactions.

Chemical interactions induced by the gold substrate can be observed. For Pd(111) and

Pd(111)-aAu
0 , absorption has been found for all [H], while for Pdn/Au(111) n=2, 3 the

absorption has only been found for higher amount of hydrogen underneath the surface. This

behavior can be understood as a blending of repulsive forces, strain effect, structural ordering

and chemical affinity.
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Figure 6: Projected Density of states: Upper panel, d bands: black line: Pd(111) with aAu
0

and red dashed line: Pd(111) and sp bands: green line: Pd(111) with aAu
0 , blue dashed line:

Pd(111). Botton panel, d bands: black line: Au(111) with aPd
0 and red dashed line: Au(111)

and sp bands: green line: Au(111) with aPd
0 , blue dashed line: Au(111). The vertical lines

indicate the position of the Fermi level.

5. Kinetics and Reaction Paths for the Absorption of

Hydrogen

Hydrogen absorption mechanisms have been deeply studied for Pd(111) and are well doc-

umented.9–12,58 In electrochemistry, the hydrogen absorption is a complicated reaction due

to the parallel ocurrence of other processes such as: hydrogen evolution and hydrogen ad-

sorption (UPD and OPD hydrogen13). As described in Section 1, several mechanisms have

been proposed for Pd(111): direct absorption,9,10 indirect absorption11,63 and a concerted

mechanism12 has been suggested as well.

19

Page 19 of 30 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



To investigate the hydrogen penetration process in electrochemistry, we have considered

two cases: as a first approximation, a fully hydrogen covered Pd2/Au(111) surface, corre-

sponding to the strongly adsorbed hydrogen or the well-known hydrogen deposited at under-

potential (HUPD, where the adsorption sets in at potentials above the hydrogen evolution);

and as a second option, a H2 molecule approaching to a Pd2/Au(111) surface pre-covered

with a submonolayer of hydrogen and its subsequent subsurface penetration.

a) Scenario A: Subsurface penetration of adsorbed hydrogen

Our results show that the subsurface penetration of a single hydrogen atom is hindered

by a barrier of about ≈ 0.2 eV (Fig. 8, red line). At the final state, the hydrogen atom

is located at the octahedral site underneath the first surface layer. For simplicity, the ini-

tial state has been taken as reference to recast the energy values, i.e. Eini=0. A hydrogen

atom moving through the first Pd layer has been identified as a transition state (see ESI

for structure details). During the penetration, a subtle lateral expansion of the Pd atoms

surrounding the hydrogen atom accompanies the main process.

b) Scenario B: Approach and subsurface penetration of a H2 molecule

Beside the previous case, we have also considered a submonolayer of pre-adsorbed hydro-

gen (surface coverage θH= 0.75 ML) on the Pd2/Au(111). This substrate has free surface

sites, which allows us to investigate the behavior of a hydrogen molecule (for clarification, see

the initial state configuration in the ESI: the hydrogen molecule has been identified in red to

distinguish it from the pre-adsorbed hydrogen on the surface, in light blue). We positioned

the molecule at 3.2 Å to minimize the interaction with the surface. The molecule axis was

oriented perpendicular to the surface plane and centered to the hole site as shown in the

ESI. As follows from our results, the higher barrier (≈ 0.4 eV) originates from the molecule

re-orientation almost parallel to the surface, with one hydrogen pointing to the hole and the

other localized on a slightly shifted top site, as shown in image 2 in the ESI. Subsequently, as
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the molecules approaches to the free fcc-hollow site, the H oriented closer to the hole starts

a combined adsorption-absorption process, with a concomitant molecule bond breaking and

the inmediate filling of the hollow site with the remaining hydrogen. The process is almost

barrierless as can be observed in Fig. 8, black line; the third image shown in the ESI has

been used to illustrate the evolution of the reaction. The final state is the most energetically

favored configuration: a full ML of adsorbed hydrogen (θH=1.00) and a subsurface hydrogen

([H]=0.25) have been found as a product. This concerted mechanism is highly comparable

to the one reported by Sakong et al.12 for pure Pd(100).

Paul et al.29 have calculated an energy barrier of about 0.8 eV for the absorption of

hydrogen at an unrelaxed Pd(111). For an adlayer of hydrogen, the absorption of additional

hydrogen into the surface site occurs via a concerted mechanism with an activation energy

of 0.4 eV.64 Other study shows a barrier of about 0.6 eV for the diffusion of H from the fcc-

hollow site to the octahedral site at Pd(111) for 0.25 hydrogen ML.65 If the direct absorption

into the subsurface is considered, the reported energy barriers oscillate bewteen 0.9 eV for

unrelaxed and 0.4 eV for relaxed surfaces.66,67

In the present paper we have found a barrier of about 0.3 eV for a low hydrogen coverage

at a relaxed Pd(111) surface considering a direct absorption mechanism (not shown). The

activation barriers found for the penetration process (Fig. 8) are considerably lower compared

to the barriers reported for pure Pd(111) surfaces. Such important changes in the energetics

can be attributed to the strain and chemical effects mentioned above, which facilitate the

entry, adsorption and the bond-breaking process.

Absorption rate constants

Finally, the influence of quantum effects on the absorption rate has been addressed. The

potential energy surfaces (PES) have been constructed for a hydrogen atom approaching to

the fcc-hollow site on the surface and entering to the underneath octahedral site. No layers

of adsorbed or absorbed H atoms were addressed. This energy surface may be attributed to
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the very initial absorption stage. Although in this case the absorption state is less feasible

as compared with adsorption position, we assume that the life time of a hydrogen atom in

the metastable adsorbed state is enough to wait for further stabilization.

The double-well potentials constructed for Pd(111) and Pd3/Au(111) do not favour the

hydrogen tunneling, because they are significantly asymmetric and the energy minimum

related to the absorbed state is very shallow. Therefore, for these systems quantum effects

can take place only through zero vibrational level, ε0, (eq. 3). We also considered an

adsorbed deuterium atom (D) to investigate the kinetic isotope effect (KIE). Table 4 shows

that the absorption of H (D) atom at the Pd3/Au(111) surface proceeds faster as compared

with Pd(111) which agrees with our findings described in Section 3. The KIE amounts to 2.6

– 2.7. It was already mentioned in Section 2 that for comparison we have performed similar

calculations for a sandwich-like surface structure Au/Pd/Au(111) taken from literature.38

Surprisingly, the tunneling effect decreases the rate constant for this system (Table 4). To

conclude, classical overcoming the energy barrier was proven to be the most probable path

for all the systems under study.

Table 4: Frequency factor ν, activation barrier ∆Ea, absorption rate kab and KIE calculated
for Pd(111), Pd3/Au(111) and Au/Pd/Au surfaces.

System atom ν [s−1] ∆Ea [eV] kab [s
−1] KIE

Pd(111) H 1.87× 1013 0.323 4.60× 107 2.6

D 1.33× 1013 0.338 1.78× 107

Pd3/Au(111) H 5.20× 1012 0.148 1.40× 1010 2.7

D 3.70× 1012 0.164 5.24× 109

Au/Pd/Au(111)38 H 2.40× 1013 0.304 1.25× 108 (1.30× 107)a 1.1

D 1.70× 1013 0.298 1.14× 108 (1.40× 107)a

aThe values in parentheses correspond to the tunneling probability (see eq. 4).
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6. Conclusions

In the present contribution we have investigated the absorption of hydrogen into overlayers

of Pd on a Au(111) surface. We have analyzed in detail different factors that determine

the thermodynamics and kinetics of the absorption process. Geometrical, chemical and

electronic interactions between the Pd metal layers and the substrate play a complicated

role, which is crucial to determine the subsurface penetration. Our results indicate that the

absorption phenomena is more favored than in pure Pd, leading to lower absorption energies

and less repulsive interactions due to the surface expansion induced by the gold larger lattice

constant. These findings suggest that the hydrogen absorption at the subsurface sites is

more favorable for less number of Pd overlayers. This behavior changes gradually until the

substrate presence is not detected.

Concerning the kinetics, two cases have been studied: the subsurface penetration of an

adsorbed hydrogen with an energy barrier of about 0.2 eV, and the approach and subsurface

penetration of a H2 molecule in the presence of adsorbed hydrogens. This mechanism shows

a combined adsorption-absorption process, with a concomitant molecule bond breaking.

Finally, the influence of quantum effects on the absorption rate has been addressed indi-

cating that classical overcoming the energy barrier was proven to be the most probable for

all the systems under study.

There are two challenging effects which will be addressed in future model investigations.

Firstly, we should mention the pressure influence on the adsorption-absorption interplay.

Secondly, elucidating the role of vacancies (holes) in the surface metal layers would be of

considerable interest.
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Figure 7: Absorption energies in eV/atom as a function of the hydrogen concentration for
Pd(111) with aAu

0 and Pd(111). Octahedral (black dotted line) and tetrahedral (red dotted
line) sites were considered. Bar plots are also added for better interpretation – middle graph:
real system, bottom graph: virtual system.
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Figure 8: Red line:Reaction scheme for the hydrogen subsurface penetration from a mono-
layer of pre-adsorbed hydrogen or the well known HUPD. Black line: Reaction scheme for
the hydrogen subsurface penetration upon H2 adsorption and bond breaking. Final states
are shown for each case. Different type of atoms are represented in specific colors: H (light
blue), Pd(grey) and Au(yellow). The initial configuration is used as reference to calculate
the energy difference. Structure details for each path are shown in the ESI
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