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Hydrogen electrocatalysis on overlayers of rhodium over gold and

palladium substrates—more active than platinum?
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We have investigated the stability and catalytic activity of epitaxial overlayers of rhodium on

Au(111) and Pd(111). Both surfaces show a strong affinity for hydrogen. We have calculated the

energy of adsorption both for a strongly and a more weakly adsorbed species; the latter is the

intermediate in the hydrogen evolution reaction. Both the energy of activation for hydrogen

adsorption (Volmer reaction) and hydrogen recombination (Tafel reaction) are very low,

suggesting that these overlayers are excellent catalysts.

1 Introduction

In the search for good and cheap electrocatalysts, much

attention has recently been focused on overlayers of metals

on a foreign metal substrate. Pseudomorphic overlayers are

strained when their lattice constants differ from that of the

substrate; the resulting changes in the d band structure can

significantly modify the catalytic properties of the layer. In

addition, there can be a strong chemical, or ligand, effect of the

substrate on the adsorbate.1 This combination can result in

good catalytic activity, and is also an excellent field to study

the relation between the structure and reactivity of metals.2–5

In electrochemistry palladium monolayers on various sub-

strates have been particularly popular, ever since Pd/Au(111)

has been shown to be a good catalyst for hydrogen evolution.4–7

Here we shall investigate theoretically layers of rhodium on

Au(111) and Pd(111) and show, that they promise to be even

better catalysts for this reaction. The formation of these layers

has been well investigated experimentally, but so far there have

been no kinetic studies. Thus, we make a prediction for their

catalytic properties.

Rhodium on Au(111) grows epitaxially until the second

overlayer, afterwards it undergoes cluster growth.8 We have

not found any studies of Rh/Pd(111), but the related system

Rh/Pt(111) has been well investigated: Rhodium deposition on

Pt(111) is epitaxial until more than five Rh overlayers have been

formed.9–12 Hydrogen interaction with pure rhodium surfaces

has been the topic of several experimental investigations con-

ducted in ultrahigh vacuum. Its adsorption has been studied by

high resolution electron energy loss spectra,13 and its diffusion

with laser-induced thermal desorption.14 Hydrogen chemi-

sorption on pure Rh has also been studied theoretically,15 but

to our knowledge, not on rhodium overlayers.

In the present work we first examine the stability of

Rh/Au(111) and Rh/Pd(111) layers by density-functional

theory (DFT). Next, we shall study hydrogen adsorption, which

plays an important role in hydrogen evolution, on various sites.

Most articles on hydrogen adsorption consider only the most

stable species. However, on transition metal surfaces this species

is often only a spectator,21 while the reaction passes via more

weakly adsorbed atoms. Therefore, we shall distinguish between

strongly adsorbed Hs and weakly adsorbed Hw hydrogen. Since

the former often adsorbs at potentials above the equilibrium

potential for hydrogen evolution, it is sometimes denoted as

hydrogen adsorbed at underpotentials Hupd,
20 while the other

form, Hopd, is said to form at overpotentials. However, we prefer

not to use this terminology, which is incomprehensible to

nonelectrochemists. Finally, we shall investigate the kinetics of

hydrogen evolution on these surfaces, using a theory developed

in our group.22,23 The computational details are given in the

appendix.

2 Results and discussions

2.1 Stability of Rh/Au(111) and Rh/Pd(111) overlayers

When a monolayer of one metal is deposited epitaxially on

another metal substrate with a different lattice constant, a

strained overlayer results. Such overlayers can be stable if the

inter-metal bonds are stronger than those of the pure metals,

and in some cases even epitaxial multilayers can be formed.

In order to investigate the stability of rhodium layers on

Pd(111) and Au(111) the total and the differential binding

energies (Ebin and dEbin respectively) have been calculated:

Ebin = ERh(N)/Sub � NERh(bulk) � ESub (1)

dEbin = ERh(N)/Sub � ERh(bulk) � ERh(N � 1)/Sub (2)
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where ERh(N)/Sub is the energy of N layers of Rh on the

substrate, ERh(bulk) is the energy of the Rh bulk per atom (with

its own lattice constant), and ESub is the energy of a pure

substrate slab. In the thermodynamic limit, the condition

Ebin o 0 corresponds to the familiar condition gs 4 ga + gi
16

for layer by layer growth, that the surface energy gs of the

substrate should be larger than the sum of the surface energy ga
of the adsorbate and the interfacial energy gi between the two

metals. The surface energy of Rh(111) (2.47 J m�2) is large

compared to that of Au(111) (1.28 J m�2),17 and the lattice

constant of Rh is expanded by 8% over Au, so we expect Ebin to

be positive, and this is indeed the case—see Fig. 1. This is in line

with the experimental observation, that in the vacuum Rh on

Au(111) shows Volmer–Weber cluster growth.18 In contrast, in

an aqueous electrolyte the first two layers of Rh on Au(111)

grow epitaxially and are stable.8 Obviously, the Rh layers are

stabilized by the electrolyte. Water adsorption is particularly

strong on Rh(111)— �0.42 eV per water molecule, compared to

�0.13 eV on Au(111)19 and certainly favours layer by layer

growth; in addition, specific adsorption might further stabilize

the layers. It is difficult to tell if these layers are absolutely stable

or only metastable. In any case, experimentally they are stable,

and hydrogen evolution proceeds rapidly.8

The surface energy of Pd(111) is 1.92 J m�2 and thus in

between those of Rh(111) and Au(111).17 In addition, the

lattice mismatch between Rh and Pd is only 4%, so we expect

monolayers of Rh over Pd(111) to be substantially more stable

than Rh/Au(111), and this is indeed the case—see Fig. 1.

Nevertheless, our calculations predict cluster growth in the

vacuum. There seem to be no experimental data, but the same

mechanisms that stabilize Rh/Au(111) in aqueous solutions

should also operate for Rh/Pd(111).

To shed some light on the possible metastability of such

films we investigated the energetics of nucleation by comparing

the energies of a four atom island and a four atom cluster

(see Fig. 2).

In both cases, the energies of the islands are more favour-

able than those of the clusters: by �0.09 eV for Rh/Au, and by

�0.64 eV for Rh/Pd(111). So at least for small clusters there

is a kinetic barrier for the formation of cluster; in electro-

chemical systems this barrier would be enhanced by the

presence of water, which interacts more strongly with Rh than

with Au or Pd, and thus favours island growth.

2.2 Hydrogen adsorption on Rh(111) surfaces

Adsorbed hydrogen is the intermediate in hydrogen evolution

and oxidation, and its energetics have a pronounced influence

on the reaction rate. As mentioned in the introduction, on

transition metals the first hydrogen atoms are often adsorbed

so strongly that they are difficult to desorb in the second step,

and hence act like a spectator. Therefore, we have considered

two types of hydrogen, a strongly Hs and a weakly Hw adsorbed

species; their adsorption sites on Rh(111) are illustrated in Fig. 3.

The adsorption energies are obtained from:

Es
ads ¼ ½EðHs=SubÞ � EðSubÞ�=n� EðH2Þ

2
ð3Þ

Ew
ads ¼ EðHw=Hs=SubÞ � EðHs=SubÞ �

EðH2Þ
2

ð4Þ

where n is the number of adsorbed atoms per unit cell,

E(Hs/Sub) is the energy of a Rh(111) substrate fully covered

with Hs, E(Hw/Hs/Sub) is the energy of Hw adsorbed on the

latter, E(Subs) and E(H2) are the energies of the clean substrate

and of the hydrogen molecule in vacuum respectively. The

adsorption energies for coverages of 1 and 0.25 monolayers

(ML) are shown in Fig. 4.

Fig. 1 Total and differential binding energies (Ebin and dEbin per

atom respectively) of Rh/Pd and Rh/Au multilayers.

Fig. 2 Top and side views of four atom islands and clusters on

Au(111) and Pd(111) substrates.

Fig. 3 Top and side view of the strongly adsorbed hydrogen Hs

(yellow) and the weakly adsorbed hydrogen Hw (blue) on Rh(111).

Hs is adsorbed on the fcc hollow site, Hw on the top. The diagram is

for a full monolayer of Hs and a coverage of 1/4 for Hw.

Fig. 4 Adsorption energies of the strongly and weakly adsorbed

hydrogen (Hs and Hw respectively) on Rh(111) at different adsorption

sites and coverages. The points for Hw are for a surface covered by a

monolayer of Hs adsorbed in the fcc hollow sites.
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For Hs the most favourable adsorption site is fcc hollow. Its

large negative adsorption energy suggests that a monolayer of

Hs is formed in such surfaces, as confirmed experimentally.14,30

The energy decrease from y=1 to y=1/4 is due to the decrease

of the Hs–Hs repulsion and is of the order of 0.1 eV. On this

surface, covered with a monolayer of Hs at the fcc hollow sites,

the adsorption of Hw takes place. In addition to the repulsion

among Hs atoms, there are Hw–Hs repulsions which contribute

to making Ew
ads 4 Es

ads. In this case the top position is the most

favourable one since there the latter force is the lowest.

2.3 Hydrogen adsorption on Rh/Au(111) and Rh/Pd(111)

surfaces

The adsorption energies are calculated as in eqn (3) and (4) but

now the index Subs refers to Rh/Au and Rh/Pd substrates.

In Fig. 5, hydrogen adsorption energies as a function of the

number of Rh overlayers (Rhn) are shown. In order to deter-

mine the chemical effect of the gold or palladium substrates, we

have proceeded as in our previous work1 and also performed

calculations for pure rhodium slabs expanded to the lattice

constants of gold (Rh@Au) and palladium (Rh@Pd).

For the strongly adsorbed hydrogen, the first Rh overlayer is

the most reactive one for both Rh/Pd and Rh/Au. There is still a

minor chemical effect for the second layer, but from then on, the

adsorption energies are almost the same as on the pure expanded

Rh slabs (Rh@Au and Rh@Pd). From the second layer on, the

change in the reactivity is mostly attributed to the lattice

expansion. The adsorption energy on Rh1/Au isB0.42 eV lower

than that on pure Rh(111), and is of the same order as on

Pt(111).35 For Rh1/Pd the difference is smaller: B0.18 eV. This

suggests that Au induces a larger electronic effect on Rh than

Pd, as will be confirmed later with density of states (DOS)

studies. The adsorption energy on pure expanded Rh is

B0.16 eV and B0.09 eV lower than on pure Rh for Rh@Au

and Rh@Pd, respectively. This indicates that the geometric

effect is also larger for Au than for Pd substrates which is

expected since the lattice constant of Rh is expanded 8% and

4% correspondingly. The same trends were found for Hs at

y = 1/4 (not shown) where an energy decrease of B0.1 eV was

obtained for all the adsorption sites computed.

For the weakly adsorbed hydrogen, and in contrast to the

adsorption on pure Rh, Ew
ads is exothermic at the first Rh over-

layer on both substrates (see Fig. 5b), which suggests that these

structures are excellent catalysts for the HER. The electronic

effect induced by the substrate extends only to the first Rh

overlayer; for higher ones the geometric effect is dominant.

In order to study the electronic effect induced by Pd and Au

substrates in greater detail, the DOS of the top Rh layer is

illustrated in Fig. 6.

Comparing the first Rh overlayer in both substrates, it is

clear that the upward shift of the d-band is larger on Rh1/Au

than on Rh1/Pd. Also, a strong chemical effect is involved

since the DOS of the overlayers are markedly different from

those of the expanded lattices. Here this phenomenon follows

the d-band model proposed by Hammer and Nørskov,31,32

since this shift leads to an improvement of the chemisorption

which is bigger for Rh/Au than for Rh/Pd overlayers. In order

to make a quantitative comparison, the center of the d-band of

pure Rh and of up to four Rh overlayers were calculated by

means of eqn (5).
Z1

�1

rdðeÞede ¼ ed ð5Þ

where rd(e) is the DOS of the d-band as a function of the

energy (e). The results are shown in Fig. 7.

Fig. 5 (a) Adsorption energies (Eads) of Hs at y = 1 on Rhn/Pd and

Rhn/Au for n = 1,2,. . .,6. (b) Adsorption energies of Hw at y = 1 and

y= 1/4 on Rhn/Pd and Rhn/Au for n= 1,2,. . .,4. (a–b) The values are

compared with the adsorption energies on clean Rh(111) and on the

laterally expanded slabs Rh@Pd and Rh@Au.

Fig. 6 Density of states (DOS) projected on the surface atoms of Rh,

Rh/Pd and Rh/Au. The d-band states are plotted.

Fig. 7 Position ed of the d-band center with respect to the Fermi level

as a function of the number of Rh overlayers on Au and on Pd

substrates. The values are compared with the pure Rh surface (Rh)

and the corresponding laterally expanded Rh (Rh@Sub).
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It becomes evident that the electronic effect induced by the

underlying substrate is larger for Au than for Pd. For both,

after the second Rh overlayer the electronic effect contributes

no longer to the d-band shift; it is then solely caused by

the lattice expansion. Thus the situation is different than for

Pd/Au(111) in different configurations, where the center of the

d band does not correlate with the activity.7

3 Kinetics of the hydrogen reaction

3.1 The Volmer reaction

The DFT calculations have shown that the rhodium over-

layers, particularly the monolayers, have a strong affinity for

hydrogen, which makes them interesting candidates for

catalysts. However, reaction rates are determined by activation

barriers and only indirectly by thermodynamics. Therefore, we

have investigated the first step of hydrogen evolution:

H+ + e� - Hw, (6)

which is known as the Volmer reaction, by the theory of

electrocatalysis developed in our group.23 We focus on the

activation energy at the standard hydrogen potential NHE,

which is a good indicator of the reactivity. At this potential,

the free energy for the Volmer reaction is given by the

adsorption energies reported above plus an entropy term,

which is of the order of 0.2 eV.35 Thus, to obtain the free

energies of adsorption at NHE a value of 0.2 eV has to be

added. For a monolayer of Rh on Au(111) the free energy of

adsorption for the weakly adsorbed species is �0.01 eV, and

for Rh/Pd(111) it is 0.1 eV. So at NHE the Volmer reaction on

both layers is almost isoenergetic, which in view of Sabatier’s

principle is favorable.

From our model for hydrogen evolution detailed in ref. 23,

we have calculated the free energy surfaces for the Volmer

reaction. Fig. 8 shows the result for Rh/Au(111). This plot

shows the free energy of the system as a function of two

coordinates: the solvent coordinate q and the distance from the

surface. The former is a concept related to the Marcus theory36

for electron transfer and characterizes the state of the solvent.

The transferring proton is strongly solvated, and its discharge

requires a reorganization of the solvent. The solvent coordi-

nate is defined in such a way, that a value of q indicates

that the solvent would be in equilibrium with a reactant of

charge �q.37 Thus, the initial state is a proton at q = �1 and

far from the surface, the final state an adsorbed hydrogen

atom at q = 0 and on top. These two states are separated by

an energy barrier of 0.37 eV, which is a very low value and

of the same order of magnitude as for Pt(111)21—for com-

parison, for the coinage metals we have obtained barriers of

about 0.7 eV. The surface for Rh/Pd(111) is very similar, and

the energy of activation about 0.1 eV higher.

The position of the saddle point in Fig. 8 is noteworthy.

Since the final state is adsorbed on top, the proton can

approach the surface losing only a smaller part of its solvation

sheath; therefore electron transfer occurs to a solvated state

near qE�0.85. In contrast, when the final state is adsorbed in

the fcc hollow site desolvation is stronger, and the saddle

points, at NHE, are closer to q = �0.5.

3.2 H2 dissociation on Rh(111) and Rh1/Au(111) surfaces

The chemical recombination of two adsorbed hydrogen atoms

(Tafel reaction) is often the second step in hydrogen evolution;

on very active metals like Pt(111) and Re it determines the

overall rate. It is simpler to discuss the results for the reverse

reaction, the dissociation of H2, since in this case the initial

state is the same on all surfaces—a molecule far from the

electrode. We have investigated this step both on pure Rh(111)

and on a monolayer of Rh over Au(111), which is the better

catalyst of our two monolayer systems. Since it does not

involve electron transfer, it can be described by pure DFT.

Two types of surfaces were evaluated: a clean and a

Hs-precovered surface. Details of the calculations are given

in the appendix. In all cases, in the most favorable path the

center of the Hs molecule is initially on top of a surface atoms,

while the two atoms are close to the fcc and hcp hollow

sites—we call this the f-t-h configuration (see Fig. 9).

Fig. 9 shows the potential energy of hydrogen dissociation as

a function of the distance. On clean Rh or Rh1/Au surfaces there

is almost no activation barrier for the dissociation of hydrogen,

which indicates that this process occurs instantaneously on

these structures. Obviously, this is not the rate determining step

for hydrogen evolution. As long as the dissociation proceeds,

the surface coverage of Hs increases. Eventually, a hydrogen

molecule will have no clean surface left to interact with. When

the Hs monolayer is not complete, the dissociation of hydrogen

is more favourable, but the barrier increases substantially as the

Hs coverages grow.
21 In order to compare hydrogen dissociation

on clean and covered surfaces, we investigated the limiting case,

a complete Hs monolayer—see Fig. 9b.

At this Hs covered surface the incoming molecule has to

overcome interatomic repulsion which significantly increases the

activation energy. On Rh(111) this leads to a barrier of 0.88 eV,

which is a little higher than that on Pt(111) under the same

conditions.21 Surprisingly, on Rh1/Au the activation energy is

only 0.16 eV. In the latter case, the barrier is comparable to

that on clean Pt and Pd surfaces (0.06 eV33 and 0.05 eV34

correspondingly). The reasons for this dramatic difference can
Fig. 8 Free energy surface for the Volmer reaction for Hw on a

monolayer of Rh on Au(111) in the presence of a monolayer of Hs.
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be explained by two factors: the repulsion among hydrogen

species and the affinity of the precovered surface for hydrogen

adsorption.

Fig. 10a shows the initial state when a hydrogen molecule

approaches a top site of a surface covered by a monolayer of

Hs at fcc sites. As long as H2 approaches the surface, the

nuclear repulsion between the molecule and the Hs atoms is

dominant and increases. This pushes the adsorbed atoms away

from their fcc-hollow sites (see Fig. 10b), which also increases

the repulsion among Hs neighbors sketched in Fig. 10a. The

distance of two Hs neighbors (dHs
) during the approach of a

hydrogen molecule is shown in Fig. 10c. Since the lattice

constant of Rh is smaller than that of gold, dHs
is smaller

for pure Rh surfaces, making the repulsion stronger than

on Rh1/Au. Indeed, the difference in dHs
on these substrates

is around 0.3 Å when H2 is far from the substrate, and

increases during its approach. The total hydrogen repulsion

is the dominant force that increases the potential energy at

distances larger than 2.5 Å. At closer distances, the molecule

interaction with the substrate becomes stronger, and the

affinity for hydrogen adsorption begins to play a role, and

again, is quite different for both substrates. One way to

compare them is by examining the bond distance of the

molecule as it approaches the surface: the more favourable

the interaction the sooner the H2 bond distance increases.

As shown in Fig. 10d, on Rh1/Au the separation of the

hydrogen molecule atoms occurs at larger distances from

the surface than on Rh. Moreover, the elongation of the

hydrogen bond is smooth on Rh1/Au while in the case of

Rh there is an abrupt change. At around 2.3 Å from the

Rh1/Au Hs-precovered surface the affinity for H2 over-

compensates hydrogen repulsion and consequently the energy

of the system decreases (see Fig. 9b). The Rh Hs-precovered

surface on the other hand has a weaker affinity for H2 so that

hydrogen repulsion dominates.

The differing affinities for H2 of Rh and Rh1/Au Hs-precovered

surfaces can be analyzed with the aid of the DOS as shown in

Fig. 11: at far distances from the surface H2 shows a sharp peak

which corresponds to the s bonding state between the two

atoms. At 2.2 Å from the surface only in the case of Rh1/Au

the molecule interacts with the substrate—principally with the s

band, which extends further beyond the surface. At closer

distances, on both surfaces hydrogen interacts with the s and

the d band, both of which undergo significant changes. So, in

the case of Rh1/Au the electronic interaction with the metal

starts at larger distances, and helps to reduce the activation

barrier.

Fig. 9 Potential energy for the hydrogen dissociation process at

different distances (z) from Rh and Rh1/Au surfaces in the presence

of a monolayer of Hs. The initial state of the f-t-h pathway is

sketched at the left. (a) H2 dissociation over a clean Rh and Rh1/Au

surface. (b) H2 dissociation over a Hs-precovered surface of Rh and

Rh1/Au. For comparison, the corresponding curve for Pt(111) is also

shown; this curve is for a coverage of 80% Hs, which roughly

corresponds to the coverage at low overpotentials for hydrogen

evolution.

Fig. 10 (a) Top view of a Hs-precovered surface (yellow atoms) on which a H2 molecule is approaching with the f-t-h configuration (blue atoms).

The distance between two Hs atoms (dHs
) is denoted with a segment within the figure. (b) Final state with the dissociated atoms. (c) dHs

as a function

of the distance from the hydrogen molecule to the surface (z). (d) H2 bond distance as a function of z. The inset shows a zoomed view at shorter

distances.
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4 Conclusions

Metal monolayers on foreign metal substrates have fascinating

catalytic properties. They are only stable if there is a strong

chemical bonding between the monolayer and the substrate,

so there is always a pronounced chemical, or ligand, effect.

If additionally the lattice constant of the adsorbed metal is

smaller than that of the substrate, as is the case for Rh/Au(111)

and Rh/Pd(111), the induced strain leads to an upward shift of

the d band center of late transition metals, which increases the

reactivity.

In the case of Rh/Au(111) the lattice mismatch is particu-

larly large, and stable—or metastable—layers have only be

observed in electrochemical systems. Hence, both the chemical

and the strain effect are large, and combine to make this a

very promising candidate for hydrogen electrocatalysis.

According to our calculations, both hydrogen adsorption

and recombination should be extremely fast, even faster than

on pure Pt(111).

On Rh/Pd(111) the induced strain is weaker, so its catalytic

properties are expected to be not quite as good. However, it

should be more stable than Rh/Au(111).

To the best of our knowledge, there are no experimental

investigations for hydrogen evolution or oxidation on these

systems. Thus, our work is a prediction. This indicates a

pronounced change in the relation between theory and

experiment that has taken place during the last decade:

Previously, theory used to follow the experimentalists trying

to explain their data. Nowadays, experiments can be guided by

theoretical predictions.

Appendix: computational details

First-principles calculations

All calculations were performed with DACAPO,24 a density

functional theory (DFT) code. The electron–ion interactions

were accounted through ultrasoft pseudopotentials,25 while

the valence electrons were treated within the generalized

gradient approximation (GGA) in the version of Perdew and

Wang.26,27 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.28 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 satisfy the energy accuracy. For the

relaxations computed, the convergence was achieved when

the total forces were less than 0.01 eV Å�1. Calculations with

spin confirmed that the systems studied here are not magnetic.

Surface modeling

The lattice constants (a0) were taken from the calculated

equilibrium distances of a periodic fcc bulk: 3.83 Å for Rh,

3.99 Å for Pd and 4.18 Å for Au, which are in agreement

with the experimental values29 (3.80 Å, 3.88 and 4.07 Å

respectively).

In order to choose the thickness of the monometallic slabs,

the surface energy was calculated for several slabs of N layers

by s = (Eslab(N) � NEbulk)/2, where Eslab(N) is the energy of an

N layer slab, and Ebulk is the energy per atom of the bulk. The

surface energy difference between slabs of four and five layers

is lower than 0.02 eV, therefore four layers were used for the

rest of the calculations. The energy criterion of convergence

was 0.02 eV, which is reached by a slab of four layers

(Table 1).

Only the top two layers of the pure slabs were allowed to

relax, and the bottom two were kept fixed in their correspond-

ing bulk positions. Additional calculations with an expanded

a0 of pure Rh corresponding to Au (Rh@Au) and to Pd

(Rh@Pd) were performed in order to study the effect of this

expansion separately from the electronic effect induced by

such substrates (Au or Pd). For Rh/Au and Rh/Pd slabs the

structure was modeled by a four layers slab of the substrate,

on which up to five layers of Rh were deposited. The bottom

two layers of Pd or Au were kept fixed and the rest were fully

relaxed. The same applied for the systems with hydrogen

adsorbed at high symmetry sites. A vacuum corresponding

to five layers was used in all systems.

Kinetics of the hydrogen reaction

The molecule was allowed to relax laterally on a plane parallel

to and at different distances from the surface, whose first two

layers were kept fixed. The rest was fully relaxed (including the

hydrogen monolayer in the case of the precovered surface).

The same procedure was used for the atomic hydrogen. For

the latter case, the maximum hydrogen–surface distance

computed was 2.4 Å, where the atom is non-magnetic. Thus,

spin was not included.

The hydrogen molecule configurations are distinguished by

three letters which indicate the position of the first hydrogen

Fig. 11 Density of states (DOS) projected on the hydrogen molecule

and surface metal atom states. Three stages of the H2 dissociation on

Hs-precovered surfaces are compared: H2 far away from the surface

(3.8 Å), closer (2.2 Å), and right before the molecule bond is broken

(1.5 Å). The s state of hydrogen and Rh have been reduced by a factor

of 4 for clarity.

Table 1 Surface energy (s) with respect to the number of layers for
Pd, Rh and Au fcc(111) surfaces

N
Pd Rh Au
s/eV s/eV s/eV

3 0.572 0.812 0.348
4 0.559 0.824 0.350

5 0.558 0.818 0.352
6 0.567 0.817 0.354
7 0.554 0.815 0.351
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atom, the center of mass of the molecule, and the position of

the second hydrogen atom, respectively, all with respect to the

surface high symmetry sites: hcp-top-fcc (h-t-f), bridge-

top-bridge (b-t-b), hcp-bridge-fcc (h-b-f) and top-bridge-top

(t-b-t). The f-t-h configuration on clean and hydrogen covered

surfaces is illustrated in Fig. 8.
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