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Abstract

The spin-polarized calculations in generalized gradient approximation density–
functional theory (GGA–DFT) have been used to show how the existence of second 
metals can modify the atomic hydrogen adsorption on Au (100), Cu (100), and Pt 
(100) surfaces. The computed adsorption energies for the atomic hydrogen adsorbed 
at the surface coverage of 0.125 ML (monolayer) for monometallic Au (100), Cu 
(100), Pt (100) and bimetallic Au@Cu (100) and Au@Pt (100) surfaces are 3.98, 5.06, 
4.13, 5.30, and 6.36 eV, respectively. Due to the adsorption of hydrogen atoms, the 
Au atoms of Au (100), Cu atoms of Cu (100), and Pt atoms of Au@Pt (100) surfaces 
tend to lose the 6s1, 4s1, and 6s1 electrons and reach the 5d10, 3d10, and 5d9 electronic 
con gurations, respectively.  In Pt (100), Au@Cu (100), and Au@Pt (100) systems, 
the spin-up and spin-down bands are asymmetric and shift signi cantly in opposite 
directions. Therefore, they are spin polarized; spin paramagnetism is also observed. 
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1. Introduction

An understanding of atomic hydrogen adsorption 
and its reaction with transition metal surfaces is 

of fundamental interest. Its application in different 
areas is also interesting, e.g., the production of 
many chemicals and pharmaceuticals, surface 
etching in microelectronics, hydrogen storage 
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technologies, hydrogen generation, hydrogen fuel 
cells electrocatalysis, catalytic reactions involving 
hydrogen, etc. [1-4]. 
In the 1980s, Haruta discovered a low-temperature 
catalytic oxidation reaction using nano-Au catalysts. 
Since this discovery, Au catalysis has gained attention 
from researchers [5]. The electronic con guration 
of gold (0), gold (I), and gold (-I) anions is 5d106s1, 
5d106s0 and 5d106s2, respectively. Therefore, Au is a 
metal that can be considered as an effective catalyst. 
It is also regarded as an appealing catalytic metal 
because the size of its particles can be minimized 
to nanoscale resulting in an increase in the amount 
of catalytic active sites, thus improving catalytic 
performance for oxidation, hydrogenation, etc. [6-8]. 
Au is not a suitable catalyst for hydrogenation because 
of its minimal ability to activate H2. To improve the 
catalytic performance (e.g., activity, selectivity and 
lifetime) of monometallic Au nanocatalysts, they 
are usually alloyed with a secondary metal used in 
chemical industries. In recent years, Au has been 
coupled with more active metals such as miscible 
metals like Pd, Cu, and Ag as well as only partially 
miscible or even immiscible metals like Ni, Ru, Pt, 
Co, and Fe [9-12]. Bimetallic nanosystems may 
create a synergistic catalytic effect that involves the 
ligand and strain effect. The ligand effect occurs as 
a result of hetero-atom bonds and the strain effect 
is the outcome of the different average metal-metal 
bond lengths. The ligand and strain effect modify 
the electronic structure of bimetallic systems by 
changing their electronic environment and the orbital 
overlap, respectively. Consequently, the synergistic 
catalytic effects created through alloying with Au 
typically results in a number of catalytic functions 
for applications in clean energy and environmental 
issues. The modi ed bimetallic Au-Cu catalysts 
were summarized by Hutchings et al. [13]. Also, 
the bimetallic Au-Pd and Au-Pt catalysts were 
summarized by Ouyang et al. [14]. Our previous study 
[15] showed that the atomic oxygen adsorption energy 
for Au@Cu (100) and Au@Pt(100) was stronger in 
comparison with Au (100). We also found that the 
atomic oxygen adsorption energy was sensitive to 

surface coverage; at a low coverage (θ< 0.5), the 
binding of oxygen was the strongest on the Au–Cu 
(100) surface. However, as the coverage increased (θ> 
0.5), the binding of oxygen on the Au–Pt (100) became 
the strongest. In continuation of our previous studies 
[15,16], we utilized the changes in the hydrogen 
binding energy to determine the hydrogenation 
activity of Au (100), Pt (100), and Cu (100) as well 
as those of the bimetallic Au@Cu (100) and Au@
Pt (100) surfaces. To study the interaction between 
hydrogen and metallic surfaces, the evaluation of the 
dependence of the hydrogen adsorption states on both 
the metal surface composition and the exposure to 
hydrogen is of importance. There are few ab initio 
studies regarding  these features. In their study of 
the atomic H, N, O, and S adsorption on Pt@Au 
bimetallic surface overlayers, Chen et al. [17] utilized 
density functional theory (DFT) calculations. It was 
found that bimetallic systems showed a qualitatively 
different behavior for trends in binding energy. In 
another study, Juarez et al. [18] studied the hydrogen 
interaction with Au modi ed by Pd and Rh using 
DFT. They showed that the reactivity of the gold 
surface in bimetallic systems can be tuned by varying 
the hydrogen coverage. Taking these studies into 
account, we examined the adsorption of hydrogen 
atoms on the Au (100), Pt (100), Cu (100), Au@Cu 
(100), and Au@Pt (100) surfaces. In addition, the 
dependence of hydrogen adsorption on their surface 
coverage was illustrated. 

2. Computational methods

First-principle calculations based on spin-polarized 
DFT were carried out using the Quantum Espresso 
v4.3.2 [19], which is a code based on the generalized 
gradient approximation density-functional theory 
(DFT). The code provides an iterative solution of 
the Kohn–Sham equation for a system with periodic 
boundary conditions using the plane-wave basis set. To 
represent the electron–ion core interaction, it employs 
the projected augmented wave (PAW) approach [20]. 
The exchange-correlation potentials are described by 
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the generalized gradient approximation of Perdew et 
al., known as PW91 [21]. In all cases, the energy cutoff 
for the plane waves was set to 50 Ry (~680.2 eV), thus 
assuring a good convergence in energy. The 3 × 3 × 
1 Monkhorst–Pack [22] mesh, as the optimum grid, 
was used in sampling the Brillouin zone. All systems 
were modeled using a slab that contained ve atomic 
layers of metal (100) (Au, Cu, and Pt) containing 40 
atoms, separated by a vacuum space equivalent to 
eight layers. In this way, there were no interactions 
between the adsorbed intermediates and the bottom 
surface of the next slab. All the metal layers were 
allowed to relax using the Hellman–Feynman forces 
computed at each geometry step. The pseudomorphic 
bimetallic structures, Au@Cu and Au@Pt, were built 
by replacing the topmost layer of the Au (100) slabs 
with a layer of the corresponding metals (Cu and Pt). 
The Eads of atomic hydrogen on metallic surfaces 
are given by 

Eads = -1/nH [Eslab+nH - (Eslab+nHEH)]                         (1) 

Where Eslab+nH, Eslab, and EH are the total energy 
of the hydrogen adsorption system, a pure relaxed 
surface, and a hydrogen atom, respectively. nH is the 
number of adsorbed hydrogen atoms on the surface 
of the unit cell. The charge analysis was done by 
Löwdin population analysis based on the projected 
electron densities of states (PDOS).s

3. Results
 
3.1. Electronic and Magnetic Properties of Pure 
Au (100), Pt (100), Cu (100), Au@Cu (100), and 
Au@Pt (100) surfaces

According to the d-band theory of Hammer and 
Nørskov [23], adsorption energies can be related 
to the d-band position. In this model, the position 
of the d-states contributing to the interaction is 
displayed with the center of the d-band, which is 
a single d-state at Ed. In this section, the electronic 
and magnetic properties of the optimized pure 
slabs, i.e., slabs without chemisorbed hydrogen, are 
discussed in detail. The monometallic Au (100), Pt 
(100), and Cu (100) along with the bimetallic Au@
Cu (100) and Au@Pt (100) surfaces examined in 
this paper are shown in Fig. 1. The monometallic 
slab is composed of ve metal layers. The bimetallic 
pseudomorphic surfaces are composed of ve metal 
layers with Pt or Cu in the rst layer and Au in the 
other four.  The lowermost metal layer in a periodic 
slab calculation is symmetrically identical to the 
topmost layer. As a result, the complete structural 
relaxation of the slab leads to identical relaxations 
for the top and bottom layers. The location of the 
d-band center in relation to the Fermi level was 
utilized to analyze the chemisorption of adsorbates 
on metal surfaces.

Fig. 1. Side view of ve-layered monometallic Au (100), Cu (100), and Pt (100) and bimetallic Au@Cu (100) and Au@Pt (100) 
slabs. Hollow adsorption site (H), Bridge site (B), and Top site (T).
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This parameter determined the amount of 
interaction between the adsorbate orbital states 
and metal d states for electron donation and 
backdonation [24]. The d-band center is defined as 
the first order moment of the normalized projected 
density of states about the Fermi level. The various 
moments of the DOS for one specific orbital or the 
total sum of orbitals are determined using:

(2)

where n is the order of the moment, ρ is the density 
of states (DOS), ε is the energy, and ε0 is the 
reference energy which is usually set to the Fermi 
energy. The average energy of the DOS, i.e., DOS 
‘‘band center’’, is determined by the first order 
moment (n = 1). 
To achieve better insight into the electronic and 
magnetic properties of pure Au (100), Pt (100), 
and Cu (100) and pure bimetallic Au@Pt and Au@
Cu (100) structures, their total density of states 
(DOS) and local density of states (LDOS) are 
plotted in Fig. 2. For all systems, the spin-up and 
spin-down bands are metallic; therefore, none of 
them are ferromagnets. In ferromagnetic systems, 
spin-up bands are semiconducting and spin-
down bands are metallic or vice-versa because 
of ferromagnetic decoupling. For Au (100) and 
Cu (100), there is no spin polarization, as shown 
in Figure 2. In these systems, spin-up and spin-
down bands are symmetric. A strong upward 
shift of the d-band center (-1.7eV) in Cu (100) 
in comparison to Au (100) (-2.1eV) with respect 
to the Fermi energy leads to stronger adsorption 
energy due to the larger number of empty anti-
bonding states. In Pt (100), Au@Cu (100), and 
Au@Pt (100) systems, the spin-up and spin-down 
bands are asymmetric and shift significantly in 
opposite directions. Therefore, they are spin-
polarized; spin paramagnetism is also observed. 
For this reason, the adsorption energies of the 
atomic hydrogen obtained from the spin polarized 
calculation is consider to be a significant effect of 
spin polarization on adsorption.

3.2. Atomic hydrogen adsorption on Au (100), Pt 
(100), Cu (100), Au@Cu (100), and Au@Pt (100) 
surfaces

Initially, three adsorption sites (Hollow, Bridge and 
Top) were examined for all the surfaces. It was found 
that the most stable adsorption sites for the Au, Pt, 
and Au@Pt surfaces were bridge sites, while the most 
stable adsorption site for Cu and Au@Cu surfaces 
were the hollow sites. The optimized hydrogen-
surface vertical distances were 1Å for Au, Pt, and 
Au@Pt surfaces while these distances were 0.8Å 
and 1.5Å for Cu and Au@Cu, respectively. There are 
precedents of atomic hydrogen adsorption studies 
on Au (100), Cu (100), and Pt (100) surfaces [25, 
26, 27, 28].  N’Dollo et al. [27] and G´omez et al. 
[28] reported the bridge site as the preferential one 
for H adsorption on the Au (100) surface, and this 
was in good agreement with our results. Meanwhile, 
the Au-H vertical distance in this study was 1Å, 
which agreed well with 0.93Å and 0.89Å reported by 
N’Dollo et al. and G´omez et al., respectively. In the 
case of the Pt surface, the bridge site was the most 
favorable for H adsorption, which was in agreement 
with our previous studies. The Pt-H vertical distance 
in our ndings was 0.8Å while N’Dollo et al. and 
G´omez et al. reported it to be 1.06Å and 1.02Å, 
respectively. Regarding the Cu (100) surface, the 
most stable site for H adsorption was the hollow site, 
which was previously reported by Ferrin et al. [25] 
and G´omez et al. The Cu-H distance at the hollow 
site was 0.8Å while del V et al. reported it as 0.45Å.   
Fig. 3 shows that for all the surfaces, the atomic 
hydrogen adsorption energy decreases with the 
increase of hydrogen coveragesignifying repulsive 
interactions between the adsorbed hydrogen atoms 
at higher coverages. At all the coverages, the value 
of the adsorption energy for the bimetallic Au@
Cu and Au@Pt surfaces was larger than that for 
the monometallic Au (100), Cu (100), and Pt (100) 
surfaces; this was in good agreement with the d-band 
center shift closer to the Fermi energy in bimetallic 
systems. The Au (100) had the lowest interaction 
with the atomic hydrogen. The hydrogen adsorption 
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Fig. 2. The total DOS and the DOS projected to d-band of the pure slabs. The Fermi level is the energy zero in all cases.

 energies on the Au@Pt (100) surfaces at all coverages
 were greater than the Eb of molecular hydrogen. This
 implied that the dissociative adsorption of a hydrogen
 .molecule was exothermic on this surface
 To better understand the atomic hydrogen interaction
 with different surfaces, the effect of hydrogen
 adsorption on the projected DOS of the d-band of

 the topmost metal layer and second metal layer in the
 pure slabs are shown in Fig. 4. There was very little
 disturbance in the electronic DOS for the second
 metal layers. However, the d-bands for the surface
 layers of the Cu (100) and Au@Pt (100) systems
 were changed dramatically by hydrogen adsorption.
 The projected DOS for hydrogen adsorption on
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Fig. 3. Hydrogen adsorption energy dependence on hydrogen coverage (θ)

(100), Cu atoms of Cu (100), and Pt atoms of Au@
Pt (100) surfaces tend to lose the 6s1, 4s1, and 6s1 

electrons and reach the electronic congurations of 
5d10, 3d10, and 5d9, respectively. It should be noted 
that the presence of gold atoms in the lower layers 
with 5d10 6s1 conguration can lead to the stability 
of surface Pt atoms by losing a 6s1 electron and lling 
the Pt 5d9 orbital.  In contrast,the Pt atoms of the Pt 
(100) surface and the Cu atoms of the Au@Cu (100) 
surface prefer to gain an electron from hydrogen 
1s1 and reach the 5d10 6s1 and 3d10 4s2 electronic 
congurations. Therefore, it can be concluded that 
the presence of the second metal plays a fundamental 
role in the modication of the electronic properties 
of bimetallic surfaces.

4. Conclusions

The adsorption energies of atomic hydrogen on 
the (100) surfaces of monometallic Au, Cu, Pt and 
bimetallic Au@Cu and Au@Pt indicate that the 
trend of the hydrogen chemisorption on the studied 
surfaces follows the prediction of the d-band model. 
According to the total density of states for all the 
systems, the spin-up and spin-down bands are metallic. 
Therefore, none of them are ferromagnets. For Au (100) 
and Cu (100), there is no spin polarization; also, their 
spin-up and spin-down bands are symmetric. A strong 
upward shift of the d-band center (-1.7eV) in Cu (100) 
in comparison to Au (100) (-2.1eV) with respect to the 

monometallic and bimetallic systems at θ = 0.125 
and θ = 0.1 are shown in Fig. 5. The bonding and 
antibonding overlaps of the metals d-band with the 
H-1s state have been determined in θ = 0.125. The 
interaction of the H–1s state with the metal d-band 
in Au@Cu (100) and Au@Pt (100) was stronger than 
that of the other surfaces. As a result, the relative 
location of the bonding state moved nearer to the 
Fermi level. This stronger interaction caused stronger 
hydrogen chemisorption energy. The antibonding 
overlap of the d-band with the H–1s state occurred in 
unoccupied eigenstates placed above the Fermi level. 
The differences in the hydrogen atom adsorption on 
different metallic surfaces were also investigated 
by the adsorption-induced changes in the Löwdin 
charges. The Löwdin charge (the number of valence 
electrons) of each atom in the supercell system was 
obtained from Löwdin population analysis based on 
the projected electron densities of states. Table 1 
gives the charge changes (ΔQ) for slabs and atomic 
hydrogen in different supercell systems, which were 
calculated by subtracting the Löwdin charge of 
the corresponding component in its isolated form 
from that in the optimized adsorption structures. A 
negative value of ΔQ implies a gain of electrons by 
the component. When a hydrogen atom is adsorbed 
on the metallic surfaces, the hydrogen atom is 
negatively charged in the Au-H, Cu-H, and Au@
Pt-H surfaces, while it is positively charged in the 
Pt-H and Au@Cu-H. This means that due to the 
adsorption of the hydrogen atom, Au atoms of Au 
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Au (100)

Cu (100)

Pt (100)

Au@Cu (100)

Au@Pt (100)

Fig. 4. Effect of hydrogen adsorption on projected DOS of d-band in pure slabs. DOS projected to the d-band of pure slab (black 
lines). DOS projected to the d-band of hydrogen chemisorbed system (gray lines), (left) d-band of topmost layer and (right) d-band 

of second layer. The Fermi level is the energy zero in all cases.

Fermi energy, leads to stronger adsorption energy due 
to the larger number of empty anti-bonding states. In 
Pt (100), Au@Cu (100), and Au@Pt (100) systems, 
the spin-up and spin-down bands are asymmetric and 
shift signicantly in opposite directions. The energy 

differences between the values of hydrogen adsorption 
energy and Eb for Au@Cu and Au@Pt surfaces are 
larger than that the values for Cu, Pt, and Au. This 
implies that oxygen is scarcely adsorbed on Cu, Pt and 
Au surfaces. 
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Table 1. Charge changes of metallic slab and atomic hydrogen in different systems
ΔQ

Au-H Au slab +0.690
Atomic Hydrogen -0.493

Cu-H Cu slab +0.187
Atomic Hydrogen -0.083

Pt-H Pt slab -0.498
Atomic Hydrogen +0.159

Au@Cu-H Au@Cu slab -0.109
Atomic Hydrogen +0.073

Au@Pt-H Au@Pt slab +0.341
Atomic Hydrogen -0.492

Fig. 5. Projected DOS for hydrogen adsorption on different systems at θ = 0.125 (one H atom) and θ = 1 (eight H atoms). DOS projected 
to surface metal d-band (solid lines). DOS projected to the H–1S state (dotted lines). The Fermi level is the energy zero in all cases.
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