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A B S T R A C T

First-principles calculations have been carried out to investigate the adsorption of a hydrogen adatom on 24
metal doped α-Zr (0 0 0 1) surfaces in both a vacuum and an implicit solvation environment. The dopant are the
elements in the 4th and 5th periods in the periodic table. Doping elements at the tail of the 4th and 5th periods
can significantly reduce the hydrogen pickup in a vacuum environment. A weighted d-band center theory is used
to analyze the doping effect. On the other hand, the hydrogen adsorption energies in water are relatively lower
for all doped slabs and the surface adsorption of hydrogen adatom is stronger than that in a vacuum environ-
ment, especially, for the slabs with doping elements at the tail of the 4th and 5th periods. In the solvation
environment, electronegativity difference affects the adsorption. Doping elements Ag, Ga, Ge, Sn, and Sb can
reduce the hydrogen pickup in vacuum, while Ag and Cu can reduce the hydrogen pickup of the zirconium alloys
in solvent environment.

1. Introduction

During the in-pile operation, the hydrogen is released by corrosion
of zirconium alloys. Hydrogen degradation happens once the hydrogen
generated by the corrosion is beyond the solubility in the substrate α-Zr
[1]. Hydrogen degradation is important for the mechanical properties
for the cladding materials in the nuclear power plants [1,2]. Numerous
experimental studies have been carried out to evaluate the hydrogen
pickup for material screening [3–5]. The hydrogen pickup fraction is
defined as the ratio of the hydrogen adsorbed by the metal over the
total amount of hydrogen generated during corrosion reaction [6]. It
has been demonstrated that this parameter is closely related to the al-
loying elements, the type and proportion of intermetallic precipitates,
microchemistry and the corrosion conditions [5,7,8]. For instance, al-
though the concentration of certain alloying element is tiny, the hy-
drogen pickup can be lowered dramatically. For example, Ni is not good
for hydrogen pickup because intermetallic precipitates form and they
facilitate the hydrogen pickup [7]. In addition, it was documented that
the hydrogen uptake fraction differs in different stages of the waterside
corrosion [9]. Because passive oxide layer forms on the cladding, the
oxidation layer may affect the hydrogen pickup. Doping elements in the
oxidation layer may also affect the diffusion of the hydrogen atom

[8,10]. During the stage of the oxidation layer growth, the compact
passive film may crack and the zirconium alloy surfaces are exposed in
the water. At this time, hydrogen adatom may be adsorbed on the
zirconium surfaces [6].

Although experimental work can help engineer to design advanced
zirconium alloys with a lower hydrogen pickup, a fundamental under-
standing of the interaction between the hydrogen adatom and the zir-
conium substrate is not clear. Without this knowledge, large amount of
material screening experimental works are expensive and time con-
suming. Computational materials studies can help us investigate the
material properties and optimize the material design process. For in-
stance, the water adsorption and dissociation on transition metal doped
zirconium surface, and the formation of various zirconium hydrides are
well described using first-principles studies [11,12].

In this study, surface doping effects on hydrogen adsorption on α-Zr
(0 0 0 1) surfaces are studied with first-principles calculations. The Zr
(0 0 0 1) surface is doped with the elements in the 4th and 5th periods
of the periodic table. The calculations are carried out in both a vacuum
and an implicit solvation environment. The continuum solvation model
is an effective method to simulate water environment. The interface of a
Li3OCl–cathode is studied with this model in solvation environment
[13]. Moreover, this method is particularly useful in a heterogeneous
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electrochemical catalysis study, which mostly occurs in a solvated en-
vironment. For example, the oxidation of methanol on a Pt (111) sur-
face, the oxygen evolution reaction on a IrO2 (110) surface, the CO2

electroreduction on a doped tin oxide surface, and perovskite
CH2NH3PbX3(X = Br, I) surface study [14–17].

2. Computational methods

2.1. Computational detail

The ground state energies of the adsorption systems are calculated
with the density functional theory (DFT) calculations , which are per-
formed with the Vienna ab initio simulation package (VASP) code [18].
The projected augmented wave (PAW) method is used to describe the
wave functions near the core region [19]. The exchange correlation
functional within the generalized gradient approximation (GGA) para-
meterized by Perdew, Burke, and Enzerof (PBE) is performed in our
calculations [20]. The cutoff of the plane-wave kinetic energy is 400 eV.
The integration over the Brillouin zone is performed using a
21 × 21×21 MonkhorstPack k-point mesh for the calculations of a
zirconium unit cell, and a 3 × 3×1 k-point mesh for the slab calcu-
lations [21]. For the electronic relaxation calculations, the energy
convergence criterion is −10 4 eV, where as in the ionic relaxations, the
stopping criterion for the Hellmann–Feynman force minimization is
0.05 eV/Å. Spin polorization is used in all calculations, and all atoms
are free to relax. The chemical adsorption energy of a hydrogen adatom
on a metal atom doped zirconium (0 0 0 1) surfaces is defined as:

= − −E E E E1
2ad H/surf surf H2 (1)

Here, EH/surf is the total energy of a zirconium slab with a hydrogen
adatom on the (0 0 0 1) surface; Esurf is the system energy of a clean
zirconium slab; and EH2 is the energy of a hydrogen molecule. Charge
transfer between the hydrogen adatom and the neighboring surface
atoms is calculated, and the atomic partial charges are computed using
the decomposition scheme proposed by Bader [22]. A 5 × 5×1 k-
point mesh centered at Γ point and the Gaussian smearing method with
the smearing width of 0.1 eV are used to calculate the density of state
(DOS) of the doped zirconium surfaces.

The solvation effect is evaluated using an implicit solvation model
developed by Mathew and Hennig [23,24] which is implemented into
VASP code. The relative permittivity of water background is set as

=ɛ 80b and the cutoff charge density is =ρ 0.0025cut Å−3. The cavitation
energies are calculated using a surface tension parameter of 0.525
meV/Å and the width of the dielectric cavity of 0.6 Å.

2.2. Computational models

The optimized lattice parameters of α-Zr are =a 3.235 Å, and
=c 5.159 Å, which are close to the experiment data ( =a 3.231 Å,
=c 5.148 Å [25]). It also agrees with computational results calculated

by Glazoff et al. well [26].
A super cell composed of 3× 3 unit cells with six atomic layers of

metal atoms is used to simulate the hydrogen adatom adsorption on a
zirconium (0 0 0 1) surface. The surface energy converge test show that
a six atomic layer slab is sufficiently to simulate surface adsorption. A
vacuum layer on the top of the (0 0 0 1) surface is used to eliminate the
interaction between the neighbor slabs since the periodic boundary
condition is applied. The thickness of the vacuum layer is 15 Å. In order
to study the hydrogen adsorption on an α-Zr (0 0 0 1) surface, a hy-
drogen adatom is located slightly above the surface (≈ 1.7 Å). Four
possible adsorption sites are considered for a hydrogen adsorption
process, the top site of a surface atom (top), the two-fold bridge site
between two neighboring surface atoms (bri), the three-fold hcp and
the fcc hollow sites around a surface atom (see Fig. 1). For the surface
doping effect calculations, the central zirconium atom at the top atom

layer of the super cell is substituted by a transition metal atom, which is
in the 4th or 5th period of the periodic table.

To further validate the accuracy of the aforementioned parameters
chosen in this work, the surface energy of an α-Zr (0 0 0 1) surface, and
the binding energy and vibrational frequency of H2 molecule are cal-
culated. Without considering the zero-point energy, the surface energy
is defined as:

=
−E E E

A2surf
surf bulk

surf (2)

where Esurf is the surface energy, Ebulk is the bulk energy of a bulk su-
percell with equivalent number of atoms, and Asurf is the surface area of
the slab. The calculated surface energy of the zirconium (0 0 0 1) is
1.58 J/m2, corresponding to 0.896 eV/atom, which agrees with both
the experiments (0.80–1.05 eV/atom) and computational results (0.901
and 0.88 eV/atom) well [27–29]. The binding energy of a H2 molecule
is 4.55 eV, and the vibrational frequency is = −ω 4269 cm ,1 corre-
sponding to a zero point energy of 0.266 eV. The results agree with
experimental and computational data well [30,31].

3. Results and discussion

3.1. Hydrogen adatom adsorption on a Zr (0 0 0 1) surface in vacuum

3.1.1. Adsorption energies
The adsorption energies of a hydrogen adatom on transition metal

doped Zr (0 0 0 1) surfaces in a vacuum environment are shown in
Fig. 2. A hydrogen adatom is adsorbed on four possible adsorption sites
of a Zr (0 0 0 1) surface. After relaxation, the hydrogen adatom may be
repelled from the initial site and migrate to a second nearest neighbor
site. For example, in the Fig. 3(a), the hydrogen adatom adsorbed on
the Ag doped Zr (0 0 0 1) surface migrates to the second nearest
neighbor hcp site after relaxation. Although after relaxation, the hy-
drogen adatom can stay on the top of the Ag atom, the adsorption
energy is positive and it is not energetic favorable. This phenomenon
has been reported by Nie et al. as well [12]. Although the adsorbed
hydrogen adatom still stay around the doping defect, the surface dis-
tortion happens. For example, the adsorbed hydrogen pushes the Fe
atom inward to the bulk, and the Fe moves close to the hydrogen
adatom (see Fig. 3(b)) after relaxation. It indicates that the doping
element of Fe shows high affinity towards the hydrogen adatom. The
adsorption energies and the bond lengths of a hydrogen adatom on a Ag
or Fe doped Zr slab in both vacuum and water environment are listed in
the Table 1.

The hcp and the fcc hollow sites on a pristine Zr (0 0 0 1) surface are
the energetically favorable sites for a hydrogen adatom, and the cor-
responding adsorption energies are − 0.99 eV at the fcc site and − 1.05
eV at the hcp site, respectively. The calculated results agree well with
the values of − 0.96 eV and − 1.02 eV reported by Peng Zhang et al.
[11]. On the other hand, the top site on a Zr (0 0 0 1) surface is the least
stable adsorption position for a hydrogen adatom. Although the bridge
position is also considered as an initial adsorption site, it is not a stable
configuration. As a result, the adsorption energy of a hydrogen atom on
the bridge site is not shown in Fig. 2. Suppose a hydrogen adatom is
adsorbed on a doped zirconium slab in vacuum, a geometrical change
happens after relaxation. In our calculations, the hydrogen adsorption
does not change the configurations of the doped zirconium slabs too
much and the hydrogen adatom is still around the initial position. The
dopants of these slabs include V, Cr, Cu, Zn, Ga, Y, Zr, Nb, Mo, and Pd.
In the second category, after relaxation the geometries of the slabs do
not change significantly, but the hydrogen adatom can only stay on the
top site or it migrates to second nearest neighbor site. The dopants of
these slabs include Ge, Ag, Cd, In, Sn, and Sb. On the other hand, for
Mn, Fe, Co, Ni, Ru, and Rh doped zirconium slabs, the surface distortion
happens around the adsorption site near the doping elements.

Transition metal atoms are used to substitute a surface zirconium
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atom. A hydrogen adatom is absorbed on the metal doped zirconium
(0 0 0 1) surfaces around the doping atoms. For each surface doping
system, the hydrogen adatom can be adsorbed around the doping sur-
face atom at the four adsorption sites. All possible adsorption energies
of a hydrogen adatom on doped Zr slabs in vacuum environment are
listed in Table 2. The lowest adsorption energies for all of the doping
system calculated in this work is represented by the royal blue solid line
in Fig. 2. Technetium (43Tc) is not considered in our calculation because
of its high radioactivity. The adsorption energies of a hydrogen adatom
on the doping surfaces at different adsorption sites are shown in Fig. 2
and it shows that the hcp or fcc sites are the most energetically favor-
able adsorption sites and the top one accounts for the least stable site
for most of the doping elements in a vacuum environment. Periodical
pattern appears for the adsorption energies of a hydrogen adatom on a
doping surface with a 3d or a 4d transition metal doping element. For
4th and 5th period, the adsorption energy curves increase at the end of
each period. It suggests that if those doping elements exist on the sur-
face the adsorption of hydrogen is retarded on a zirconium (0 0 0 1)
surface.

According to the magnitude of the adsorption energy, the doping
elements can be divided into three categories. Consider the values of

the adsorption energies, the three categories are: the adsorption of a
hydrogen adatom is stronger than that on a pristine zirconium surface;
the adsorption energies are close to that on a clean zirconium (0 0 0 1)
surface; and the adsorption is weaker than that on a pristine zirconium
surface. Evaluate the of the adsorption energies, the three group of
doping elements are listed below:

• stronger than Zr: V, Fe;

• close to Zr: Sc, Ti, Co, Y, Nb, Mo, Cr, Mn, Ru, Rh, Pd, Ni, Cu, Zn;

• weaker than Zr: Ga, Ge, Ag, Cd, In, Sn, Sb

The doping effect of Sn, Ag, Nb, Cr, and Fe on the hydrogen ad-
sorption on doped Zr (0 0 0 1) surfaces are investigated because these
doping elements have already been used in the nuclear industry.
Consider the adsorption energies, the sequence of the adsorption en-
ergies can be written as the order of > > > ≥ >Sn Ag Cr Nb Zr Fe.
This result agrees with the experimental results well. Berry et al. stu-
died binary zirconium alloy in which the dopant concentrations are less
than 1.5 wt.%, and their results show that the dopants of Fe or Ni in-
crease the hydrogen pick-up; on the contrary, Cr and Sb reduce the
hydrogen pickup [32]. Couet et al. show that the hydrogen pickup

Fig. 1. Four possible adsorption sites for a hydrogen adatom
on an α-Zr (0 0 0 1) surface.
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Fig. 2. Adsorption energies for a hydrogen
adatom on Zr (0 0 0 1) surfaces at four different
adsorption sites. Because some adsorption sites
are not stable and the hydrogen adatom mi-
grates to other position after relaxation, there
are only one or two adsorption sites for certain
doping system.
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fraction is lowered in the zirconium alloy with 0.1–0.2 wt.% Cr or 1 wt.
% Sn, while it increases in the alloy with 0.1–0.2 wt.% Fe or 0.5 wt.%
Cu [6]. Choo et. al shows that the hydrogen uptake decreases slightly
with the increase of the concentration of Nb (1 wt.%–20wt.% Nb) [33].
It indicates that Sb, Cr, Sn, and Nb can reduce the hydrogen pick-up
fraction, while Fe, Ni, and Cu increase it. In our case, the doping effects
of Sb, Cr, Sn, Nb, and Fe agree with the experimental results. The
doping effects of Ni and Cu does not agree with the experiments data.
Since the doping element Ni forms precipitates of Zr2(Fe,Ni), it may
increase the hydrogen pickup [34]. The doping effect of Cu is not clear.
For the real case, hydrogen pickup process is complicated and single
element doping effect is not the only factor to affect this process.
Moreover, the neutron adsorption cross section of doping elements Cd,
In are very high, they can not be used in cladding materials. Our results
indicate that except the neutron adsorbers, the doping elements which
weaken the hydrogen adsorption can reduce the hydrogen pickup.

3.1.2. Electronic structure analysis: D-band model
A simple d-band model proposed by Hammer and Norskov can be

used to analyze the hydrogen adsorption on transition metal doped
zirconium surfaces [35–37]. As depicted in Fig. 4(b), the interaction

between a hydrogen adatom and the metal surface can be considered as
a two-step process. First, the H 1s electron interacts with the s and p
bands of the surface metal atoms, and then a deep level filled with
bonding state σg and an empty anti-bonding state σ*u are generated. The
s–s or s–p coupling varies little for different transition metals. Therefore
this attraction part does not change too much for different doping
systems in this work. Second step, after the interaction of the first step,
the H 1s electron interacts with the d-states and generates the bonding
and anti-bonding states. The doping effect on hydrogen adsorption on a
zirconium (0 0 0 1) surface is mainly determined by the contribution
from d band electrons of the slab. Hammer et al. has shown that the
interactions between the adsorbed molecules and the transition metal
slabs are closely correlated to the d-band structure of the slabs. The d-
band can be described by the average energy of the d-band of the
surface metal atoms, called the d-band center. It is suggested that the
lower d-band center is, the less active the surface becomes [38]. The d-
band center of some doped slabs are calculated and its corresponding
relationship with the hydrogen adsorption energy is analyzed.

Using the frozen potential approximation, the contribution of s–d
band coupling to the adsorption energy of a hydrogen adatom can be
written as [36]:

∼ − −
−

+−E f V αV2(1 )
ɛ ɛd

d hyb
2

H

2
(3)

where εd is the center of d-band of slab, which is related with partial
density of states of d-band electrons of the surface atoms bonded with
the hydrogen adatom. εH is the center of s band of the hydrogen
adatom, which is related with the partial density of states of H 1s. The
idealized fractional filling factor f is the filling fraction of the d-bands of
surface elements, which is approximately evaluated by −v( 1)/10,
where v is the valence electron numbers of the surface metal element
[39]. For example, there are four valence electrons for Zr, as a result,

=f 0.3. V refers to the coupling matrix between the hydrogen s orbital
and the surface metal d state. α is a constant.

From the Eq. (3), metal elements with a full-filling d-band, for ex-
ample, the elements at the end of the 4th and 5th periods, − =f1 0, we
only need to consider the αV2 term. Therefore, the adsorption energies
of a hydrogen adatom on noble metal doped surfaces are higher (the
absolute values may be lower). On the other hand, for the doping ele-
ments with lower filling fraction, the adsorption energies decrease to
more negative values and make the adsorption stronger [40]. That is
why the zirconium surface is very active.

Although the d-band model can successfully describe the surface
chemical reactivity of metallic for many studies [37], this model re-
quires similar adsorption configurations for different metal slabs to
evaluate their differences. In our study, the final adsorption sites for a
hydrogen adatom on different doping Zr slabs may be different after
relaxation. Since the coupling of the hydrogen 1s state to the d-band of
the metal slabs is proportional to the s–d coupling matrix V (see
Eq. (3)), it is reasonable to use the weighted d-band center to evaluate
the chemical reactivity for a doping system. The weighted d-band
center is obtained using the methods proposed in the previous pertinent
works [41,42].

The adsorption energies Ead, the calculated weighted d-band centers
and the charge transfer to the hydrogen adatoms are calculated and
listed in Table. 3. The charge transfer to the hydrogen adatom on the Sn
(+ e0.28 ) or Ag (+ e0.21 ) doped Zr slab is much smaller than that of
the other four doped Zr(0 0 0 1) slabs because the adatom is on the top
site of the doping element, and the corresponding adsorption energy
values of these two doping systems are high, or the adsorption is weak
for these two doping systems. On the other hand, the weighted d-band
center of Ag doped slab is much lower than that of the other four doping
systems. As a result, the corresponding adsorption energy shows that
the adsorption is weak. The weighted d-band centers of the Fe, Nb, and
Cr doped slabs are relatively close to each other, since the hydrogen
adatom sits in the three folder site for these cases and thus there are two

Fig. 3. Configurations of hydrogen adsorbed on a Ag (a) and Fe (b) doped Zr (0 0 0 1)
surface before and after relaxation. Zr atoms are in yellow, the Ag atom is in gray, Fe atom
is in blue, and the H adatom is in white. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Adsorption energies of the doping systems with doping elements Ag and Fe in both va-
cuum and water environment. The bond lengths around the hydrogen atom are measured.
M represents the doping element. 2 nn means the second nearest neighbor site.

Ag Fe

top fcc hcp 2 nn top fcc hcp

Ead@vac (eV) 0.47 − 1.04 0.67 − 1.11 − 0.84
Bond length M–H (Å) 1.70 – 1.82 1.72 1.80
Bond length Zr–H (Å) – 2.14 – 2.16 2.12
Ead@water (eV) 0.97 − 0.48 − 1.19 − 0.22 − 1.17
Bond length M–H (Å) 1.73 2.96 1.82 1.72 1.73
Bond length Zr–H (Å) – 2.7 – 2.16 2.17
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zirconium atoms around the hydrogen adatom. The doping effect on the
relation between the adsorption and the weighted d-band centers are
not very clear. Because the adsorption site and the spin of certain
magnetic element may also affect the weighted d-band center of a
doping system [43]. For the noble metal doped systems with the same
adsorption configuration, the lower the d-band center makes the sur-
face less active in a vacuum environment.

3.2. Hydrogen adsorption on α-Zr (0 0 0 1) surfaces in an implicit water
environment

3.2.1. Adsorption energies
Since the cladding tubes are in a water environment, it is interesting

to simulate the hydrogen adsorption in water environment. A con-
tinuum solvation model is used in this work to lower the computa-
tionally costs because the simulation of an explicit solvent is very ex-
pensive. The adsorption energies of a hydrogen adatom on doped Zr
(0 0 0 1) surfaces in a continuum solvation model are shown in Fig. 5.

All possible adsorption energies of a hydrogen adatom on doped Zr
slabs with solvent are listed in Table. 4. Unlike the adsorption energies
in a vacuum environment (see Fig. 2), the most stable adsorption sites
for many doping elements are the top sites rather than the three-fold fcc
or hcp sites. On the other hand, the adsorption energies in an implicit

solvent background are lower than the counterparts in a vacuum en-
vironment. That is, a hydrogen adatom can be bonded more tightly on
the zirconium alloy surfaces in a water environment, especially for the
doping elements in the III A and IV A groups. For example, the ad-
sorption energies of a hydrogen adatom on a zirconium slab doped with
Cu and Ag in water environment are lower than that in vacuum en-
vironment for about 0.7 eV.

If a hydrogen adatom is adsorbed on a doped zirconium slab with
solvent, a geometrical distortion may happen after relaxation. In our
calculations, the hydrogen adsorption does not change the configura-
tions of the doped zirconium slabs too much and the hydrogen adatom
is still around the initial position. The dopants of these slabs include Cr,
Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Pd, Ag, and Cd. Although after re-
laxation the geometries of the slabs do not change significantly, the
hydrogen adatom in certain doped zirconium slabs can only stay on the
top site or it migrates to second nearest neighbor site. The dopants of
these category of slabs include Ga, Ge, In, Sn, and Sb. On the other
hand, for V, Mn, Ru, and Rh doped zirconium slabs, the surface dis-
tortion happens around the adsorption site near the doping elements.

3.2.2. Energy contribution of the implicit solvation model
For the slabs with doping elements Cr, Nb, and Sn, the adsorption

energies of a hydrogen adatom on the slabs can be written in a de-
creasing order of > > >Zr Sn Nb Cr. The results of hydrogen adsorp-
tion on Ag and Fe doped slabs are not considered here because their
adsorption configurations in the vacuum and solvation environment are
different. The adsorption energy differences between in an implicit
solvation environment and the counterparts in a vacuum environment
can be written as:

= −E E Ediel sol ad sol ad vac (4)

Here, Ead sol is the adsorption energy in a water environment, and Ead vac
is the adsorption energy in a vacuum environment. The absolute values
of the solvation energy contributions are in an increasing order of

≤ < <Nb Zr Cr Sn. It is reported that the energy variation due to the
water background increases when the surface exhibits a partially ionic
bond [24]. The ionic character between two elements can be approxi-
mated using the electronegativity difference. Similarly, the electro-
negativity difference between the dopant and Zr may affect the solva-
tion energy contributions in water environment for zirconium alloy.

Table 2
Adsorption energies (eV) for hydrogen adsorption at four different sites on doped Zr
(0 0 0 1) surfaces in vacuum. Dash line means that adsorption configuration is not stable
and it becomes other configuration after relaxation.

Element bri hcp top fcc

21(Sc) − 0.76 − 1.02 0.45 − 1.03
22(Ti) – − 1.05 0.2 − 1.01
23(V) – − 1.23 – − 1
24(Cr) – − 0.86 − 0.87 –
25(Mn) – − 0.58 − 0.64 − 0.78
26(Fe) – − 0.84 0.67 − 1.11
27(Co) – − 0.9 − 1.04 − 0.96
28(Ni) – − 0.8 0.02 − 0.78
29(Cu) – − 0.73 0.18 − 0.72
30(Zn) – − 0.68 0.35 − 0.69
31(Ga) − 0.2 – 0.48 –
32(Ge) – – 0.68 –
39(Y) – − 0.99 0.66 − 1
40(Zr) – − 1.05 0.28 − 1
41(Nb) – − 1.04 0.14 − 0.93
42(Mo) − 1.05 − 0.84 – − 0.97
44(Ru) – − 0.75 0.91 − 0.84
45(Rh) – − 0.67 0.67 –
46(Pd) – − 0.56 0.15 –
47(Ag) – – 0.47 –
48(Cd) – – 0.67 –
49(In) – – 0.8 –
50(Sn) – – 1 –
51(Sb) – – 1.15 –

antibonding

bonding

Fermi level 
for non noble metal

Fermi level 
for noble metal

s-p coupling 
induced adsorbate level

Density of states

(b)(a) Fig. 4. Schematic illustration of the interaction between
adsorbates and surface metals. (a) the simple case of two
sharp atomic or molecule states. (b) the interaction of
induced broadened adsorbate state with the d band of
metal surface. εd refers to the center of d-band of the
surface element [35].

Table 3
The adsorption energies for a hydrogen adatom on transition metal doped Zr(0 0 0 1)
surfaces, weighted d-band centers, and Bader charge transfer are calculated and listed in
the table. Zr doping element is used for a pure metal reference.

Dopant Fe Zr Nb Cr Ag Sn

Ead (eV) − 1.11 − 1.05 − 1.03 − 0.87 + 0.475 + 1.0
−ϵd w (eV) − 0.652 − 0.208 − 0.435 − 0.562 − 4.33 –

qvac (|e|) + 0.55 + 0.62 + 0.62 + 0.58 + 0.21 + 0.28
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Therefore, the solvation contribution can be roughly evaluated by the
electronegativity difference between the dopant and Zr. The Pauling
scale electronegativity difference between two elements can be defined
as:

= −χ χ χΔ M Zr (5)

Here, χM and χZr are the electronegativity of the doping element and
zirconium respectively and Δχ is the electronegativity difference

between them. The electronegativity difference Δχ, and the solvation
contribution Ediel sol are listed in Table. 5. Another observation is that
large electronegativity difference makes the hydrogen adsorption
stronger. This table shows that larger electronegativity difference
makes the adsorption energy difference higher between water and va-
cuum environments.

4. Conclusions

Chemisorption of a hydrogen adatom on 24 transition metal doped
zirconium (0 0 0 1) surfaces is investigated using first-principles cal-
culations, which is in a vacuum or an implicit solvent environment.
Doping elements at the tail of the 4th and 5th periods can significantly
reduce the hydrogen pickup in a vacuum environment. A weighted d-
band center theory is used to analyze the doping effect. In a vacuum
environment, doping elements Ga, Ge, Ag, Sn, and Sb may reduce the
hydrogen pickup significantly.

In an implicit solvation environment, the hydrogen adsorption en-
ergies are relatively lower for all doped slabs and the surface adsorption
of hydrogen is stronger than that in a vacuum environment, especially,
for the slabs with doping elements at the tail of the 4th and 5th periods.
Meanwhile, the adsorption sites are the top sites of the doping elements.
In the solvation environment, electronegativity difference affects the
adsorption. Doping elements Ga, Ge, Sn, and Sb can reduce the hy-
drogen pickup in vacuum, while Ag and Cu can reduce the hydrogen
pickup of the zirconium alloys in solvent environment.
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