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A B S T R A C T

Density functional theory (DFT) is used to calculate the adsorption and diffusion of atomic hydrogen and
oxygen on Ni(1 1 1) and Ni Cr(1 1 1) surfaces. The calculated results show that the adsorption energy (Ead)
of H and O gradually decreases when increasing their coverage of the surface, but the rate is very slow for
H. H in the interstitial site significantly modifies the geometrical structure of the surface, and as a result, the
metal–metal bond length is elongated. At high H coverage, the Ni Cr bond length is noticeably elongated
by interstitial H, indicating that Cr atoms are preferentially moved outward. Additionally, the activation en-
ergy of H is increased by Cr. Doping of Cr modifies the surface electronic structures, which can increase the
energy barrier. For O, Ead increases with increasing Cr content on top of the surface. The highest energy is
attained by the surface with the most Cr on top. Metallic atoms are less mobile from the Ni or Cr rich region,
and the mobility is high in less concentrated regions, especially at high O coverage. The activation energy
of O is 0.41eV for the path III, i.e., over the Ni Cr bridge, which is 0.26 eV less than that of the pristine
Ni(1 1 1) surface. The overall activation energy of O is increased on the Ni Cr(1 1 1) surface compared to
the pristine Ni(1 1 1) surface, which is consistent with experimental results. This study suggests that Cr atoms
pulled away from the surface by H results in a cation vacancy on the surface. The process can accelerate
surface oxidation at a very early stage. In contrast, Cr can trap atomic O and reduces its surface diffusivity,
resulting in the formation of passive film in the Cr-rich region.

© 2018.

1. Introduction

Nickel-based alloys are widely used for advanced high-tempera-
ture structural components due to their good corrosion resistance and
high strength in air and steam [1–4]. However, water vapor is present
in nearly all atmospheres where nickel-based alloys are used. In the
oxidation of metals, knowledge of the surface behavior of H and O is
important because these atoms are frequently a product of oxidation
reactions.

Extensive theoretical and experimental studies have been per-
formed on nickel and nickel-based alloys to understand the oxide
film property and its formation mechanism [5–15]. An experimental
study on Ni Cr alloy has suggested that the initial preferential ox-
idation of Cr is followed by a surface enrichment and oxidation of
the remaining elements with lower affinity than oxygen [7]. The high
mobility of chromium is attributed to the high preferential oxidation
of Cr ions [16]. Additionally, the required amount of chromium im-
proves corrosion properties and a chromium content of less than 10
wt.% is ineffective for forming a stable oxide film [5,6]. An atomic
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rearrangement in the thin film occurs due to oxygen exposure. Finally,
a metal atom is segregated to the surface and becomes oxidized [17].
The presence of O and H on the surface accelerates the degradation of
chromia forming alloys [18–21].

Additionally, most ab initio or molecular dynamics studies con-
cerning corrosion have been restricted to atomic and molecular oxy-
gen and hydrogen and water adsorption, dissociation and diffusion on
Ni surfaces and bulk systems [11–14,22]. Those studies provide a fun-
damental understanding of adsorption, diffusion and metal atom seg-
regation processes on the surface. Different stepped surface interac-
tions with O and H have also been extensively studied [23,24]. In con-
trast, a limited number of studies have been carried out on oxygen,
OH and water adsorption, dissociation and diffusion in Ni Cr alloy
surfaces using density functional theory (DFT) and quantum chem-
ical molecular dynamics (QCMD) method [11,22]. DFT has shown
that doping of Cr on the top layer nickel surface is beneficial for trap-
ping atomic oxygen but it could preferentially dissolute from the sur-
face to adsorb oxygen [11], which is in good agreement with exper-
iment. Kim et. al. studied the interstitial diffusion of oxygen in a Ni

Cr binary alloy [25]. They found that the activation energy of oxy-
gen diffusion in a Ni Cr binary alloy is lower than that in pure
nickel bulk, and it seems that the result tends to contradict the experi-
mental data. The study suggests that oxygen diffuses more easily into
the chromium matrix than into the nickel matrix because chromium

https://doi.org/10.1016/j.apsusc.2018.03.134
0169-4332/ © 2018.
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has a smaller atomic radius than nickel. Several binary or ternary alloy
systems have been studied to predict the oxidation, surface ordering
and segregation tendency of alloying elements using DFT [26–29]. Ti
segregation is observed from surfaces upon adsorption of an oxygen
atom [29]. For instance, Nolan et al. showed successive O2 adsorption
on the NiTi(110) surface, and they highlighted the oxygen adsorption
induced formation of the TiOx layer [30]. Mo atoms also have a segre-
gation tendency for Ni-Mo(1 1 1) and Ni-Mo(100) surfaces [31], sug-
gesting that the alloying element segregated from the surface in the
presence of atomic oxygen leads to the formation of oxide film.

Chromium is one of the key alloying elements for forming protec-
tive chromium rich oxides on the surface of nickel-based alloys. Hy-
drogen and oxygen in alloys should affect the oxide formation process.
Recent theoretical results have shown that doping of Cr increases the
oxygen adsorption energies and the top layer metal atoms show out-
ward relaxation due to an adsorbed oxygen on Ni(1 1 1) and Cr-doped
Ni(1 1 1) surfaces [11]. Oxygen and hydrogen adsorption and diffu-
sion on pristine nickel has been extensively studied but no theoretical
studies have clarified the effect of Cr on atomic oxygen and hydrogen
adsorption and diffusion on the surface. We, therefore, aim to clar-
ify the interaction between O, H and the pristine Ni(1 1 1) and Ni
Cr(1 1 1) binary alloy surfaces using first-principles calculations. Dif-
ferent amounts of Cr are doped on top of the surface and subsurface
and their interaction with different coverages of O and H is studied.

2. Computational details

First-principles calculations are carried out within the framework
of the DFT as implemented in the Vienna ab initio simulation pack-
ages VASP [32,33]. The spin-polarized calculations are performed
within the projector augmented wave (PAW) method [34]. We adopt
the generalized gradient approximation (GGA) with the Perdew and
Wang (PW91) functional for the exchange-correlation interaction
[35]. The wave functions are expanded in terms of plane waves with
in energy cutoff of 400eV. The number of Monkhorst–Pack k-points
is determined by performing individual DFT calculations on a nickel
bulk and surface with an increasing number of k-points. An appropri-
ate number of k-points is deemed to have been reached when a to-
tal energy convergence of 1meV per atom is observed, and as a re-
sult a 16 × 16× 16k-point is used for bulk Ni and 5× 5× 1 k-point grid
is used for the Ni(1 1 1) surface. The surface is described using a
repeated slab approach. The Ni(1 1 1) surface consists of seven lay-
ers with a (2 × 2) supercell. A single H or O corresponds to 0.25ML
coverage. The Cr-doped Ni system is modeled by replacing the Ni
atoms on top, subsurface (second layer) and sub-subsurface (third
layer) of the surface with Cr atoms. One, two and four Cr atoms
are doped on the top of surface layer, hereafter, we call Ni-t1Cr
(1 1 1), Ni-t2Cr(1 1 1) and Ni-t4Cr(1 1 1) surface, respectively, un-
less or otherwise states. We are also doped one and four Cr atoms
on the subsurface and one Cr atom on the sub-subsurface, which
we call Ni-2nd1Cr(1 1 1), Ni-2nd4Cr(1 1 1) and Ni-3rd1Cr(1 1 1), re-
spectively. Fig. 1 shows model surfaces. Doping of Cr on top of nickel
surface segregation is thermodynamically more stable than that of
the subsurface. The DFT calculated segregation energy is 0.175eV,
which is in agreement with the results of Ruban [28]. One chromium
atom doped into the subsurface and sub-subsurface layer exhibits the
moderate segregation. The vacuum spacing is approximately 12Å to
ensure that there are no significant interactions between the slabs.
The convergence tests for the Ni(1 1 1) surface indicates that this
setup converge with respect to the slab thickness, vacuum spacing

and k-point sampling. The energy relaxation iterates until the forces
acting on all of the atoms are less than 10−3 eV/Å, with a convergence
in the total energy about 10−5 eV. During the optimizations of the sub-
strate structures, the first three layers from the bottom of the slab are
fixed, whereas the other layers are fully relaxed to their lowest energy
configurations with respect to all of the remaining degrees of freedom.
The fixed layers are set to their bulk bond distances according to their
optimized lattice constants which are determined from the bulk calcu-
lations.

Additionally, five layers slab with a (3 × 3) supercell is included in
the reported results only where explicitly indicated. A 3× 3× 1 k-point
grid is used for (3 × 3) supercell and one, two and four Ni atoms on top
of the surface are replaced with Cr atoms. Two different surfaces are
modeled for the two and four Cr atoms containing surface, namely, Cr
atoms sit in the first nearest neighbor (1NN) and second nearest neigh-
bor (2NN) sites, as shown in Fig. S1. The convergence parameters,
i.e., vacuum spacing, forces and energy, remain same as the (2× 2) su-
percell. A single H or O corresponds to 0.11 ML coverage.

The lattice parameters for the Ni and Ni-3.125 at.%Cr have been
obtained by fitting the calculated total energy with respect to the cell
volume. The equilibrium lattice constant is 3.5175Å for the Ni and
3.5178Å for the Cr-doped Ni (3.125 at.% of Cr) bulk. The experimen-
tal lattice constant of nickel is 3.524Å [36] and theoretically calcu-
lated lattice constant of Ni-Cr (3.125 at.% of Cr) is 3.52Å [37], which
is in good agreement with this study.

O and H are placed either directly on top positions (top site), be-
tween two metal atomic bonds as a bridge site, placed at the center of
a hollow site in the second layer of atoms, directly below (hcp site),
or at the center of a hollow site in the third layer of atoms directly be-
low (fcc sites). H is also placed in interstitial octahedral and tetrahe-
dral sites. The adsorption energy, Ead, is calculated from the following
formula:

where, Esystem is the total energy of the adsorbate-surface system, Esurf
is the energy of the surface, E (O/H) is the energy of the isolated atoms
and n is the number of atoms. 15Å cubic cell is used to calculate the
atomic O and H energies.

Finally, the climbing image nudged elastic band (CI-NEB) method
used to calculate the activation energy barriers (Ea) and the detailed
reaction coordinates for the different steps [38].

3. Results and discussion

3.1. Revisited H adsorption on surface and subsurface sites

3.1.1. H Interaction with the Ni(1 1 1) surface
The Ead is calculated with the variation of H coverage on Ni (1 1 1)

and Ni Cr (1 1 1) surfaces, as shown in Table 1. The calculated en-
ergy is 2.84eV at 0.25 ML coverage. The experimental results sug-
gest that the Ead is in the range of 2.60–2.80eV/atom [39,40] and the
theoretical value vary from 2.89–2.95eV/atom [41–46], which is con-
sistent with this study. The Ead of a (3× 3) supercell is 2.85eV, in-
dicating that a slight increase of Ead decreases the coverage to 0.11
ML. For a (2× 2) surface, the energy is slightly increased with in-
creasing coverage from 0.25ML to 0.50 ML. The behavior is differ-
ent from that of other surfaces, but it is in good agreement with the
previous study [42]. However, Table 1 shows that further increase of

(1)
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Fig. 1. (a) side and (b) top view of Ni(1 1 1) surface (c) Ni-t1Cr(1 1 1) surface (d) Ni-t2Cr(1 1 1) surface (e) Ni- t4Cr(1 1 1) surface (f) Ni-t1Cr(1 1 1) surface with H in the interstitial
site and (g) Ni-t1Cr(1 1 1) surface with H on the surface.

coverage decreases the energy to 2.83eV per atom. The most stable
configurations show that H locates on the fcc hollow site, except for
0.50 ML coverage. In this case, one H on the fcc and another on the
hcp site is the most stable configuration, whereas two H on the fcc
site is approximately 40meV less stable, as shown in Table 1. The
calculated result is in excellent agreement with the result obtained by
Greeley et al. [42,45]. We find that the Ead of H decreases with in-
creasing H coverage but the effect is not so significant. However, the
calculated result is well consistent with the previous DFT study [45],

though the value is slightly different. The previous study uses different
atomic layer and surface size, which might explain this small energy
difference.

The adsorption energy in the subsurface site is 2.20eV, which is
smaller than that of the surface sites. Ferrin et al. found that H in its
preferred subsurface state is always less stable than its preferred sur-
face state [44]. The H atom prefers to occupy the octahedral intersti-
tial site. Table 1 shows that the adsorption energy is slightly increased
with increasing coverage in the interstitial site. This result suggests
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Table 1
The calculated H adsorption energies on Ni(1 1 1) and Ni Cr(1 1 1) surfaces. Letters in parenthesis shows H position.‘f’ means fcc site, ‘h’ means hcp site, ‘f1’ means far Cr fcc
site, ‘f2’ means near Cr fcc site and ‘h1’ means far Cr hcp site.

No. of H H position Ni (1 1 1) Ni-t1Cr(1 1 1) Ni-2nd1Cr(1 1 1) Ni-3rd1Cr(1 1 1)

1H On surf. 2.84 (f) 2.83 (h) 2.95 (f1) 2.94 (f2) 2.89 (h) 2.87 (f2) 2.89 (f1) 2.87 (h)
Subsurf. 2.20 2.24 2.23 2.26

2H On surf. 2.88 (f+h) 2.84 (f) 2.98 (f1+h1) 2.94 (h+f2) 2.87 (h+f2) 2.86 (f2) 2.88 (f1) 2.87 (f2+h)
Subsurf. 2.23 2.25 2.22 2.27

3H On surf. 2.83 (f) 2.82 (h) 2.88 (2f2+f1) 2.86 (f2) 2.86 (f2) 2.83 (h) 2.87 (f1) 2.86 (f2+f1)
Subsurf. 2.25 2.28 2.23 2.29

4H On surf. 2.83 (f) 2.82 (h) 2.85 (3f2+f1) 2.83 (3h+h1) 2.82 (3f2+f1) 2.81 (3h+h1) 2.86 (f) 2.85 (h)
Subsurf. 2.28 2.28 2.25 2.31

that accumulating H in the subsurface region does not have any effect
on Ead. In fact, the metal-hydrogen binding becomes slightly stronger.
H gradually increases strain in the structure, which might increase
the metal-hydrogen binding energy. A previous study showed that in-
creasing the lattice strain increased the adsorption energy [42].

The Ni-H bond length is 1.70Å at 0.25 ML. This calculated value
is consistent with the theoretical result [45] but marginally shorter than
the experimentally observed value [47]. The Ni H bond length is
shortened with increasing H on the surface. The distance between the
first and second layer metallic atoms increases to adsorb H. The Ni

Ni bond length between the first and second layer is increased by
0.02Å for an H atom on the fcc site, which is consistent with the value
observed of Bhatia et al. [48]. Increasing coverage on the surface grad-
ually increases the metallic bond lengths, e.g., the average bond ex-
tension is approximately 1.0% at 0.25 and 0.50 ML, and then it is
increased by 1.8% and 2.3% at 0.75 and 1.0 ML coverage, respec-
tively. It is experimentally observed that adsorption of H at 185K to
a coverage of 0.73 ML generates an outward relaxation of 1.3± 0.4%
by the surface atoms [49]. In contrast, H in the interstitial site notice-
ably increases the distance between two layers. Increasing the num-
ber of interstitial H increases the bond distance. The nearest Ni Ni
bond length is elongated by 1.9% at 0.25 ML coverage and the high-
est bond extension is 7.0% by accommodating four H in the intersti-
tial site. It is very likely that the nearest bond elongation occurs at
low coverage, whereas, at high coverage, the bond distance increases
uniformly. Low-energy electron diffraction (LEED) studies reported
that the metal-metal bond expansion varies from 2.5% to 4.6% due to
H atoms occupying interstitial sites [50,51]. Hydrogen in metal elon-
gates the local metallic bonds resulting in a weaker host bond strength
[46,52,53]. The increasing H content in the subsurface region pro-
duces localized strain on the surface that might increase Ead but allevi-
ate the mechanical property of materials.

3.1.2. H Interaction with the Ni Cr(1 1 1) surface
H at the far Cr fcc site is the most stable with the Ead 2.95eV,

as shown in Table 1. The Ead of H on the Ni-t1Cr (1 1 1) surface
increases approximately 110 meV at 0.25 ML coverage compared to
the pristine Ni (1 1 1) surface. Two fcc, i.e., the near Cr and far Cr
sites, are energetically very competitive for adsorbing H. H at the
far Cr fcc site is only 10meV more stable than H at the near Cr fcc
site, and the hcp site is the third most stable position with an Ead of
2.90eV. The Ead of H for the Ni-t1Cr(1 1 1) (3 × 3) surface is shown
in Table 1S. The Ni(1 1 1) (3× 3) surface containing one Cr shows that
the Ead of H at the near Cr and far Cr 2NN fcc site is 2.95eV and
2.90eV, respectively. This result is in good agreement with the pre-
vious DFT study [22]. Additionally, the hcp near Cr and hcp far Cr
sites are 50meV and 70meV less stable than the most stable fcc hol-
low site for the (3× 3) surface, respectively. H moves far from Cr,
decreasing the Ead and the value remains close to that of the pris-
tine Ni(1 1 1) surface. However, the Ead increases from 2.95eV to

2.98eV per atom with increasing coverage from 0.25 ML to 0.50 ML,
and then the energy gradually decreases with increasing coverage. The
trend is very similar to that of the pristine Ni(1 1 1) surface, suggest-
ing that H coverage has a small effect on the adsorption energy.

The energy and adsorption site are slightly changed to move the Cr
atom from on top of the surface to the subsurface. Table 1 shows that
the energy slightly decreases when Cr locates at the subsurface and
sub-subsurface layers. Notably, H shows higher energy at the hcp site
than the fcc site, although the latter surface is only 20meV less prefer-
able. Cr at the sub-subsurface containing surface slightly increases the
Ead compared to the pristine Ni(1 1 1) surface at 0.25 ML coverage
and fcc far Cr site is the most stable position. H in the interstitial site
shows a slight increase of Ead with increasing coverage, which is the
same result as that obtained on the pristine Ni(1 1 1) surface.

The Ni H bond distance varies from 1.68Å to 1.70Å and the
Cr H bond distance varies from 1.80–1.82Å, as shown in Table 4.
The short Ni H bond reveals that H makes a preferable bond with
Ni rather than Cr. The change of metallic bond length for the most
stable systems is shown in Table 2. The Ni Ni bond length is usu-
ally elongated and the Ni Cr bond distance is elongated or con-
tracted depending on the location of H. For the Ni-t1Cr(1 1 1) sur-
face, the Ni Ni bond length is elongated by 1.0% and the Ni
Cr bond length is contracted by 0.4% to adsorb a single H on the
surface. Further addition of H on the surface increases the expan-
sion and contraction process. The highest expansion and contraction
is observed at 1.0 ML. The Ni Ni and Ni Cr bond distances are
changed by 3.7% (expansion) and 7.0% (contraction), respectively.
H in the interstitial site elongates Ni Ni and Ni Cr bond lengths.
A remarkable structural damage occurs by accommodating four H

Table 2
The metallic bond length elongation (%) of Ni Cr(1 1 1) surfaces.

Surface H position Bond 1H 2H 3H 4H

Ni-t1Cr(1 1 1) On surface Ni Ni 1.0 2.0 3.0 3.7
Ni Cr −0.4 −1.5 −5.0 −7.0

Subsurface Ni Ni 2.0 2.4–3.7 5.7 7.3
Ni Cr 3.0 5.0 6.5 9.5

Ni-2nd1Cr(1 1 1) On surface Ni Ni 0.4 1.0 2.0 2.0
Ni Cr 1.6 3.0 2.0 3.7

Subsurface Ni Ni 2.0 4.0 5.6 7.0
Ni Cr 4.0 5.3 6.1 9.8

Ni-3rd1Cr(1 1 1) On surface Ni Ni 1.0 1.0 2.0 3.0
Ni Cr 0.0 0.0 0.0 0.0

Subsurface Ni Ni 1.2 2.0 4.8 6.4
Ni Cr 0.4 −0.6 −0.6 −1.0

‘-’ Means contraction.
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atoms in interstitial sites. The Ni Ni and Ni Cr bond elongations
are approximately 7.3% and 9.5%, respectively. With Cr in the sub-
surface, the Ni Cr bond length slightly increases for a single H on
the surface. However, Cr in the sub-subsurface region does not change
the Ni Cr bond length at any coverage, which is expected because
adsorbed H might have less interaction with the third layer metallic
atom [45]. However, the expansion and contraction of the Ni Cr
bond length can modify the surface geometry. This unequal bond elon-
gation makes the surface uneven and produces strain in the structure,
which leads to a decrease of the host bond strength. This result can-
not be directly compared with any experimental observation but the
phenomenological behavior can be observed. The corrosion behavior
and the microstructure of the oxide film are affected by H dissolved in
the nickel-based alloy [54]. Additionally, H in the alloy also results in
a thicker, defective inner layer and a discontinuous outer layer of the
oxide, in conjunction with the depletion of Cr. Our results suggest that
Cr is preferentially moved outward due to the presence of H in the in-
terstitial site. This preferential movement might cause the depletion of
Cr from the surface during high temperature oxidation.

3.1.3. Activation energy of H on the Ni(1 1 1) and Ni Cr(1 1 1)
surfaces

The calculated Ea of H is shown in Fig. 2. For the pristine Ni
(1 1 1) surface, the most preferable diffusion path is fcc-bridge-hcp
(path I) with an Ea of 0.25eV and fcc-top-hcp (path II) is least prefer-
able. This is in good agreement with previous experimental and the-
oretical results [55–57]. However, the calculated Ea of H on the
Ni(1 1 1) surface is 70meV larger than the experimental value [55],
possibly due to the temperature, coverage and computational para-
meters. Previous DFT studies obtained noticeably smaller values of
0.15eV and 0.135eV [48,56,57]. The differences in the computa-
tional parameters between this study and Refs. [57,58], such as ex-
change-correlation functional, lattice constant, surface size, and
k-points are noted. For example, Kristinsdóttir et al. obtained an Ea
of 0.15eV [57], where the bulk Ni lattice constant is 3.56 Å. In ad-
dition, the slab surface consisted of three layers where the top layer
is allowed to relax. Increasing the lattice constant seemingly gen-
erates strain on the surface, which reduces the energy barrier [42].
The number of layers affects the inward and outward interlayer re-
laxations, as demonstrated in experimentally [58,59]. A DFT study
showed that these surface changes can affect the energy barrier [56].

Fig. 2. Activation energy of H on Ni(1 1 1) and Ni-t1Cr(1 1 1) surfaces.
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Moreover, the vacuum thickness of less than 10Å might also affects
on the value, which uses in the previous study [48]. The energy barrier
of H is 0.92eV for diffusing from the surface fcc site to the subsur-
face octahedral site. The value is 40meV and 80meV larger than pre-
vious theoretical results [45] and 80meV lower than the temperature
programmed desorption (TPD) result [60]. Considering the zero-point
energy (ZPE) correction reduces the value to 0.90eV, which is excel-
lent agreement with the value obtained by Greeley et al. [45]. The re-
maining small deviation might be due to different slab sizes and op-
timization parameters. Hence, the calculated Ea of H on the Ni(1 1 1)
surface is reasonable.

Doping of Cr remarkably increases the Ea of H at the near Cr sites,
as shown in Fig. 2 and Table 2S. However, Cr does not modify the dif-
fusion path. The energy barriers are less affected by Cr while H dif-
fuses between two hollow sites at the second nearest neighbor (2NN)
Cr sites. For instance, the energy barrier reduces to 0.29eV for path I.
To fully understand the Cr effect, several calculations have been per-
formed on a (3× 3) supercell containing one Cr on top of the surface.
The Ea is 0.44eV for the fcc-bridge-hcp (path III), i.e., over the Ni
Cr bridge. The (3 × 3) supercell is 20meV higher in energy compared
to the (2 × 2) supercell for the same path. The pristine Ni (3 × 3) super-
cell is also overestimated 20meV of Ea for H compared to the (2 × 2)
supercell. The size and layer difference might be the reason for this
discrepancy. However, this behavior reveals that Cr increases the en-
ergy barrier. The energy barrier decreases to 0.30eV and 0.32 eV for
the fcc (2NN)-bridge-hcp (2NN) and hcp (2NN)-bridge-fcc paths, re-
spectively.

The diffusion of H from surface to subsurface is considered near
the Cr site. The Ead of H is almost unchanged when Cr locates at the
2NN or far site. Thus, it is reasonable to consider H diffusivity through
the near Cr site only. The energy barrier is 1.24eV without the ZPE
correction, which is 0.32eV larger than that of the pristine Ni(1 1 1)
surface, indicating that the presence of Cr can slow the diffusivity of
H from the surface to subsurface. Several experimental studies con-
firmed that the activation energy of H is higher in alloy 690 than alloy
600 and Ni bulk [61]. Alloy 690 has high Cr and low Ni. Addition-
ally, the 5 at.% of Cr in iron is almost double the Ea of H compared
to iron [62]. The electrochemical permeation method has also demon-
strated the increase of the Ea of H in the presence of Cr in α-iron [62].
Those studies suggested that the energy barrier of H is increased by
the presence of Cr in the lattice although the materials and conditions
are different from this study. However, our calculated result suggests
that Cr on top of the Ni(1 1 1) surface can increase the activation en-
ergy of H. This observation is well consistent with the available litera-
ture [61,62]. Cr is unlikely to form a bond with H and modify surface
electronic interactions that may influence the energy barrier.

3.1.4. Electronic interaction
Bader charge analysis performed to explain the adsorption en-

ergy and local geometry. The calculated atomic charges are shown
in Table 3. One can see that H receives more electrons on the sur-
face than the subsurface and increasing coverage gradually decreases
the amount of charge of H. For the Ni Cr(1 1 1) surface, the charge
transfer from the metal atom to H is increased compared to the pristine
Ni(1 1 1) surface, e.g., one H receives approximately 0.31 e from the
Ni(1 1 1) surface, whereas, it receives 0.37 e from the Ni Cr(1 1 1)
surface. H located far from Cr receives less charges from the sur-
face. It is no wonder that H receives electrons from the metal atoms
and becomes negatively charged [22,53]. However, the most inter-
esting feature is that doping of Cr on the surface increases charge
transfer to H, but this extra amount of charge is not donated by Cr.

Table 3
Bader charge analysis.

Surfaces Ni – 1st Ni – 2nd Cr H

Ni (1 1 1) −0.02 +0.02
Ni Cr (1 1 1) −0.25 −0.02 +0.86
Ni (1 1 1) – H on surf. 0.10 −0.31
Ni (1 1 1) – H oct. 0.05 −0.28
Ni (1 1 1) – 4H surf. 0.29 −0.28
Ni (1 1 1) – 4H oct. 0.17 0.07 −0.25
Ni Cr(1 1 1) – H on surf. 0.12 0.10 −0.37
Ni Cr(1 1 1) – H oct. 0.05 0.05 −0.32
Ni Cr (1 1 1) – 4H on surf. 0.39 0.33 −0.33
Ni Cr (1 1 1) – 4H oct. 0.13 0.13 0.11 −0.27

More importantly, the nearest Ni atom donates a substantially larger
amount of charge to the H than the Cr atoms and this interaction mod-
ifies the local electronic structure. This result suggests that Ni prefers
to bind with H whereas Cr does not, which might be a reason for the
increase of the activation energy. Additionally, the process leads to Ni
atoms being more positively charged, and as a result, strong repulsion
occurs with the positively charged Cr. This repulsive interaction helps
to move the Cr atom away from the surface, followed by elongation of
the Ni Cr bond length.

3.2. O Adsorption with the variation of surface coverage

3.2.1. O On the Ni(1 1 1) surface
Number of studies have been performed on O adsorption on Ni

(1 1 1) and Ni Cr (1 1 1) surfaces [11,15,23,63,64]. Those studies
have confirmed that the fcc hollow site is the most stable site for O
adsorption. The calculated Ead for the most stable fcc site is 5.44eV,
and the hcp site is only 0.10eV less stable, which is in good agreement
with previous studies [11,15]. Decreasing the coverage of O to 0.11
ML increases Ead by 5.49eV for the fcc site, as shown in Table 3S.

For high coverage, O atoms are placed on the surface in differ-
ent combinations, such as all fcc, all hcp, or a combination of fcc
and hcp and a combination with top and bridge sites, although those
sites are not preferable for adsorbing an atomic O. Increasing the cov-
erage gradually decreases the adsorption energy, as shown in Fig. 3
and Table 4S. Strong adosorbate-adsorbate interactions are revealed
by theoretical and experimental observations [23,65–67]. For 0.5 ML
coverage, the most stable structure can accommodate two O atoms on
the fcc hollow site followed by two O atoms on the hcp as the second
most stable structure. The latter structure is 0.11eV lower in energy
than that of former surface. The Ead and position of O is in excellent

Fig. 3. Adsorption energy of O on Ni(1 1 1) and Ni-t1Cr(1 1 1) surfaces with the varia-
tion of coverage.
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agreement with the previous theoretical study [23]. An oxygen mole-
cule is placed on the surface with different orientations. The adsorp-
tion energy is 1.93eV and 1.92eV per molecule for the top-hcp-bridge
(t-h-b) and top-fcc-bridge (t-f-b) orientation, respectively, suggesting
that adsorption of atomic O on the surface is much more preferential
than molecular adsorption, but molecular adsorption can also occur.
The calculated bond length of O2 is 1.45Å. Molecular adsorption of
O2 on the Ni (1 1 1) surface was also previously studied by theoreti-
cal and experimental methods [68–70]. The most preferable site is the
top-hcp-bridge with a parallel orientation [68,69] and the bond length
of O2 is 1.46Å [69]. The Ead on the hollow site with the perpendicular
orientation is 1.07eV per molecule and the bond length is 1.31 Å. O2
on the Ni(1 1 1) surface can be adsorbed in either a parallel or perpen-
dicular orientation but the parallel orientation is obviously preferable.

Three O atoms are absorbed on fcc sites at 0.75 ML coverage. The
second most stable structure retains O on the hcp sites, and the Ead is
0.12eV per atom less than that of the most stable configuration. The
Ead is decreased to 3.95eV per atom at 1.0 ML coverage. Both hol-
low sites, i.e., fcc and hcp, are equally preferable. O atoms are placed
at different positions with different combinations, but the final struc-
ture results in O on the fcc or hcp sites. In case of molecular adsorp-
tion, two O molecules are placed on surface in parallel and perpendic-
ular orientation. The calculated structure shows that O molecules can
be adsorbed in a parallel or perpendicular orientation. The absorption
energy is 1.52eV per molecule for the parallel orientation. The bond
length of O2 is 1.377Å, indicating that the bond is elongated versus
the gas phase. This result suggests that O2 can be adsorbed on the Ni
(1 1 1) surface at high coverage.

The metal-oxygen bond distances are shown in Table 6. The Ni
O bond distance varies from 1.81Å to 1.84Å. The bond length is

slightly smaller at high coverage than at low coverage. A previous
near-edge X-ray absorption fine structure (NEXAFS) [71] and DFT
result for the Ni O bond length is 1.85Å [11] and a LEED result
is 1.83Å [72]. The top layer metal atoms show outward movement
to adsorb O on the surface [11,73]. The nearest Ni Ni bond length
is increased by 3.0% and the bond length far from O is extended by
1.0% at 0.25 ML. With increasing coverage the average metallic bond
length increases, i.e., the bond length between the first and second
layer extends approximately 3.0% at 1.0 ML and the length between
the second and third layer also increases approximately 1.0%. This is
because all fcc sites are occupied by O and the metal-oxygen interac-
tion uniformly pulls the top layer metallic atoms.

3.2.2. O on the Ni Cr (1 1 1) surface
Atomic O prefers the fcc hollow near Cr site of the Ni Cr(1 1 1)

surface [11,74]. This study also finds that the fcc hollow near Cr site
is the most stable site. Moreover, the fcc hollow far Cr site is 0.90eV
less stable than the most stable site, suggesting a strong interaction be-
tween O and Cr. The (2 × 2) supercell is too small to fully study the in-
teraction between Cr and O. The large (3 × 3) supercell result is shown
in Table 5S. Table 5S shows that the Ead of O on the fcc site is 6.35eV,
5.62eV and 5.55eV for the nearest, second nearest and third nearest
position, respectively, which reveals that O binding with the surface
is affected by Cr. However, moving Cr into a subsurface layer has al-
most no effect on O adsorption, e.g., the energy is 5.51eV and 5.49eV
for the most stable configuration for Cr at the subsurface and sub-sub-
surface, respectively. We, therefore, focus on the top of the Cr-doped
Ni(1 1 1) surfaces.

The Ead is 6.31eV at 0.25 ML and decreases by 5.88eV per atom
at 0.5 ML coverage, as shown in Table 6S. For the latter case, two
competitive structures are found. The most stable structure adsorbs O
atoms in two ways; first, both O locate at the fcc near Cr site and sec

ond, two O atoms are at the fcc and hcp near Cr sites. When both O
atoms are placed on the hcp hollow near Cr site, the Ead is approxi-
mately 0.06eV less than that of the most stable site. The Ead decreases
by 5.40eV per atom for a structure with one O at the near Cr fcc and
one O at the far Cr fcc. This energy value clearly suggests that Cr has
a strong influence on the O adsorption process. When an O2 is placed
on the Ni-t1Cr(1 1 1) surface in different orientations, it seems that the
adsorption process is different from that of the pristine Ni(1 1 1) sur-
face. The energy is 2.58eV per molecule and 2.56eV per molecule
for the t-f-b and t-h-b sites, respectively, and the bond length of O2
is 1.486Å and 1.474Å, respectively. The adsorption site changes to
move O2 upward and consequently, the energy and bond length are
slightly reduced. For instance, the t-b-t and f-t-h sites have an energy
of 2.37eV/mole and 2.29eV/mole, respectively.

The most stable structure at 0.75 ML coverage accommodates
three O at the near Cr fcc or hcp site. The Ead for the second most sta-
ble structure is 5.16eV per atom with two O at the near Cr site and one
O at the far Cr site. The Ead is further decreased by 5.01eV per atom
for the structure that contains one O near Cr and two O atoms at the far
Cr sites. For 1.0 ML, four O atoms occupy the fcc site in the most sta-
ble structure. Different structures are optimized, e.g., the initial struc-
ture contains three O atoms at the near Cr fcc and one O at the near Cr
hcp site but the final structure has four O atoms at the fcc hollow site,
which confirms that O at the fcc hollow site is the most stable struc-
ture. At the same coverage, two O2 were placed on the surface, and the
optimized structure shows that the two O2 are almost perpendicularly
adsorbed near the Cr fcc site with an Ead of 1.39eV per molecule and
an O2 bond length of approximately 1.32Å.

The average bond length of Cr O is 1.75 (±0.02) Å and the Ni
O bond distance is approximately 1.87Å for the Ni-t1Cr(1 1 1) sur-

face. The calculated bond lengths are in good agreement with the pre-
vious study [11]. The shorter Cr O bond length indicates their pref-
erential interaction. The top layer nickel atoms move slightly upward
to adsorb O at different coverages [11]. The most notable structural
change is observed at 1.0 ML coverage. Up to 0.75 ML, the Ni Cr
bond length is increased by 0.5–1.5% and the Ni Ni bond length is
increased by 2.0–3.5%. Adding one more O to the surface, which rep-
resents 1.0 ML coverage, significantly changes the surface structure.
The Ni Cr and Ni Ni bond distances are elongated by 14.0% and
1.0%, respectively, and as a result Cr pulls out from its initial posi-
tion. Additionally, when Cr starts moving upward, Ni atoms show less
movement from the surface. The process helps Ni to remain on the
surface and possibly form an Ni-rich inner oxide layer. Recent experi-
mental studies have shown that Cr is enriched with O on Ni Cr alloy
surfaces at room temperature [8,16,54], indicating a high mobility for
Cr in the Ni lattice [16]. The atomic scale result is in excellent agree-
ment with experimental observation [7,54]. Cr has a high affinity to
O which attributes to the Cr movement, especially at high coverage.
A recent in-situ TEM study found that the addition of Cr at.5.0% to
Ni increases the rate of vacancy injection compared with pure Ni [16].
The preferential upward movement of Cr from the surface with high
coverage of O, whereas the pristine nickel surface does not show such
behavior, could be occurring at the early stage of oxidation at very low
temperature, resulting in cation vacancies on the surface.

3.2.3. Activation energy of oxygen
Several theoretical and experimental studies show that the acti-

vation energy of O varies from 0.54eV to 0.64eV on Ni surfaces
[75,76]. Our calculated energies are shown in Fig. 4. The Ea is 0.67eV
for path I. The value is 80meV larger than the previous DFT re-
sult and interestingly is very close to the experimental result. In
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Fig. 4. Activation energy of O on Ni(1 1 1) and Nit1Cr(1 1 1) surfaces.

creasing the surface size from the (2 × 2) to (3 × 3) supercell decreases
the surface coverage from 0.25 ML to 0.11 ML. The latter surface
gives an energy barrier of 0.65eV, which is close to the (2 × 2) surface
and experimental result as well. Diffusion through path II has a very
high energy barrier of 2.06eV.

The presence of Cr on top of the surface noticeably modifies the
energy barrier. The energy barrier is reduced to 0.41eV for path III,
which is 0.26eV less than that of the pristine Ni(1 1 1) surface. Kim et
al. also showed by DFT that Cr in bulk Ni decreases the energy barrier
approximately 0.41eV [25]. Thus, the phenomenon is well consistent
with the previous study. The large surface, i.e., (3 × 3) supercell ob-
tains an Ea of 0.45eV for path III. The (3 × 3) supercell has a higher Ni
concentration than that of the (2 × 2) supercell. Increasing the Ni con-
centration at the nearest sites could reasonably increase the size of this
small energy barrier. Path II, i.e., hcp-top-fcc is less preferable but the
Ea is significantly lower than that of the pristine Ni(1 1 1) surface. For
the far Cr site, the Ea is 0.78eV for the hcp(2NN)-bridge-fcc(2NN)
site for the (3 × 3) supercell, which is 0.13eV higher than that of the
pristine Ni(1 1 1) surface, indicating that Cr slightly decreases the dif-
fusivity of O on the surface. The local electronic structure is modified
by Cr, which could be a reason for the change in the size of this small
energy barrier.

3.3. The effect of Cr concentration on O and H adsorption and
diffusion

3.3.1. H adsorption properties
The calculated Ead of H on different surfaces is listed in Table 4.

The energy is increased with increasing Cr concentration on top of the
surface and the highest value is attained by the Ni-t4Cr (1 1 1) surface.
In contrast, the Ni-2nd4Cr (1 1 1) surface has the lowest Ead of H, and
consequently, subsurface Cr weakens the Ni H bond strength. When
the Cr concentration is very low at the subsurface the effect is not ob-
vious. We attribute the result to a modification of the local electronic
structure in the subsurface that might affect the adsorption process.
The Cr containing surface reduces the energy 0.17eV per H atom with
increasing H coverage from 0.25 ML to 1.0 ML, whereas the pristine
Ni(1 1 1) surface has almost no effect. H coverage is also less pro-
nounced for the surface containing Cr at the subsurface region. This
reveals that Cr does influence H adsorption phenomenon and the ef-
fect is smaller for the pristine Ni(1 1 1) surface. H in interstitial sites
has a lower energy than H on the surface and more importantly, in-
creasing H coverage slightly increases the Ead, which is similar to the
results for the Ni(1 1 1) surface.

The Ni H bond distance varies from 1.67Å to 1.70Å and the Cr
H bond length varies from 1.80Å to 1.84Å. The shortest Cr H

Table 4
The Ead (eV) and metal-H bond distances (Å) on different Ni Cr(1 1 1) surfaces.

Surface H position 1H 2H 3H 4H Ni H Cr H

Ni(1 1 1) On surface 2.84
(2.85)

2.88 2.83 2.83 1.68–1.70

Interstitial 2.20 2.23 2.25 2.28

Ni-t2Cr(1 1 1) On surface 3.11
(2.98)

3.16 3.08 2.95 1.67–1.70 1.80–1.82

Interstitial 2.22 2.23 2.24 2.26

Ni-t4Cr(1 1 1) On surface 3.21
(3.05)

3.19 3.09 3.04 1.80–1.84

Interstitial 2.15 2.17 2.19 2.18

Ni-2nd4Cr(1 1 1) On surface 2.67 2.71 2.67 2.68 1.68–1.72
Interstitial 2.09 2.11 2.15 2.18

Note – The value in parenthesis corresponds to (3 × 3) supercell.

bond length is 1.80Å for the Ni-t4Cr (1 1 1) surface with 0.75 and
1.0 ML coverage. The Ni H bond length is always smaller than the
Cr H bond length to make a preferential bond between Ni and H
rather than Cr and H. It is well known that an adsorbent can elongate
the distance between the first two layers and the elongation is height-
ened to increase the coverage of adsorbent. The calculated values are
shown in Table 5. For the Ni-t2Cr (1 1 1) surface with one H, the Ni
Cr bond length decreases approximately 0.8% and Cr moves slightly
away from H along the x- and y-axis. Ni atoms move 0.01Å toward
H along the y-axis and the Ni-Ni bond length increases approximately
2.0%. Increasing H on the surface further decreases the Ni Cr bond
length and increases the Ni Ni bond length. It is interesting to find
that H on the surface has less effect on the Ni Cr bond length of
the Ni-t4Cr(1 1 1) surface. The H atom shows less preference to bond
with the Cr, which might attribute to the result. This phenomenon is
consistent for the Ni-2nd4Cr(1 1 1) surface because Cr atoms are sit-
uated in the subsurface region and have a negligible interaction with
H, and Ni on top of the surface moves toward the H atom resulting in
outward relaxation. H in the interstitial site increases the bond length,
and the effect is more detrimental when Cr content is high. This phe-
nomenon indicates that Cr steps away from H and Ni moves toward H,
resulting in an uneven surface or a metallic vacancy generates on the
surface. This structural modification can accelerate surface oxidation
at a very early stage.

Table 5
The average metallic bond elongation (%).

Surface H position Bond 1H 2H 3H 4H

Ni-t2Cr(1 1 1) On surface Ni Ni 2.0 2.8 4.0 7.3
Ni Cr −0.8 −1.5 −3.0 −7.8

Subsurface Ni Ni 3.0 5.0 6.5 7.9
Ni Cr 2.3 4.0 5.8 9.2

Ni-t4Cr(1 1 1) On surface Ni Ni
Ni Cr <0.4 <0.3 <0.2 <0.2

Subsurface Ni Ni
Ni Cr 3.5 5.7 7.7 10.0

Ni-2nd4Cr(1 1 1) On surface Ni Ni
Ni Cr 1.2 2.4 2.4 3.7

Subsurface Ni Ni
Ni Cr 2.0 4.8 7.7 9.5

‘-’ Means contraction.
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3.3.2. O adsorption properties
Oxygen behaves very different than H. The calculated properties

are shown in Table 6. A strong interaction between Cr and O is ob-
served and such an interaction increases their binding energy [76],
which is very likely to increase the Ead of O with increasing Cr con-
centration on the top layer of the surface. The energy decreases when
moving the Cr into the subsurface and sub-subsurface layers. The
Ni-t4Cr (1 1 1) surface, which is fully covered by Cr, has the high-
est Ead of 7.46eV at 0.25 ML. The fcc hollow site becomes the sec-
ond most stable site. Usually, the fcc hollow site is most stable for O
adsorption but the highly Cr containing surface is changed the most
favorable adsorption site from fcc to hcp. The behavior remains con-
sistent throughout the coverage of O from 0.25 ML to 1.0 ML. The
geometrical structure is very similar for the fcc and hcp site adsorbed
surfaces. For example, the Cr O bond distance and the movement
of Cr are almost unchanged. The electronic contribution from the hcp
adsorbed surface is 0.1 e higher than that of the fcc adsorbed surface,
perhaps explaining this discrepancy.

To further understand the effect of Cr concentration on O adsorp-
tion, we performed calculations on different Cr containing (3 × 3) su-
percells, as shown in Table 7. It is possible to vary the distance be-
tween two Cr atoms on the large supercell. Localized Cr clearly shows
a strong binding with O. Decreasing Cr locally also decreases the
Ead of O. For instance, two Cr at the 1NN site show a strong bind-
ing with O compared to two Cr at the 2NN site. The calculated en-
ergy is 6.45eV for the latter surface, which is almost same value as
that of the 1NN Cr containing surface with O at the near one Cr hol-
low site. This is because O can directly interact with only one Cr and

Table 6
The Ead (eV) and bond distances (Å) on different Ni Cr(1 1 1) surfaces.

Surface 1O 2O 3O 4O Ni O Cr O

Ni(1 1 1) fcc 5.44 4.99 4.53 3.98 1.81–1.84
Ni-t2Cr(1 1 1) fcc 7.10

(7.04)
6.63 6.08 5.56 1.85–1.86 1.78–1.84

hcp 7.26 6.69;
6.73
[1f+1 h]

6.09 5.54 1.84–1.86 1.77–1.84

Ni-t4Cr(1 1 1) fcc 7.23
(7.19)

7.04 6.76 6.50 1.78–1.86

hcp 7.46 7.22 6.96 6.68 1.78–1.86
Ni-2nd4Cr(1 1 1) fcc 5.28 4.75 4.25 3.71 1.82–1.85

hcp 5.38 4.77 4.16 3.66

Note – The value in parenthesis corresponds to (3 × 3) supercell.

Table 7
The Ead of O on different Cr containing Ni(1 1 1) surfaces.

Surfaces
O
Position

Near
3Cr

Near
2Cr

Near
1Cr

Near
3Ni

Ni Cr(1 1 1) – 1Cr fcc 6.35 5.55
hcp 6.30 5.45

Ni Cr(1 1 1) – 2 Cr (1NN) fcc 7.04 6.40,
6.33

5.60

hcp 7.02 6.44,
6.30

5.43

Ni Cr(1 1 1) – 2 Cr (2NN) fcc 6.45 5.60
hcp 6.38 5.46

Ni Cr(1 1 1) – 4 Cr
(3Cr-1NN)

fcc 7.50 6.88 6.30 5.64

hcp 6.97 6.21 5.43
Ni Cr(1 1 1) – 4 Cr
(4Cr-1NN)

fcc 7.35 6.64 6.11,
5.98

5.55

hcp 7.31 6.65 6.19,
6.01

5.48

the second Cr atom locates at the 2NN site that has less interaction
with the adsorbent, thus the adsorption process becomes weak. This
observation is also consistent with the results of other Cr containing
Ni(1 1 1) surfaces. The highest Ead of 7.50eV is attained by the sur-
face with three Cr at the nearest site. The same energy value is ob-
tained by two different surfaces, i.e., three Cr surrounded fcc and hcp
sites. Four Cr at the nearest site is 0.15eV less stable than the most sta-
ble surface and the fcc site is 0.04eV more preferable than the hcp site,
which is not consistent with the (2 × 2) surface. A higher percentage
of Cr may change the adsorption site. The four Cr containing surface
should have the highest energy of O but this is not the case here, be-
cause the three Cr containing Ni(1 1 1) surface donates approximately
1.39 e and the four Cr containing Ni(1 1 1) surface donates approxi-
mately 1.28 e to the nearest O and Ni atoms. Additionally, the Cr O
bond distance is 1.87Å for the former surface, whereas the distance is
1.88Å for the latter case, indicating a negative effect by the fourth Cr
that increases the Cr O bond distance. The process reveals a slightly
weak interaction that might reduce this small amount of energy. How-
ever, the lowest energy is attained by the three Ni surrounded sites
even when the surface has a high Cr content. As a whole, localized Cr
shows a strong binding with O, which is in support of the passivation
initiation process. An experimental study on nickel-based alloys ob-
served that a layer of Cr-rich film is very quickly formed on alloy sur-
faces [78]. An X-ray photoelectron spectroscopy (XPS) study found
that Cr can selectively be oxidized on the surface [79]. A theoretical
study also showed a preferential bonding form between Cr and O [77].
This reveals that the more protective continuous film can be formed
on the alloy surface that contains high chromium.

The repulsive interaction between O O is very likely at high cov-
erage, which diminishes the energy [66,67]. Notably, the Cr contain-
ing surface always has higher energy than that of the pristine Ni(1 1 1)
surface. At 1.0 ML coverage, the Ead of O is increased approximately
forty and seventy percent for Ni-t2Cr(1 1 1) and Ni-t4Cr(1 1 1) sur-
faces compared to Ni(1 1 1) surface, respectively, whereas Cr in the
subsurface layer slightly decreases the energy. The rate of energy de-
crease is slow at the high Cr containing surface compared to pristine
Ni(1 1 1) or low Cr containing surfaces, as shown in Fig. 5. Localized
Cr can successfully trap more O atoms nearby, which might initiate
passive film formation.

The Cr O and Ni O distances varied from 1.78Å to 1.86Å
and from 1.82Å to 1.86Å, respectively. Increasing O coverage in-
creases the bond distance between Cr and O. The metallic bond length
is also extended due to the presence of O on the surface. We

Fig. 5. Adsorption energy of O on different surfaces with the variation of O coverage.
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measured the metallic bond lengths of the most stable structure, found
that the Ni Cr bond extension varies from 0.5% to 3.6% and the Ni

Ni bond extension varies from1.0% to 3.0% with varying cover-
age of O from 0.25 ML to 1.0 ML for the Ni-t2Cr(1 1 1) surface. The
bond extension varies from 1.0% to 2.5% for the Ni-t4Cr(1 1 1) sur-
face. Additionally, Cr also moves laterally and the displacement is ap-
proximately 0.06Å along the x- or y-axis for the Ni-t2Cr(1 1 1) sur-
face. The extension is more pronounced when Cr is present at the sub-
surface layer. Less mobility of metallic atoms is observed at the lo-
cally Cr rich or Ni rich region and the mobility is high when the near-
est neighbors are heterogeneous species, especially at high coverage
of O.

3.3.3. Activation energies of atomic H and O
The Cr on top of the surface plays a significant role in the adsorp-

tion process. It would be interesting to see how Cr concentration ef-
fects the energy barrier of O and H. The calculated activation ener-
gies are shown in Fig. 6. The Ea of H on the Ni-t2Cr(1 1 1) surface
is 0.36eV for hcp-bridge-fcc (path IV), i.e., over the Cr Cr bridge,
and the barrier is 0.41eV for path III. For the (3 × 3) supercell, the
energy barriers are 0.44eV and 0.42eV for path IV and path III of
the Ni(1 1 1) surface containing two Cr, respectively. The Ea is de-
creased to 0.37eV for path I. The highest activation energy is found
near Cr sites. However, the energy barrier is lowest over the Ni Ni
bridge and the value increases with increasing Cr content. Cr atoms on
the surface can modify the surface geometry and electronic structure
nearby, which can decrease the diffusivity of H on the surface. It is
experimentally observed that the energy barrier of H is higher in alloy
690 compared to alloy 600 [61]. The experimental studies considered
the bulk system and our calculations consider the surface. The cal-
culated value should therefore be different from experimental results.
However, a qualitative agreement between our study and the experi-
mental result is seen. The metal-H bond distance shows that H prefers
to bond with Ni and avoids Cr. Moreover, Cr can increase the electron
transfer from the surface to H and the donation from Ni atoms rather
than Cr is increased. These factors might dominate the diffusion of H
on the surface.

The Ea of O is 0.45eV for path IV of Ni-t2Cr(1 1 1) and 0.43eV
for the (3 × 3) supercell. Further increase of Cr content increases Ea to
0.55eV and 0.52eV for the (2 × 2) and (3 × 3) supercells, respectively.
For high Cr surfaces, the Cr atom is moved along the x- and y-axis
for fcc and hcp sites during the adsorption of O. This lateral move-
ment is not uniform for O at fcc and hcp sites and these metal atom
displacements are considered in the model for the activation energy
calculation, resulting in an increased Ea. The phenomenon is identical
for the (2 × 2) and (3× 3) supercells. The effect of cell size and Cr con-
centration causes a small energy difference between the two systems.
Moreover, the diffusivity of O is analyzed for path I and Ea is 0.78eV,
which is same as the value obtained for the Ni(1 1 1) surface contain-
ing one Cr. The value is further increased to 0.85eV for the same path
for the Ni(1 1 1) surface containing four Cr. Increasing Cr can mod-
ify the surface electronic structure, which increases the energy barrier.
This study suggests that the overall diffusivity of O is decreased on
the Ni Cr(1 1 1) surface compared to the pristine Ni(1 1 1) surface,
which is qualitatively in agreement with the experimental observation
[80]. Increasing Cr content on the surface reduces the diffusivity of O,
resulting in the formation of a protective film in the Cr rich region
and thus an increase of the material’s resistivity.

Fig. 6. Activation energy of (a) H and (b) O on different Cr containing Ni(1 1 1) sur-
faces.

4. Conclusions

DFT results show that the Ead of H and O gradually decreases
with increasing coverage on the surface, but for H, the effect is not
so significant. The Ead of H in the subsurface site is smaller than that
of the surface sites and H prefers to stay at the octahedral intersti-
tial site. Increasing H coverage in the interstitial site slightly increases
Ead, which is the opposite result of surface adsorption phenomena. H
on Ni Cr (1 1 1) increases the energy with increasing Cr content,
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and the overall energy trend remains identical to that of the pristine
Ni(1 1 1) surface.

Increasing H coverage on the surface extends the Ni Ni bond
length and contracts the Ni Cr bond length. The average bond exten-
sion is 2.3% at 1.0 ML coverage for the Ni(1 1 1) surface, whereas at
1ML coverage on the Ni Cr(1 1 1) surface, the Ni Ni bond expan-
sion is approximately 3.7% and Ni Cr bond contraction is approxi-
mately 7.0%. Increasing Cr decreases the effect of H on geometrical
evolution. However, the structural damage is more significant for H in
the interstitial site. At 1.0 ML, the Ni Ni bond elongation is 7.0% for
Ni(1 1 1), and the elongation is 7.3% for Ni Ni and 9.5% for Ni
Cr for Ni Cr(1 1 1) surfaces, which reveals that Cr is preferentially
moved outward by interstitial H.

The Ea of H in Ni(1 1 1) is 0.25eV for path I, i.e., hcp-bridge-fcc
and 0.92eV for the surface to the first subsurface diffusion, which
is an excellent agreement with the theoretical result. The value is
increased to 0.44eV for path III, i.e., over the Ni Cr bridge and
1.24eV for surface to subsurface diffusion for the Ni-t1Cr(1 1 1) sur-
face. Bader charge analysis reveals that doping of Cr increases charge
transfer to H, but this extra amount of charge is donated by Ni atoms.
Ni prefers to bind with H, whereas Cr does not.

The Ead of O is higher for the Ni Cr(1 1 1) surface than the pris-
tine Ni(1 1 1) surface. An atomic O located near the Cr hollow site is
the most stable configuration, and moving to the far Cr site notably di-
minishes the energy. Increasing coverage gradually decreases the ad-
sorption energy to obtain a strong adsorbate-adsorbate interaction. The
highest Ead is attained by the surface with three Cr at the nearest site or
with full Cr covered. The nearest metal-metal bond length is increased
by O. However, the Ni Cr bond length is noticeably elongated at 1
ML for the Ni-t1Cr(1 1 1) surface but this remarkable structural dam-
age is not observed for Ni-t2Cr(1 1 1) and Ni-t4Cr(1 1 1) surfaces.

The energy barrier of O is 0.41eV for path III, i.e., over the Ni
Cr bridge, which is 0.26eV less than that of the pristine Ni(1 1 1) sur-
face. Increasing Cr content not only slightly increases the Ea of O at
the near Cr site but also the far Cr site. We find that Ea of O for path
IV, i.e., over Cr Cr bridge, is 0.45eV and 0.52 for Ni-t2Cr(1 1 1)
and Ni-t4Cr(1 1 1) surfaces, respectively. For the (3 × 3) supercell, the
energy barrier is 0.78eV and 0.85eV over the Ni Ni bridge for two
and four Cr containing Ni(1 1 1) surfaces, respectively. Increasing Cr
modifies the surface electronic structure, leading to an increase of the
energy barrier. The overall diffusivity of O is therefore slow on the Ni

Cr(1 1 1) surface compared to the pristine Ni(1 1 1) surface, which
is in good agreement with experimental results.
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