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ABSTRACT: The microscopic mechanisms of the initial-stage oxidation of the
Ni;Al(100) and Ni;Al(110) surfaces are comparatively studied using ab initio
calculations based on density-functional theory and thermodynamics considerations.
The surface energies of the two surfaces as functions of aluminum and oxygen
chemical potentials are constructed and show that the formation of any antisite defects
is not favorable at the Ni;Al(100) surface, whereas Al antisite defects are favorable at
the Ni;Al(110) surface. The surface phase diagrams of the Ni;Al(100) and -(110)
surfaces with different antisite defects and at the various oxygen coverages are
determined. These results show that oxygen adsorption enhances Al surface
segregation at the initial stage of oxidation for both surfaces and that the Ni;Al(100)
surface is thermodynamically more favored to oxidize completely at a lower oxygen

coverage than the Ni;Al(110) surface.

1. INTRODUCTION

Ni-based superalloys are a class of technologically important
intermetallic materials that process a high melting point, low
density, good oxidation and corrosion resistance, and metal-like
electrical and thermal conductivities."”” The unique combina-
tion of these properties makes the Ni-based alloys the material
of choice for high-temperature applications, including chemical
processing, power generation, and aerospace propulsion. For
instance, the volume fraction of the Ni;Al is around 70% for the
blades and vanes of modern gas turbines as the precipitation
strengthener and antioxidation phase in superalloys. However,
the surfaces of all Ni-base alloys show strong chemical reactivity
toward oxygen, and their practical applications at elevated
temperatures are still hindered by the competitive oxidation of
Al and Ni that can prevent the formation of a dense and
protective a-ALOj layer.” The growth of a protective aluminum
oxide layer depends on the local reactivities of the alloy, which
depend on a number of convoluted factors, including
temperature, oxygen pressure, surface structure, and composi-
tion.

As a prototype of multicomponent surfaces, NiAl(100) and
-(110) have been studied extensively,"™ both experimentally
and theoretically, to understand the atomistic mechanism of the
surface-oxidation-induced Al,O; formation. Recently, the
aluminum oxide film growth on NiAl(100) has been shown
to proceed via the surface diffusion of Al atoms detached from
substrate steps,” whereas the AlLO; growth on NiAl(110)
involves the participation of Al atoms supplied from the bulk,>®
demonstrating the strong dependence of the oxidation
mechanism on the surface structure and crystallography
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orientation. On the theoretical side, density-functional theory
(DFT) calculations have been employed to study oxygen
adsorption at the NiAl(100)* and NiAl(110)”* surfaces and the
reaction barriers of the initial stages of oxidation based on the
electronic structure, atomic geometry, and energetic properties.
Furthermore, Liu et al. reported their ab initio thermodynamics
calculations for the oxidation mechanism of the intermetallic
Ti;Al compound, a relevant high-temperature alloy system.'’
By contrast, the theoretical study on the similarly important
system of the intermetallic Ni;Al compound is much less with
regard to its atomic-scale oxidation mechanism. Compared to
the NiAl alloy, the Ni;Al may be less oxidation resistant because
it contains less Al and thus has a larger tendency to form less
protective multiple oxides (e.g., Al,O3, NiO) that involve the
redistribution and segregation of Ni and Al atoms in the
substrate. While the classical Wagner’s oxidation theory''
provides a general description of the oxidation behavior of
binary alloys from a macroscopic point of view that stipulates
the correlation of the oxide formation with alloy composition
and activities of the metal and oxygen, the microscopic process
initiating the selective oxidation of one component, commonly
observed in most metal alloys exposed to an oxidizing
environment, still remains elusive. In the present work, we
report a comparative study of DFT and the first-principles
thermodynamics investigations of adsorption of oxygen atoms
at the Ni3Al(100) and -(110) surfaces. Our aims are to find
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Figure 1. Schematic top view of the Ni;Al(100) and -(110) surfaces with possible antisite defects for five cases: (a, f) the perfect surface, (b, g) the
surface with one Al antisite defect [denoted by Ni;Al(100)-1Al, Ni;Al(110)-1Al], (¢, h) the surface with two Al antisite defects [denoted by
Ni;Al(100)-2Al, Ni;Al(110)-2Al1], (d, i) the surface with one Ni antisite defect [denoted by Ni;Al(100)-1Ni, Ni;Al(110)-1Ni], and (e, j) the surface
with two Ni antisite defects [denoted by Ni;Al(100)-2Ni, Ni;Al(110)-2Ni]. Blue and pink spheres represent Ni and Al atoms in the surface layer,
respectively. Light blue spheres represent Ni atoms in the second (subsurface) layer.

active surface sites for the adsorption of oxygen and their
dependence on the crystallographic orientation for the selective
oxidation of Al atoms, as well as to identify the relative stability
of the oxygenated surfaces as a function of the chemical
potential of Al and O, from which we provide a clear atomistic
mechanism for the initial-stage oxidation of the Ni;Al surfaces.

2. COMPUTATION METHODS

2.1. DFT Calculations. The ab initio calculations are based
on DFT'>"* and performed with the VASP'*™'¢ code using
projector augmented wave (PAW)' "¢ potentials in con-
junction with a plane-wave cut-off energy of 500 eV and
PW91 generalized gradient approximation (GGA)." Electron
smearing is carried out following the Methfessel-Paxton
technique”® with order N = 1 and width of the smearing ¢ =
0.2. Self-consistent solutions are obtained by employing the (4
X 4 X 1) Monkhorst—Pack®" mesh in the Brillouin zone for the
(2 x 2) surface unit cell.

Ni;Al has an ordered cubic (L1,) structure with the space
group Pm3m. Our calculated bulk lattice constant obtained
from the energy minimization of the bulk Ni;Al unit cell using a
Monkhorst—Pack mesh of (15 X 15 X 15) is 3.568 A, which is
in good agreement with the experimental value of 3.57 A** and
with previous calculations.”> The Ni;Al(100) and -(110)
surfaces are constructed by cleaving supercells made from the
bulk Ni;Al Successive slabs with the (2 X 2) surface unit cell
and five atomic layers are separated by a vacuum region of 15 A.
The atoms in the two bottom layers of the slab are fixed, while
the top three layers of the slab are allowed to relax until the
forces on each of them are less than 0.01 eV/A. The surface
areas of the (2 X 2) surface unit cell are 2546 A for the
Ni;Al(100) surface and 36.01 A* for the NiyAl(110) surface,
respectively. This means that the Ni;Al(100) surface is more
closely packed than the NijAl(110) surface. To verify our
values, we also relax the Ni;Al(100) and Ni;Al(110) slabs and
compare the results with the previously reported calculated
results.””** The interlayer separation is measured by the
percentage of changes in relaxed distances and original
distances. For the Ni;Al(100) slab, our results show that after
structural relaxation, the spacing change between the first and
second Ni layers is —3.027% and that between the first Al and
second Ni layers is —2.130%, which are similar to the previously
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calculated values of —2.859% and —2.466%,”* while slightly
different from the experimental value of —2.809% for the first
and second Ni layers and a larger difference from the
experimental value of 1.124% for the first Al and second Ni
layers.”> For the Ni;Al(110) slab, our results show that after
structural relaxation, the spacing change between the first and
second Ni layers is —11.261% and brween the first Al and
second Ni layers is —9.992%, which are similar to the previously
calculated values of —10.595% and —9.618%,” with a slight
difference from the experimental values of —11.835% and
—10.643%.>° The percentage differences between the calculated
and experimental values are probably due to the limited layers
involved in the DFT calculations.

2.2. First-Principles Atomistic Thermodynamics Cal-
culations. We employ a first-principles atomistic thermody-
namic framework to assess the relative stability of the
considered surfaces as a function of the chemical potential of
Al and O. The thermodynamic stability of a specified surface
depends on its surface energy. The following formulations

employed in our calculations are based on other works.! 7733
The surface energy (o) can be calculated as
1
o= E(ENgAl — NyEyi — NuEa — NoEo) (1)

where S is the surface area and Ey; 4 is the total energy of the
slab. Ey;, Ea, and Eq denote the chemical potential of Ni, Al
and O, respectively. The number of Ni, Al, and O atoms in the
system is denoted by Ny, Ny, and Ny, respectively.

We define the relative surface energy (o,) of the Ni;Al slab
with the presence of antisite defects relative to that of the
perfect Ni;Al slab as

6, = (g —¢,)$
d d d
= Exjal — EII\)H}AI — (Nni = NQ)Ey — (Njy — NR)Ey
@)

where o, is the surface energy of Ni;Al slab without any antisite
defects [shown in Figure laf and defined as the perfect
Ni;Al(100) and -(110)]. o4 is the surface energy of Ni;Al slab
with antisite defects but without oxygen atoms (any of the

configurations shown in Figure 1b—eg—j). Ef;a and ES, Al
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denote the total energy of the perfect NizAl slab and the
configuration with antisite defects; NE; and N&; denote,
respectively, the number of Ni and Al atoms in the perfect
Ni,Al slab. N§; and N§; denote, respectively, the numbers of Ni
and Al atoms in the Ni;Al slab with antisite defects.

Figure 2 shows all possible adsorption sites for oxygen atoms
on the perfect Ni;AI(100) and Ni;Al(110) surfaces: four on-top
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Figure 2. Schematic top view of the possible adsorption sites for O on
(a) (100) and (b) (110) surfaces of Ni;Al Red spheres represent O
atoms in the surface layer. Blue and pink spheres represent Ni and Al
atoms in the surface layer, respectively. Light blue spheres represent Ni
atoms in the second (subsurface) layer.

(Op) sites, such as the Al on-top and Ni on-top sites (labeled as
T1-T4); four 4-fold 2Ni—2Al hollow sites (labeled as H1—
H4); and eight bridge sites including Ni—Al short-bridge sites
in the Ni;Al(100) and Ni—Ni and Al—Al long-bridge sites in
Ni;Al(110) (labeled as B1—B8). For the NiyAl surfaces with
antisite defects shown in Figure 1b—e,g—j, they have the same
types of adsorption sites as shown in Figure 2, so it is not
necessary to display them here. In this work, the surface
configurations with and without antisite defects are investigated
sequentially under different oxygen coverages, and the most
energetically stable surface configuration from the low oxygen
coverage is subsequently used as a starting structure to
determine the next stable configuration from the higher oxygen
coverage.

The relative stability of the various O/NiyAl(100) and O/
Ni;Al(110) surfaces is analyzed by calculating the averaged
binding energy per oxygen atom. Here, we define the oxygen
coverage 6 as the ratio of the number of the oxygen atoms to

that of the atoms in the substrate surface layer. The unit of the
oxygen coverage is monolayer (ML), and 1 ML is defined as
four absorbed oxygen atoms per (2 X 2) surface cell. The
averaged oxygen binding energy of the surface as a function of
the oxygen coverage 0 is calculated as

L 4 d
E(0) = F{EO/NiSAl - [EIEIi3A1 + (NY — N{)Ey
o

+ (Nj — NR)Ey + NoEol} 3)

where ES /Ni,a1 is the total energy of the O-adsorbed Ni;Al slab.

Note that the oxygen binding energy defined by eq 3 includes
the change of the surface free energy when a surface antisite
defect is involved.

The surface phase diagrams of the Ni;AI(100) and
Ni;Al(110) surfaces are designed by the surface energy

o d d
o, = Eo/nijal — EI[\)Ii3A1 — (Nni — NQ)Ey
d
— (Ny — NRQ)DEy — NoEo (4)

Generally, the chemical potential of a specified species is
equal at equilibrium in all contact phases, i.e., Ni;Al alloys and
molecular O,. However, these chemical potentials are not
simply the total energies of a certain atom or molecule. In order
to avoid the formation of metallic Ni and Al phases, the
chemical potentials of Ni and Al must follow Ey; < E& and Ey;
< E5*, We particularly suppose that the chemical potential of a
specified species in the Ni;Al surface is equal to that in bulk
Ni;Al; the relation equation follows as 3Ey; + E = Elﬁil;l Thus,

the chemical potential of Al satisfies the constraint E, > EbN‘}l}lf\]

— 3Ey;. The chemical potential of O is allowed to vary with an
upper limit determined by the O, molecule, which is Eq <
%EOZ. Combing the results from our ab initio calculations for
bulk Ni3Al, bulk Ni, bulk Al, and molecular O,, the ranges of
the chemical potentials are determined from our calculations to

be —5.609 eV < E, < —3.675 eV and —5.609 eV < E, < —4.89
eV.
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Figure 3. Calculated surface energies of clean Ni;Al(100) (a) and -(110) (b) with different surface defects as functions of the chemical potential of

Al

DOI: 10.1021/acs.jpcc.7b04674
J. Phys. Chem. C 2017, 121, 19191-19200


http://dx.doi.org/10.1021/acs.jpcc.7b04674

The Journal of Physical Chemistry C

3. RESULTS
3.1. Clean Surfaces of Ni;Al(100) and Ni;Al(110). We

first investigate the relative stability of various atomic
configurations of the clean Ni;Al(100) surfaces (before oxygen
adsorption). Here, we consider the cases of the perfect surface
without antisite defects [Figure la, referred to as Ni;Al(100)]
and surfaces with one and two Al antisite defects [Figure 1b,c,
denoted Ni;Al(100)-1Al, Ni;Al(100)-2Al1] and one or two Ni
antisite defects [Figure 1d,e, denoted Ni;Al(100)-1Ni, Ni;Al-
(100)-2Ni]. It should be noted that the topmost surface layer
of either Ni;AI(100)-2Al or Ni;Al(100)-2Ni is composed of all
Al atoms or all Ni atoms. The calculated relative surface
energies of the perfect surface and four Ni;Al(100) surfaces
with different surface antisite defects (Figure 2a—e) as the
functions of E, are shown in Figure 3a. We can observe that
the perfect NiyAl(100) surface always has a lower surface
energy than other surface configurations with the antisite
defects. This fact indicates that the perfect Ni;Al(100) surface is
thermodynamically stable all the time before oxygen
adsorption.

We then investigate the relative stability of the various atomic
configurations of the clean Ni3Al(110) surfaces. Here, we
consider similarly the cases of the perfect surface without
antisite defects [Figure 1f, referred to as Ni;Al(110)] and
surfaces with one and two Al antisite defects [Figure 1gh,
denoted Ni;Al(110)-1Al, Ni;Al(110)-2Al1] and one or two Ni
antisite defects [Figure 1ij, denoted Ni;AlI(110)-1Ni, Ni,Al-
(110)-2Ni]. The topmost surface layer of either Ni;Al(110)-
2Al or Nij;Al(110)-2Ni is composed of all Al atoms or all Ni
atoms. The calculated relative surface energies of the perfect
Ni;Al(110) surface and four surfaces with the different surface
antisite defects (Figure 1g—j) as the functions of E, are shown
in Figure 3b. We can observe that the Ni;Al(110)-1Ni and
Ni;Al(110)-2Ni surfaces always have a higher surface energy
than the perfect Ni;Al(110) surface. This fact indicates that the
segregation of Ni atoms to the surface layer is thermodynami-
cally unfavorable. On the other hand, each of the other three
surfaces [Ni;Al(110), Ni;Al(110)-1Al, and Ni,Al(110)-2Al]
could represent the most stable configuration in some particular
range of the Al chemical potential, which indicates that Al
atoms possibly segregate to the surface from the bulk naturally.
In particular, the perfect Ni;Al(110) surface is the lowest over
the dominant range of the chemical potential of Al At the
slightly greater Al chemical potential, the Ni;Al(110) surface
with one Al antisite [Ni3Al(110)-1Al] is the most stable,
suggesting that Al atoms can segregate to the surface layer of
the substrate under the Al-rich condition. Additionally, the
surface energy of the Ni;Al(110)-2Al has the lowest energy at
very high Al chemical potential, that is, under the extremely Al-
rich condition.

3.2. Adsorption of Oxygen. The possible oxygen
adsorption sites on the perfect Ni;Al(100) and -(110) surfaces
are shown in Figure 2. The Ni;Al(100) and -(110) surfaces
with antisite defects (as shown in Figure 1) have the same type
of surface sites for oxygen adsorption as shown in Figure 2a,b,
which are thus not displayed here. The number of calculated
possible oxygen adsorption sites is significantly reduced by
considering the rotational and mirror symmetries of the system.
Figure 4 shows the calculated average oxygen binding energies
per oxygen atom as a function of the oxygen coverage for the
most stable configuration of oxygen on the perfect Ni;Al(100),
Ni,Al(100)-1Al, Ni;Al(100)-2A1, Ni,Al(100)-1Ni, and Ni,Al-

5] —e— O/Ni,Al(100)
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Figure 4. Calculated binding energy per oxygen atom at the most
stable adsorption site as a function of the oxygen coverage for the O/
Ni;Al(100), O/Ni;Al(100)-1Al, O/Ni;Al(100)-2Al, O/Ni;Al(100)-
INi, and O/Ni;Al(100)-2Ni and O/Ni;Al(110), O/Ni;Al(110)-1A],
O/Ni;Al(110)-2Al, O/Ni;Al(110)-1Ni, and O/Ni;Al(110)-2Ni surfa-
ces.

(100)-2Ni and the perfect Ni;Al(110), Niz;Al(110)-1Al,
Ni;Al(110)-2A1, Ni;Al(110)-1Ni, and Ni;Al(110)-2Ni. The
binding energies for the oxygen with the different Ni antisite
defects at the top layer of the NijAl(100) and Ni;Al(110)
surfaces are always higher than that of the perfect Ni;Al surfaces
and the Ni;Al surfaces with Al antisite defects, which means
that the Ni;Al(100) and Ni,Al(110) surfaces with the different
Ni antisite defects are unstable in the process of oxidation.
The lowest oxygen binding energies for the Ni;Al(100)
surfaces could be for the Ni3Al(100)-1Al or NiyAl(100)-2Al
surface in different situations. Specifically, at the beginning
oxygen coverage (0.25 ML), the binding energy of oxygen with
the Ni;Al(100)-1A1 surface is lower than that of the
Ni;Al(100)-2A1 surface. At the oxygen coverage of 0.5 ML,
the oxygen binding energy for the Ni;Al(100)-2A1 surface
surpasses that the NijAl(100)-1Al surface slightly. With
increasing the oxygen coverage to 0.75 ML and then to 1
ML, the binding energy for the Ni;Al(100)-2Al suface becomes
the lowest, and the difference in the values of the binding
energies of those two surfaces increases. As discussed in section
3.1, the perfect Ni;Al(100) surface represents the most stable
configuration among the clean surfaces with and without
antisite defects, while in the process of oxidation the
Ni,AI(100) surfaces with different Al antisite defects become
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Figure S. Calculated three-dimensional surface phase diagrams (a, b) and the corresponding two-dimensional surface phase diagrams (c, d) at the
different surfaces of Ni;Al(100) and NizAl(110) as functions of E, and E. Each plane corresponds to one of the tested surface configurations, and

only the most stable configurations are considered.

the more stable configuration. The calculation results show that
the adsorption of oxygen can enhance the surface segregation
of A], resulting in the formation of the top surface layer with all
the Al atoms. For Ni;Al(110), the oxygen binding energies for
the Ni;Al(100)-2Al surface are always the lowest. While the
perfect Ni;Al(110) surface represents the most stable
configuration among the clean surfaces over the dominant Al
chemical potentials, adsorption of oxygen also enhances the
surface segregation of Al, the same as for the Ni;Al(100)
surfaces. Those results are similar to the surface segregation of
boron upon hydrogen adsorption on the Si(111)—B sur-
face. >

3.3. Surface Phase Diagram. In order to further
understand the oxidation characteristics of the Ni;Al surfaces
from the thermodynamics point of view, we construct three-
dimensional surface phase diagrams of relative surface energies
as functions of the chemical potentials of both E,  and Eq for
oxygen adsorption on the different Ni;Al(100) and Ni;Al(110)
surfaces, as shown in parts a and b of Figure S, respectively.
Three dimensional surface diagrams were previously used to
elucidate the oxidation mechanism of other similar systems.***”
Projecting the lowest surface free energies of the different

Ni;Al(100) and Ni;Al(110) surfaces in the three-dimensional
surface phase diagram onto the two-dimensional plane, we can
obtain the corresponding two-dimensional surface phase
diagrams, which are shown in parts ¢ and d of Figure 5,
respectively.

For the Ni;Al(100) surface, we can observe that under the
O-poor condition, the perfect Ni;Al(100) is the most stable
one. As the oxygen content increases, the 40/Ni;Al(100)-2Al
surface (corresponding to the O coverage of 1 ML) is the most
stable configuration, which occupies the most part of the Al
chemical potential space. This suggests that O induces the
complete Al surface segregation. Note that under the O-rich
condition, both 40/Ni;Al(100)-2Al and 40/Ni;Al(100)-1Al
surfaces can be the most stable configuration, depending on the
range of the Al chemical potential. The 40/Ni;Al(100)-1Al
configuration becomes the preferred one when Al is almost
oxidized in the area. Since the space occupied by the 40/
Ni;Al(100)-2Al configuration (under the O-rich condition) is
much larger than that by the 40/Ni;Al(100)-1Al configuration,
the former is thermodynamically more favorable, implying that
all the Al atoms can be totally oxidized during the oxidation
process.

DOI: 10.1021/acs.jpcc.7b04674
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Figure 6. Schematic side views of the atomic structure of 10/Ni;Al(100)-1Al (a), 20/Ni;zAl(100)-2Al (b), 30/Ni;Al(100)-2Al (c), and 40/
Ni;Al(100)-2Al1 (d), and 10/Ni;Al(110)-2A1 (e), 20/NizAl(110)-2Al (f), 30/Ni;Al(110)-2Al (g), and 40/Ni;Al(110)-2Al (h). Red, blue, and

pink/yellow spheres represent O, Ni, and Al atoms, respectively.

Similar to the Ni;Al(100) surface, the perfect NisAl(110)
surface is the lowest under the O-poor and Al-poor conditions.
Under the O-poor and Al-rich conditions, Ni;Al(110)-1Al is
the most stable configuration, and at the slightly greater Al
chemical potentials, NijAl(110)-2Al is the most stable,
indicating that Al segregates to the surface naturally. As the
oxygen content increases, we can observe that 30/Ni;Al(110)-
2Al becomes the most stable configuration under the Al-rich
condition, including the area occupied by the Ni;Al(110)-1Al
surface, which means that O promotes the Al segregation from
the substrate during the oxidation process. On the O-rich
chemical potential space the surface phase diagram is occupied
by 40/Ni;Al(110)-2Al under the Al-rich condition and by 30/
Ni;Al(110)-2A1 under the Al-poor condition, while the former
occupies the far larger area. Under the Al-poor condition, the
perfect Ni;Al(110) is finally oxidized to 40/Ni,Al(110)-1Al or
40/Ni;Al(110)-2A]; this also proves that O promotes the Al
segregation from the substrate.

3.4. Comparison of the Oxidation Process of Ni;Al-
(100) and -(110). As we discuss above, the surface
configurations of 10/Ni;Al(100)-1Al, 20/Ni;Al(100)-2Al,
30/Ni;Al(100)-2Al, and 40/Ni;Al(100)-2A1 have the most
negative oxygen binding energies at the different oxygen
coverages of 0.25, 0.5, 0.75, and 1 ML, respectively, for oxygen
adsorption on the Ni;Al(100) surface. The surface config-
urations of 10/Ni;Al(110)-2Al, 20/Ni;Al(110)-2Al, 30/
Ni;Al(110)-2Al, and 40/Ni;Al(110)-2A1 have the most
negative oxygen binding energies at the oxygen coverage of
0.25, 0.5, 0.75, and 1 ML, respectively, for oxygen adsorption
on the Ni;Al(110) surface. The atomic structures of those
configurations from the side view are displayed in Figure 6a—g.

Figure 6a shows the fully relaxed structure of the 10/
Ni;Al(100)-1Al configuration with the oxygen coverage of 0.25
ML. At this oxygen coverage, the oxygen atom adsorbs
preferentially at the HI site and bonds with three neighboring
Al atoms in a tetrahedral fashion (note that it is not a complete
tetrahedron due to the lack of an Al atom at the top corner).
The measured Al—O bond lengths and Al-O—Al bond angles
of this tetrahedron are 1.87, 1.87, and 1.84 A and 91.3°, 91.3°,

96.1°, respectively. By contrast, the oxygen adsorption on the
Ni;Al(110) surface occurs preferentially at the B1 site at the
coverage of 0.25 ML with the most favorable configuration of
10/Ni;Al(110)-2Al. Figure 6e shows the fully relaxed structure
with the adsorption of the oxygen atom at the BI site, where
the oxygen atom bonds with two neighboring Al atoms. The
adsorption of the first O atom causes the slight lateral relaxation
of Al atoms in 10/Ni;Al(100)-1Al, while there are no obvious
lateral or vertical shifts of the Al atoms in 10/Ni;Al(110)-2Al

For the next oxygen coverage (0.5 ML), the newly absorbed
oxygen atom for the (100) surface stays preferentially at the H4
site and the resulting most favorable configuration of 20/
Ni;Al(100)-2Al is shown in Figure 6b. It is interesting to note
that the 20/Ni;Al(100)-1Al is not the most favorable
configuration. The adsorption of two O atoms also causes the
slight lateral relaxation of Al atoms in 20/Ni;Al(100)-2Al. For
the (110) surface, the newly absorbed surface oxygen atom
stays preferentially at the B6 site, and the resulting most
favorable configuration of 20/Ni;Al(110)-2Al is shown in
Figure 6f. It can be noted from Figure 6f that the positions of Al
atoms in the fully relaxed structure of 20/Ni;Al(110)-2Al
change appreciably, in which two of the Al atoms (labeled as
yellow atoms in Figure 6f) deviate from their original lateral
positions by nearly a quarter of the lattice constant and move
upward slightly, and the newly absorbed oxygen atom leads to a
minor expansion of the top Al layer by 5.6% compared with the
perfect Ni;Al(110).

At the oxygen coverage of 0.75 ML, the newly adsorbed
oxygen on the (100) surface stays preferentially at the B2 site in
a tetrahedral fashion. Figure 6c¢ illustrates the fully relaxed
structure of the resulting 30/Ni;Al(100)-2Al configuration,
which shows the lateral displacement of two Al atoms (labeled
as yellow atoms in Figure 6¢) by nearly a quarter of the lattice
constant. More importantly, the oxygen atom that initially
resides at H4 moves to B6 after the structure relaxation,
resulting in 3.7% upward movement of the top Al layer
compared with the perfect Ni;Al(100). The newly adsorbed
oxygen on the (110) surface stays preferentially at the BS site in
the tetrahedral fashion, and Figure 6g shows the fully relaxed
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Figure 7. Fully relaxed atomic structure of the 40/Ni;Al(100)-2Al (2 X 2) supercell in the [011] (a) and [011] (b) side view, 40/Ni;Al(110)-2A1
(2 x 2) supercell in the [001] (c) and [110] (d) side view, and y-AL,O; in the [010] (e) and [100] (f) side view. Red, blue, and pink spheres

represent O, Ni, and Al atoms, respectively.

structure of the resulting most favorable 30/Ni;Al(110)-2Al
configuration. The top Al layer has slight lateral and 7.9%
upward displacement compared with the perfect Ni;Al(110)
surface.

At the final oxygen coverage of 1 ML, the newly adsorbed
oxygen at the (100) surface stays favorably at the tetrahedral
site of H3. Figure 6d shows the fully relaxed structure of the
resulting 40/Ni;Al(100)-2Al configuration, from which the Al
atoms in the top layer are measured to have undergone the
upward relaxation by 7.2% compared to the perfect Ni;Al(100)
surface. For the Ni;Al(110) surface, the newly adsorbed oxygen
stays preferentially at the tetrahedral site of H4, and the fully
relaxed structure of the most favorable 40/Ni;Al(100)-2AI
configuration is shown in Figure 6h. The oxygen adsorption at
the coverage results in the upward elevation of the Al atoms in
the top layer by 11.2% compared to the perfect Ni;Al(110)
surface.

We further compare the atomic structure of the most
favorable configurations of the (100) and (110) surfaces at the
oxygen coverage of 1 ML with the structure of bulk Al oxide.*®
Figure 7a illustrates the atomic structure of the 4O/Ni;Al-
(100)-2Al surface in the [011] side view, which shows that the
Al atoms tend to locate at the separate atomic planes to develop
a corrugated surface configuration, while most of the O atoms
tend to have a similar surface height. For comparison, Figure 7e
illustrates the bulk y-AL,O; along the [010] side view, which
shows that Al atoms locate at alternate atomic layers and O
atoms locate at the same atomic plane, similar to the
configuration shown in Figure 7a. Figure 7b shows the 40/

Ni;AI(100)-2Al structure in the [011] side view and the bulk y-
ALO; along the [100] side view (Figure 7f), and both show
similar corrugations in the positions of Al and O atoms. The
average Al—O bond length is 1.82 A in the Al—O tetrahedrons
in bulk y-Al,O;, which is also close to the AI-O bond lengths
in the 40/Ni;Al(100)-2Al configuration (the average Al—O
bond lengths of 1.79 A). The densities of Al and O in bulk y-
AL Oj are 0.1 and 0.15 atom/A?, respectively, while the surface
densities of Al and O atoms are 0.16 atom/A? for both Al and
O in 40/Ni;Al(100)-2AL Compared to bulk y-ALO;, the 40/
Ni;Al(100)-2Al configuration has a higher density of oxygen
atoms, suggesting that the top surface of Ni;Al(100) is
completely oxidized at this oxygen coverage. The higher
density of Al in 40/Ni;Al(100)-2Al causes a shorter Al—-O
bond length compared to that of bulk y-ALO;.

Figure 7c illustrates the fully relaxed structure of 40/
Ni;Al(110)-2Al along the [001] side view, which shows that the
surface heights of both Al and O atoms vary greatly, different
from the structure of the bulk y-Al,05 (Figure 7e). Figure 7d
illustrates the fully relaxed structure of 40/Ni;Al(110)-2Al
along the [110] side view, which shows that the O and Al
atoms do not occupy the entire surface, leaving some open area.
The surface densities of both Al and O are 0.11 atom/A? in
40/Ni;Al(110)-2Al, which require the incorporation of more
oxygen atoms in order to reach the same density of O in bulk -
AlLO;. Therefore, the 1 ML of oxygen coverage is still not
sufficient to form a y-Al,Oj-like configuration, and more O
atoms are required to adsorb into the 40/NiyAl(110)-2Al
surface. The average Al—O bond length is 1.84 A in the Al-O
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Figure 8. Diffusion pathway of Ni;Al(100) to develop one surface antisite defect (a—g) and then two surface antisite defects (g—i). Diffusion
pathway of Ni;Al(110) to form one surface antisite defect (j—p) and then two surface antisite defects (p—r). Blue and pink spheres represent Ni and

Al atoms, respectively.

tetrahedrons in 40/Ni;Al(110)-2Al and the lower density of O
leads to a larger AlI—O bond length.

4. DISCUSSION

The DFT results described above show that the perfect surface
is the most stable configuration for the Ni;Al(100) surface,
whereas Al antisite defects tend to segregate at the Ni;Al(110)
surface under the nonoxidizing conditions. Such a difference in
the two surfaces can be attributed to two reasons. First, the
(110) surface has a more open structure than the more densely
packed (100) surface, suggesting that the segregation of larger
atoms (i.e., Al) to the (110) surface can be more favorable than
to the (100) surface (the atomic radii for Ni and Al are 0.124
and 0.143 nm, respectively). In addition, the interlayer spacing
for the (110) surface is smaller than that for the (100) surface,
which may also facilitate the segregation of Al atoms from the
subsurface region to the outer surface.

Our results further show that the oxygen adsorption
enhances the Al surface segregation, resulting in the formation
of a complete Al surface layer at the initial stage of oxidation for
both surfaces. We reach this result by assuming a perfect NizAl
supercell slab underneath the surface layer. This can be
reasonable if one considers the bulk as an infinite reservoir that
can supply Al atoms to the surface layer while causing no
changes in composition itself. In reality, however, the oxygen-
adsorption-induced formation of Al antisite surface defects
requires atom exchanges between the surface and subsurface
region. Therefore, the subsurface region is also involved from
the beginning of the oxidation process.

As seen in Figure 8a, the formation of Al antisites at the
(100) and (110) surfaces requires exchanges of atoms between
the topmost and the third layers, because the second layer is
pure Ni. Therefore, our calculations involve the migration of Al
atoms in the third layer through the second layer and then to
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the topmost layer. In this process, an Al atom in the third layer
has to exchange the positions, first with a Ni atom in the second
layer and then with the Ni atom in the surface layer. Figure 8a—
g displays the intermediate snapshots from the NEB-obtained
minimum energy reaction path for the formation of an Al
antisite on the Ni;Al(100) surface. Figure 8a shows the perfect
Ni;Al(100) surface without any antisite defects. Figure 8b
shows that the atomic exchange can be initiated by the inward
migration of the Ni atom in the second layer to an adjacent
octahedral interstitial site between the second and third atomic
layers (the octahedral site is more favorable than the tetrahedral
site because of its larger volume), which results in a vacant site
in the second layer. Figure 8c shows the migration of the Al
atom in the third layer to the vacant Ni site in second layer, and
Figure 8d shows that the dislodged Ni atom in the octahedral
site now moves to the vacant Al site in the third layer. In this
way, the Al atom in the third layer moves to the second layer by
exchanging its site with the Ni atom in the second layer through
the interstitial octahedral sites. Similarly, the Al atom in the
second layer exchanges with the Ni atom in the first layer
through the interstitial octahedral site between the first and
second layers, which eventually results in the formation of an Al
antisite in the first layer (Figure 8d—g). Figure 8h,i corresponds
to the configurations for the formation of the second Al antisite
on the (100) surface, which results in a pure Al surface layer.
The formation of Al antisite defects on the Ni;Al(110) surface
can occur in the same way through the interstitial octahedral
sites, as shown in Figure 8j—r. It is worth mentioning that the
presence of point defects in a real sample can significantly
facilitate such atom exchanges.

We now consider the effect of oxygen adsorption on the
surface segregation of Al atoms. We calculate the system energy
by adsorbing four oxygen atoms into each of the intermediate
configurations (shown in Figure 8a—r) at the hollow sites of the
surface, which corresponds to 1 ML of oxygen coverage, the
highest oxygen coverage examined in our study. Figure 9 shows
the total energy difference of the intermediate configurations
with 1 ML of oxygen coverage. It can be seen that the oxygen
adsorption promotes Al segregation for both the (100) and
(110) surfaces and such an effect is even stronger for
Ni;Al(110) because the system energy for the Ni;Al(110)
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449 ——40/Ni,Al(100)
{ ——Ni,Al(110) ©
2 — 40/Ni,Al(110)
| () ®
E N (@)
) 0}
= J
24
4 ] T -

T T T T
1 2 3 4

[

Reaction coordinate

Figure 9. Comparison of the system energies for Ni;Al(100) and
Ni;Al(110) before and after oxygen adsorption onto the surface of the
configurations shown in Figure 8a—r.

surface is always lower than that for Ni;Al(100). It can also be
noted from Figure 9 that the system energy for the Ni;Al(110)
surface with two Al antisite defects increases dramatically with
the oxygen adsorption (such an effect does not show up for the
(100) surface). This may be related to the presence of pure Ni
layers in the subsurface region of the (110) surface. As shown
in Figure 8r, the formation of two Al antisite surface defects
results in three pure Ni layers in the subsurface region, which
may be highly unfavorable after the oxygen adsorption and
likely undergoes further composition evolution by atom
exchanges with deeper layers in the bulk. Further investigations
to elucidate this composition evolution are needed but are
beyond the present study.

5. CONCLUSION

Using the DFT method and thermodynamics calculations, we
perform a comparative study of the oxygen adsorption and
thermodynamic stabilities of the various Ni;Al(100) and
Ni;Al(110) surfaces. The relative surface energies of the clean
Ni;Al(100) and NiyAl(110) surfaces with different surface
antisite defects as functions of the chemical potential of Al are
obtained, and we find that the perfect surface is the most stable
configuration for the Ni;Al(100) surface, whereas Al antisite
defects tend to segregate at the (110) surface under the
nonoxidizing conditions. We have constructed the surface
phase diagrams for the O—Ni;Al(100) and O—Ni;Al(110)
surfaces with different antisite defects under different oxygen
coverages. The surface phase diagrams show that the oxygen
adsorption enhances the Al surface segregation, resulting in the
formation of a complete Al surface layer at the initial stage of
oxidation. Compared with the O—Ni;Al(100) and O—Ni,Al-
(110) surfaces, the Ni;Al(100) surface is thermodynamically
more favored to oxidize completely at a lower oxygen coverage.
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