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Abstract: Molybdenum-rhenium alloys are usually used as the wall materials for high-temperature
heat pipes using liquid sodium as heat-transfer medium. The corrosion of Mo in liquid Na is a key
challenge for heat pipes. In addition, oxygen impurity also plays an important role in affecting the
alloy resistance to Na liquid. In this article, the adsorption and diffusion behaviors of Na atom on
Mo (110) surface are theoretically studied using first-principles approach, and the effects of alloy
Re and impurity O atoms are investigated. The result shows that the Re alloy atom can strengthen
the attractive interactions between Na/O and the Mo substrate, and the existence of Na or O atom
on the Mo surface can slower down the Na diffusion by increasing diffusion barrier. The surface
vacancy formation energy is also calculated. For the Mo (110) surface, the Na/O co-adsorption can
lead to a low vacancy formation energy of 0.47 eV, which indicates the dissolution of Mo is a potential
corrosion mechanism in the liquid Na environment with O impurities. It is worth noting that Re
substitution atom can protect the Mo surface by increasing the vacancy formation energy to 1.06 eV.

Keywords: Mo-Re alloy; Na adsorption and diffusion; surface vacancy; first-principles calculation

1. Introduction

Alkali metal heat pipes (HPs) are initially designed for heat transfer in space nuclear
power systems, of which the operating temperature is typically from 800 K to 1800 K. HPs
using alkali metals are also promising in advanced energy and power systems such as high-
efficiency waste heat utilization [1], hypersonic vehicles [2], and molten salt reactors [3].

A heat pipe consists of a sealed shell, wick structure and a vapor chamber containing
working fluid, which is normally filled after the shell is evacuated [4]. Heat transfer in a
heat pipe is achieved passively by the phase change and the circulation of the working
fluid [5]. Different types of working fluid and shell material are adopted in heat pipes used
under different working conditions. The type of heat pipe can be divided into four main
types according to their working temperature: low temperature heat pipe (−270~0 ◦C),
normal temperature heat pipe (0~200 ◦C), medium temperature heat pipe (200~600 ◦C)
and high temperature heat pipe (above 600 ◦C) [6].

Alkali metal heat pipes operating at temperature above 800 K have typically been
constructed taking liquid alkali metal: potassium, sodium, or lithium as the working fluid
due to their high-power capacity and great thermal stability [7]. For alkali metal heat
pipes used in nuclear power systems, a key requirement is the compatibility of structure
materials with both nuclear fuel and alkali metal [8]. Refractory metals and alloys, for
owning both high creep strength at high temperatures and excellent compatibility with
alkali liquid metals as well as nuclear fuel, are often applied as the shell material of alkali
metal heat pipes [9]. Molybdenum (Mo) is a kind of refractory metal that is reported to be
one of the greatest candidates for use of alkali metal heat pipe walls [10–13]. Recently, Mo
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alloys are also considered as structural materials using in nuclear reactors [14,15]. However,
pure Mo becomes brittle at about room temperature and below, which impacts heavily
not only on the fabrication of heat pipes, but also the transportation process that easily
leading to heat pipe breakage [16,17]. To tackle this problem, adding rhenium (Re) into
pure molybdenum is found to be effective in enhancing low temperature ductility while
also improving the high-temperature strength and creep resistance, known as the “rhenium
effect” [18,19]. Mo-Re alloy has great advantage in high temperature heat pipes, where the
operating environment is usually highly oxidizing and corrosive.

One issue for Mo-Re alloy in the heat pipe is the corrosion induced by the liquid metal
working fluid and impurities. Studies have shown that dissolution, mass transfer and
impurity reactions are the major corrosion mechanisms in refractory metal-alkali systems.
Meanwhile, the most serious corrosion problems encountered are related to impurity
reactions associated with oxygen [20]. Even though the addition of Re can improve the
low temperature ductility, creep resistance and high temperature strength, it is not known
that whether the Re atom could bring an improvement on the corrosion resistance of Mo.
In addition, as the existence of oxygen (O) could lead to serious corrosion problems, it is
important to learn the chemical interaction between O and Mo surface [21]. In this study,
we used a first-principles approach to investigate basic properties such as adsorption,
diffusion properties of Na atom and O atom on the pure Mo (110) surface and Mo-Re (110)
surface. In addition, the formation of surface vacancy was calculated for evaluating if the
adsorbates can prevent Mo from dissolution.

2. Computational Methods and Model

We employed the Vienna Ab-initio Simulation Package (VASP, version 5.4, developed
by Vienna University) [22,23] to carry out our first-principles calculations. All calculations
were implemented based on density-functional theory (DFT) [24,25], using a plane wave
basis set [26]. The interactions between the core and valence electrons were described with
the projector augmented wave (PAW) approach [27,28]. Generalized gradient approxima-
tion (GGA) of the Perdew–Burke–Ernzerhof (PBE) functional [29] was adopted in all the
calculations. An energy cut-off for the plane-wave basis set was set to 380 eV for both
the relaxed and static computations. The residual force for structure optimization was
less than 0.02 eV/Å. The 7 × 7 × 1 k-point grids generated by the Monkhorst–Pack (MP)
technique [30] was found to be sufficient for the present study.

The Mo (110) surface was used to explore the interaction between Na/O atoms and
the Mo substrate because the Mo (110) surface has the lowest surface energy as reported
in Materials Project Database [31]. Mo (110)-(2 × 2) surface cell was represented by a
5-layers slab model (8 atoms per layer) with the vacuum thickness of 10 Å. The upper two
layers were fully relaxed and the bottom three layers were fixed as the bulk phase during
structure optimization. In this study, we also investigated the effect of alloy element Re on
the adsorption of Na and O atoms. For Mo-Re alloy, when the weight percentage of Re is
less than 14%, Re atoms randomly replace Mo atoms at the lattice site [32]. We considered
three adsorption sites for the Na and O atom on Mo/Mo-Re alloy: TOP site, Bridge site
and Hollow site of Mo/Mo-Re (110) surface. Top site is located over the Mo atoms of the
topmost layer, and bridge site is located between the two Mo atoms of the topmost layer,
while Hollow site is above the Mo atoms of the second layer, as is shown in Figure 1. For one
atom adsorbed on the (110)-(2 × 1) surface cell, the corresponding coverage (Θ) is 1

8 ML.
The climbing image nudged-elastic-band (CI-NEB) method was employed to calcu-

late the Na diffusion barriers between two most stable adsorption sites on Mo/Mo-Re
(110) surface [33].
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Figure 1. Structure of Mo/Mo-Re (110) surfaces and adsorption sites: (a) side view of Mo/Mo-Re (110) slab model; (b) Top
view of Mo (110) surface and (c) top view of Mo-Re surface. Blue and green spheres represent Mo atoms, and yellow spheres
represent Re atoms.

3. Results and Discussion
3.1. Model Verification

Molybdenum (Mo) has a body centered cubic (bcc) structure with an experimental
lattice constant of 3.14 Å [34] and each conventional cell has 2 atoms. The theoretical lattice
constant found in this study is 3.15 Å which agrees well with the experimental value.

In order to find out the thermodynamically most stable surface structure of bcc-Mo,
the surface energy is calculated by the following equation:

σ = (Eslab − n× Ebulk)/(2A) (1)

where A is the surface area and n is the number of atoms in the slab model, Eslab is the total
energy of the surface, Ebulk is the energy per Mo atom of the ground state structure.

The surface energies of low-index Mo surfaces are shown in Table 1. The surface
energies of Mo (100), Mo (110) and Mo (111) are 0.22 eV/Å2, 0.17 eV/Å2 and 0.18 eV/Å2,
respectively. Our results are the same with date reported in Materials Project Database [31].
All above results demonstrate that the input parameters and surface models used in
the present study are reliable. In addition, considering that Mo (110) surface has the
lowest surface energy, we focus on understanding Na and O adsorption properties on this
energetically most stable surface.

Table 1. Surface energies of low-index surfaces.

Surface Energy(eV/Å2)

Surface Present Calculation Materials Project Database
(100) 0.22 0.22
(110) 0.17 0.17
(111) 0.18 0.18

3.2. Na Atom and O Atom Adsorption

The adsorption behaviors of Sodium atom on both Mo (110) and Mo-Re (110) surfaces
are investigated firstly. In the current calculations, the adsorption energy for the Na atom
adsorbed on the Mo (110) or Mo-Re (110) surfaces is defined as:

Eads = E(Mo/Mo−Re)−Na − E(Mo/Mo−Re)slab − ENa (2)
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Here E(Mo/Mo−Re)−Na is the total energy of the adsorbate–substrate system, E(Mo/Mo−Re)slab
is the total energy of the clean Mo/Mo-Re surface, and ENa is the average energy of BCC Na.
A negative Eads value indicates the attractive interaction between the adsorbate and the
substrate. The more negative adsorption energy implies the stronger attractive interaction
between the adsorbate and the substrate.

Figure 2 shows the Initial states and final states of Na adsorption Mo (110) and Mo-
Re (110) surfaces. The adsorption energies and structural parameters of Na on Mo or
Mo-Re (110) surfaces are given in Table 2. For the Mo (110) surface, the hollow site is the
energetically most favored for Na adsorption and the corresponding energy is−0.51 eV. The
Bridge site is second preferred for Na adsorption with the adsorption energy of −0.44 eV.
The Top site is a stable one for Na adsorption, but the adsorption energy is only −0.35 eV.
For Mo-Re (110) surface, all un-equivalent Top, Hollow and Bridge sites are considered
for Na adsorption. For each type of adsorption site, only the initial and final sites with the
lowest energy are collected and shown in Figure 2 and Table 2. Compared with the pristine
Mo (110) surface, Mo-Re (110) surface provides stronger affinity to the Na atom. It is worth
noting that the Na atom initially placed at the Bridge site moves towards the Re atom after
the structure optimization, as can be seen in Figure 2f, and this configuration delivers the
lowest adsorption energy of −0.60 eV. The adsorption energies of Na adsorption on the
Top site and Hollow site of Mo-Re (110) surface are −0.43 eV and −0.56 eV, respectively.
The average vertical distance between adsorbed Na atom and the top layer (dNa−sur) is also
listed in Table 2. It is interesting to found that the Na adsorption energy is proportional to
dNa−sur f (Figure 3). A shorter distance between the Na atom and the top layer indicates a
stronger attractive interaction. Both energetical and geometric parameters indicate that
the Re atom can strengthen the attractive interaction between Na and the Mo surface. The
electronic structure is analyzed for understanding the effect of Re atom on Na adsorption.
On the Mo (110) surface, the Na atom only interacts with Mo atoms in the upmost layer, as
shown in Figure 4a. The Re atom can significantly affect the charge redistribution induced
a by Na adsorption. As shown in Figure 4b, electrons from the Mo settled in the second
atomic layer migrate to the first layer, resulting to great electron accumulation. In this case,
the columbic attraction between the Na atom and the substrate is enhanced and lead to a
lower adsorption energy.

Figure 2. Initial and final configurations of Na adsorption on Mo (110) and Mo-Re (110) surfaces.
Snaps (a–c) show Na atoms initially placed at Top site, Hollow site and Bridge site of Mo (110) surface.
Snaps (d–f) show Na atoms initially placed at Top site, Hollow site and Bridge site of Mo-Re (110)
surface. Blue and green spheres represent Mo atoms in the first layer and the second layer. Yellow
and purple spheres represent Re atoms and Na atoms, respectively.
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Table 2. Adsorption energy of Na on Mo (110) and Mo-Re (110) surfaces. Eads is the adsorption energy,
and dNa−sur f is the vertical distance between the adsorbate and the top layer of the slab model.

Surface Initial Site dNa−sur (Å) Eads (eV) Final Site

Mo (110)
Top 2.92 −0.35 Top

Hollow 2.74 −0.51 Hollow
Bridge 2.82 −0.44 Bridge

Mo-Re (110)
Top 2.82 −0.43 Top

Hollow 2.71 −0.56 Hollow
Bridge 2.68 −0.60 Bridge

Figure 3. Na adsorption energy as the function of the average distance between the Na atom and the
top layer of the substrate.

Figure 4. Difference charge density of Na adsorption at the hollow site of (a) Mo (110) surface and
(b) Mo-Re (110) surface. The red isosurface represent the electron accumulation region, while the
green isosurface represent the electron depletion region. The Re atom is located in the center of Mo
(110) surface, as shown in Figure 1c.
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The adsorption energies of O on Mo and Mo-Re (110) surfaces are also investigated
in the present study (Table 3). The adsorption energy for the O atom adsorbed on the
Mo/Mo-Re (110) surfaces is defined as

Eads = E(Mo/Mo−Re)−O − E(Mo/Mo−Re)slab −
1
2

EO2 (3)

where E(Mo/Mo−Re)−O is the total energy of the adsorbate–substrate system, E(Mo/Mo−Re)slab
is the total energy of clean Mo/Mo-Re surfaces, and EO2 is the energy of an isolated O2
molecule. The adsorption energy of a single O atom on the surface is always calculated to
characterize the oxygen-substrate interactions for refractory materials, and the energy of
an O atom is usually referenced to the half of the O2 molecule [35–37].

Table 3. Adsorption energy of O on Mo/Mo-Re (110) surface.

Surface Initial Site dO−surf (Å) Eads (eV) Final Site

Mo (110)
Top 2.18 −2.80 Top

Hollow 1.15 −4.09 Hollow
Bridge 1.15 −4.09 Hollow

Top 1.73 −2.82 Top
Mo-Re (110) Hollow 1.14 −4.14 Hollow

Bridge 1.14 −4.14 Hollow

As listed in Table 3, The Hollow site is energetically preferred for O adsorption on
the Mo (110) surface with the adsorption energy of −4.09 eV. It is worth noting that the O
atom initially placed at the Bridge site will spontaneously move to the Hollow site after
the structure optimization as shown in Figure 5c. The O atom can also be stabilized at
the Top site, but the adsorption energy is only −2.80 eV. As with Na on Mo (110) surface,
the shorter vertical distance between O atom and the substrate (dO−sur f ) leads to a lower
(more negative) adsorption energy. For the Mo-Re (110) surface, the Hollow site is also
the most favored for O adsorption and the corresponding adsorption energy is −4.14 eV,
which is even 0.05 lower than the adsorption energy of O at the Hollow site of Mo (110)
surface. It is worth mentioning that all un-equivalent Hollow sites around the Re atoms
are checked, and Figure 5 as well as Table 3 demonstrates configurations with the lowest
energy. As with the pristine Mo (110) surface, the O atom initially placed at the Bridge
site of the Mo-Re (110) surface will move to the Hollow site after the structure relaxation.
In addition, the O atom can be stabilized at the Top site with a much higher adsorption
energy of −2.82 eV. As with Na adsorption, the Re atom in the surface can also strengthen
the attractive interaction between the adsorbed O atom and the Mo-based substrate.
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Figure 5. Initial and final configurations of O adsorption on Mo (110) and Mo-Re (110) surfaces. Scheme 110. surface. Snaps
(a–c) show O atoms initially placed at Top site, Hollow site and Bridge site of Mo (110) surface, while snaps (d–f) show O
atoms initially placed at Top site, Hollow site and Bridge site of Mo-Re (110) surface. Blue and green spheres represent Mo
atoms in the first layer and the second layer. Yellow and red spheres represent Re atoms and O atoms, respectively.

3.3. Impact of O on Na Adsorption and Diffusion

O is the key impurity in liquid metal for the high-temperature heat pipe. The impact
of pre-adsorbed O on Na adsorption behavior is also investigated. The configurations of
pre-adsorbed O atom are adopted from Figure 6b,e. The adsorption energy for the Na on
surface with a pre-adsorbed O is defined as

Eads = E(Mo−O/Mo−Re−O)−Na − E(Mo−O/Mo−Re−O)slab − ENa (4)

where E(Mo−O/Mo−Re−O)−Na is the total energy of the adsorbate–substrate system,
E(Mo−O/Mo−Re−O)slab is the total energy of Mo or Mo-Re surface with a pre-adsorbed
O atom, and ENa is the energy of an Na atom in the BCC structure. In Equation (4), the
subscript Mo-O represents the Mo (110) surface with a pre-adsorbed O atom and Mo-Re-O
represent the Mo-Re (110) surface with a pre-adsorbed O atom.

All un-equivalent sites are considered and only the configurations with the lowest
energies are shown in Figure 6. Adsorption energies and geometric parameters are given in
Table 4. It is found that Na atoms initially placed at Top and Bridge sites move to Hollow
sites after the optimization. The former one occupied the Hollow site which is 6.02 Å
away from the pre-adsorbed O atom, and latter one occupied the Hollow site which is
only 2.35 Å away from the O atom. However, these two final configurations lead to the
same adsorption energy of 0.52 eV. For the Na atom initially placed at the Hollow site, the
adsorption energy is −0.53 eV with dNa−O = 2.36 Å. It can be inferred that the O atom
does not affect the adsorption behavior of the Na atom.
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Figure 6. The initial and final configurations of Na atom adsorption on Mo-O (110) and Mo-Re-O (110) surface. Snaps
(a–c) show Na atoms initially placed at Top site, Hollow site and Bridge site of Mo-O (110) surface, while snaps (d–f) show
Na atoms initially placed at Top site, Hollow site and Bridge site of Mo-Re-O (110) surface. Blue and green spheres represent
Mo atoms in the first layer and the second layer. Yellow, purple and red spheres represent Re atoms, Na atoms and O
atoms, respectively.

Table 4. Na adsorption energy on different surface models.

Surface Initial Site dNa−O (Å) dNa−sur (Å) Eads (eV) Final Stie

Mo-O (110)
Top 6.02 2.78 −0.52 Hollow

Hollow 2.36 2.68 −0.53 Hollow
Bridge 2.35 2.83 −0.52 Hollow

Mo-Re-O (110)
Top 2.37 2.76 −0.54 Hollow

Hollow 4.77 2.71 −0.61 Hollow
Bridge 3.18 2.77 −0.57 Bridge

For the Mo-Re (110) surface with a pre-adsorbed O, Na initially placed at the top site
will spontaneously move to a Hollow site which is close to the O atom (dNa−O = 2.37 Å)
as shown in Figure 6d. However, it should be noticed that the Na atom at the Hollow site
which is closer to a Re atom has lowest adsorption energy of −0.61 eV in Figure 6e. The
adsorption energy of Na at the Bridge site is −0.57 eV, which is also closer to the Re atom
in Figure 6f and has a lower adsorption energy than the Na atom shown in Figure 6d. For
the Na adsorption on the clean Mo-Re (110) surface, the adsorption energies of the Hollow
site and Bridge site are −0.56 eV and −0.60 eV. As with the Mo (110) surface, pre-adsorbed
O on the Mo-Re (110) surface cannot affect the Na adsorption behavior significantly.

Figure 7 show the energy barrier of Na migration from one most stable site to its
first-nearest most stable site is also calculated in this work using CI-NEB method. Our
theoretical results show that the diffusion barrier of Na on Mo (110) surface is 0.037 eV,
while it is 0.063 eV on the Mo-Re (110) surface. It can be inferred that the Re atom can
slower down the Na diffusion kinetics on the Mo surface. The impact of pre-adsorbed O
on the Na diffusion is also investigated. For the Mo (110) surface, the pre-adsorbed O atom
can increase the diffusion barrier to 0.087; for the Mo-Re (110) surface, the pre-adsorbed O
can significantly increase the Na diffusion barrier to 0.221 eV. Therefore, it can be inferred
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that both the existence of O impurity and Re alloy atoms can block the Na diffusion on the
Mo surface.

Figure 7. Calculated diffusion energy profiles for a Na atom diffusion on different surfaces: (a) Na diffusion on pure Mo
(110) surface; (b) Na diffusion on Mo-Re (110) surface; (c) Na diffusion on Mo (110) surface with an adsorbed O atom; (d) Na
diffusion on Mo-Re (110) surface with an adsorbed O atom.

3.4. Impact of O/Na atom Adsorption on the Vacancy Formation of Mo (110) and Mo-Re
(110) Surfaces

We propose that Mo dissolution into liquid Na is a potential scenario of Mo corrosion.
In this study, the Mo vacancy formation energy is also calculated to evaluate the effect of O
and Re on the corrosion resistance of Mo surface. The vacancy formation energy is defined
using the following Equation (5):

E f
vac = Evac−sur f ace + EMo − Esur f ace (5)

where Esur f ace stands for the energy of surfaces without vacancies, EMo is the energy of a
Mo atom in its BCC structure and Evac−sur f ace is the surface models with a Mo vacancy in
the upmost layer.

Table 5 shows that the vacancy formation energies are 1.45 eV and 1.32 eV for the clean
Mo (110) surface and the clean Mo-Re (110) surface, respectively. Therefore, introducing
Re atom into the Mo (110) surface can enhance forming surface vacancies. The surface
vacation formation energies of Mo (110) or Mo-Re (110) surface with an Na or O atom is also
calculated. A single Na atom or O atom can reduce the surface vacancy formation energy
by 0.4~0.5 eV. It can be inferred that a low coverage of Θ = 1

8 ML of Na or O can destabilize
the Mo (110) and Mo-Re (110) surface. The effect of Na/O synergetic effect on vacancy
formation is also studied. The present theoretical results show that the vacancy formation
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energy is significantly decreased when a Na atom and a O atom are co-adsorbed on the Mo
(110) surface. Therefore, it can be inferred that impurity can facilitate the dissolution of Mo
atoms and lead to corrosion. For the Na/O co-adsorption condition, the existence of Re
atom can increase the surface vacancy formation energy to 1.06 eV. Hence, Re can prevent
the Mo alloy from corrosion in liquid Na with O impurities.

Table 5. Mo vacancy formation energy on different surface models.

Adsorbate Surface Vacancy Formation Energy (eV)

Clean
Mo (110) 1.45

Mo-Re (110) 1.32

A single O atom Mo (110) 0.97
Mo-Re (110) 0.86

A single Na atom Mo (110) 0.93
Mo-Re (110) 0.90

Na and O co-adsorption Mo (110) 0.47
Mo-Re (110) 1.06

4. Conclusions

In this study, the adsorption and diffusion behaviors of Na and O atoms on BCC-Mo
(110) surface are investigated by a first-principles approach. It is found that the Hollow site
is the most energetically preferred adsorption site for a single Na or O atom. The existence
of a Re alloy atom in the first atomic layer of the surface can strengthen the attractive
interaction between the adsorbate and the substrate. The diffusion barrier of the Na atom
on the Mo (110) surface is only 0.037 eV, and the pre-adsorbed O atom and Re atom can
significantly impede Na diffusion. The surface vacancy formation energy is calculated
for evaluating the stability of the Mo (110) surface. It is found that the Na or O atom can
decrease the formation energy of the surface vacancy. It is worth noting that the Na/O
co-adsorption can significantly reduce the vacancy formation energy to 0.47 eV for the Mo
(110) surface, which indicates that the dissolution of surface atoms is a potential mechanism
for the Mo in the Na liquid with O impurity. However, Re as alloy element can increase the
resistance to the dissolution induced by Na/O co-adsorption.
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