
Article Not peer-reviewed version

Modeling of Hydrogen Atom Adsorption

and Diffusion in Ti3Sb Intermetallic

Crystal with A15 Cubic Structure

Salim MirSalim Asadov * , Solmaz Nariman Mustafaeva , Saida Oktay Mammadova

Posted Date: 3 February 2025

doi: 10.20944/preprints202502.0127.v1

Keywords: intermetallic compounds; A15 Ti3Sb; hydrogen; hydrides; supercells; DFT; adsorption; Ti3-хSbHх;

diffusion; electronic structure

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/3143637
https://sciprofiles.com/profile/3652660


 

 

Article 

Modeling of Hydrogen Atom Adsorption and 

Diffusion in Ti3Sb Intermetallic Crystal with A15 

Cubic Structure 

Salim M. Asadov 1,2,3,*, Solmaz N. Mustafaeva 4,* and Saida O. Mammadova 4,5 

1 Modeling Group, Scientific Research Institute “Geotechnological Problems of Oil, Gas and Chemistry”, 

Ministry of Science and Education of Azerbaijan, AZ1010 Baku, Azerbaijan 

2 Nagiyev Institute of Catalysis and Inorganic Chemistry, Ministry of Science and Education of Azerbaijan, 

AZ1143 Baku, Azerbaijan 

3 Azerbaijan State Oil and Industry University, Ministry of Science and Education of Azerbaijan, AZ1010 

Baku, Azerbaijan 

4 Institute of Physics, Ministry of Science and Education of Azerbaijan, AZ1143 Baku, Azerbaijan 

5 Khazar University, AZ1096 Baku, Azerbaijan 

* Correspondence: mirasadov@gmail.com (S.M.A.); solmust@gmail.com (S.N.M.) 

Abstract: For the first time, the adsorption of hydrogen on the (110) surface of the A15 Ti3Sb compound with a 

cubic structure (Cr3Si type; space group ��3��) for the accumulation of hydrogen H was calculated using the 

density functional theory methods (DFT SGGA-PBE). Taking into account the relaxation of the Ti3Sb–H system, 

the equilibrium positions of hydrogen on the Ti3Sb (110) surface were determined depending on the supercell 

size. Hydrogen adsorption on the Ti3Sb (110) surface of supercells is preferable in pit sites. The effects of 

relaxation and an increase in the supercell size (3 × 3 × 3 and 5 × 5 × 5) reduce the adsorption energy compared 

to the unrelaxed 2 × 1 × 1 supercell. The calculated band structure, curves of local and partial densities of states 

of Ti3Sb–H are used to explain the interaction of hydrogen with the Ti3Sb (110) surface. The activation energy of 

H diffusion along the coordinates tetrahedral interstitial site → tetrahedral interstitial site (TIS–TIS) and 

tetrahedral interstitial site → octahedral interstitial site (TIS–OIS), as well as the diffusion coefficient of H in the 

cubic lattice of Ti3Sb, were calculated. 

Keywords: intermetallic compounds; A15 Ti3Sb; hydrogen; hydrides; supercells; DFT; adsorption; 

Ti3-хSbHх; diffusion; electronic structure 

 

1. Introduction 

The Intermetallic alloys and compounds of metal (metalloid) – hydrogen (H) systems are used 

in various fields, including hydrogen energy for storing and transporting hydrogen [1-4]. Hydrogen 

absorption in intermetallic compounds can change the crystal structure [5] and physical properties 

[6]. These issues are of great importance for the practical use of hydrogen-absorbing materials such 

as H storage [7]. Intermetallic alloys and compounds based on titanium are also used for hydrogen 

storage. In such alloys, the hydrogen capacity is not high, for example, TiFe - 1.50, TiMn1.5 – 1.86 

TiCr1.8 – 2.43 wt.% [8]. Various methods (e.g. machine learning methods, addition or substitution of 

components [9,10], surface and heat treatment, microstructure improvement) are used to optimize 

the material properties, in particular to improve hydrogen storage performance. In addition, 

improving the properties requires obtaining information on the relationship between the 

composition, structure and activity of the efficient hydrogen storage material, in particular, based on 

Ti. 

Thus, intermetallic hydride compounds (IHC) are formed by introducing hydrogen atoms H 

into the voids of the metal crystal lattice, which expands the lattice (for different materials from 10 to 

30%) [11-13]. IHC are suitable for creating hydrogen storage systems due to their hydrogen capacity 
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(1.5-3 wt.%), kinetic and thermodynamic properties (high rates of hydrogen adsorption/desorption 

at moderate pressures and temperatures). 

A class of intermetallics with stoichiometric composition A3B is known, which can crystallize in 

cubic, tetragonal and hexagonal structures [13,14]. In recent years, the properties of such compounds 

as Ti3Sb [14-18], Ti3Ir [19], Ta3Sb, Ta3Pb and Ta3Sn [20] with cubic syngony (phase A15, prototype 

Cr3Si) have been intensively studied. The absorption and diffusion of hydrogen in intermetallic 

compounds of the A15 Ti3Sb type has been poorly studied. Therefore, the study of the features of the 

interaction of hydrogen with compounds based on Ti3Sb is relevant, in particular, for the creation of 

new hydrogen storage systems [21-24]. 

However, experimental determination of the characteristics and coefficients of hydrogen 

adsorption and diffusion in a solid is difficult. Calculations based on density functional theory are 

used to study hydrogen adsorption and various adsorption sites on the surface of the material [25]. 

Reliable diffusion coefficients of atoms are determined both theoretically, for example, using Monte 

Carlo methods and diffusion rate calculations [26, 27], and by experimental methods [28]. 

However, reliable interpretation of experimental data on the adsorption and diffusion of atoms 

in a solid is difficult. This is due to the need to take into account the features of the calculation method, 

the dependence of the material properties and the determined coefficients on various factors, such as 

the structure, composition, chemical bond and shape of the sample [6,7]. 

The analysis shows that adsorption and subsequent diffusion of introduced elements into 

metallic and intermetallic systems are complex processes for experimental study. Taking this into 

account, in recent years ab initio methods for calculating the migration coefficients of gases and light 

atoms in solids have been developed [29-33], in particular, in Ti3Sb [14]. The mechanisms of diffusion 

of implanted hydrogen atoms in metallic systems are also known [28]. In these works, in particular, 

it is shown that interstitial atoms in fcc systems are not necessarily located in the usual interstitial 

sites. The diffusion of interstitial hydrogen atoms in metals is modeled taking into account phonon 

properties. In addition, it is proposed to also correct the formulas used for the diffusion coefficient. 

The task we set in this article, the study of the mechanism of hydrogen transfer in intermetallic 

structures of Al5 for storing H, has apparently not been studied to date. Such studies are needed, in 

particular, for the development of adsorption and chemical methods of dissolving and storing 

hydrogen, taking into account the properties and capacity characteristics of the hydrogen absorbent 

material [34]. 

It should be noted that the preparation of the methodology, including clean surfaces for 

experiments, in particular, in H-intermetallic systems is complex and time-consuming. From the 

analysis of the above literature, it follows that theoretical calculations related to the behavior of H on 

the surfaces of intermetallic compounds. are limited. While the interaction between H atoms or 

molecules and the surface of solids is of interest for a number of industries, for example, for the 

accumulation and storage of H2. Therefore, in order to provide further understanding of the 

mechanism of interaction of H with intermetallic surfaces, the processes of H penetration into the 

crystal lattice, we studied supercells based on Ti3Sb–H systems. 

Taking into account the above and for the development of solutions to the problems of hydrogen 

storage and the use of hydrides by accumulating hydrogen, the task considered in this article is 

relevant. Since the processes of H adsorption and diffusion in Al5 Ti3Sb occur at the atomic scale, the 

exact mechanisms leading to the change in properties and accumulation of H are not easy to 

determine experimentally.  

Modeling the interaction of particles at the atomic level can yield practically important results 

for describing adsorption and diffusion. Taking this into account, the task was set to calculate the 

parameters of adsorption and diffusion of H on the surface and in the crystal lattice of the previously 

unstudied Ti3Sb–H system. This paper does not consider issues related to the evaluation of the 

interaction of H with defects in the Al5 Ti3Sb compound with a cubic lattice. 
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The aim of this work is DFT GGA-PBE modeling of the processes of adsorption and diffusion of 

H atoms on the surface and in the bulk of the lattice of cubic supercells based on the A15 Ti3Sb–H 

system. 

2. Methodology and Calculation Models 

Possible stable positions, diffusion barriers and electronic properties of H atoms adsorbed on 

the surface of the compound A15 Ti3Sb (110) were calculated, as well as the binding energy and 

diffusion barrier of H in the bulk of Ti3Sb. We also considered the results of calculations of the 

adsorption properties from low (Θ = 0.25 ML – monolayer) to high (1 ML) hydrogen coverage of the 

surface Θ. 

The calculations of the electronic structure and structural properties of Ti3Sb–H were performed 

from first principles based on the density functional theory (DFT) [35-39]. The interaction between 

valence electrons and core electrons was considered within the pseudopotential approximation and 

the plane wave approach. The exchange-correlation energy was estimated using the Perdew–Burke–

Ernzerhof (PBE) generalized gradient approximation (GGA) [36] for solids and surfaces. To construct 

molecular orbitals, a plane wave basis set with an energy cutoff of 325 eV was used for supercells 

with different sizes (2 × 2 × 1, 2 × 2 × 2, 3 × 3 × 3 and 5 × 5 × 5) of k-points [14,17,20]. Convergence tests 

of the k-point set showed that this energy cutoff was sufficient to determine the total energy to an 

accuracy of better than 0.1 meV/atom. Integration over the Brillouin zone was carried out in 

accordance with the Monkhorst-Pack scheme using a k-point grid separation of 0.03 Å-1. The 

following valence states of orbitals were used for the atomic configurations: Ti – [Ar] 3d24s2, Sb – [Kr] 

4d105s25p3 and H – 1s1. The geometry optimization of the crystal structures based on A15 was carried 

out within the framework of the BFGS minimization scheme [40]. To determine the convergence of 

the geometric parameters of the crystal, a force limitation of 0.02 eV/Å was applied. The following 

threshold values were used for convergent Ti3Sb–H supercells: energy change per atom, maximum 

residual force, maximum atomic displacement and maximum stress less than 110-7 eV, 110-4 eV/Å, 

110-4 Å and 0.001 GPa, respectively. For comparison, experimental lattice constant (a = 5.2228 Å) [14, 

41] with the A15 Ti3Sb structure, which have cubic symmetry with the space group ��3��, No 223, 

were used (Figure 1). The optimized lattice constant of Ti3Sb is a = 5.215 Å by DFT GGA is in good 

agreement with the experimental value [41]. 

To optimize and improve the accuracy of DFT calculations, we constructed a model of a layer 

plate [42] of the Ti3Sb (110) surface with a vacuum region of 15 Å in supercells. In other words, the 

surface properties of the cubic structure of A15 Ti3Sb (110) (Figure 1) were simulated using a plate 

model from one layer to three layers. 

The atoms in the upper two layers of Ti3Sb were allowed to relax. And the atoms in the lower 

three layers of the cell were fixed in their bulk positions. For the adsorption calculation, the H atoms 

were placed in the top site (TS), bridge site (BS) and hollow site (HS) on the Ti3Sb surface. Tetrahedral 

(TIS), octahedral (OIS) and diagonal (DIS) interstitial sites were considered for the diffusion of H 

atoms in the subsurface layer and bulk in the constructed Ti3Sb (100) supercells. 

The interlayer distance between the plate surface and the volume models was determined as 

∆� = ����� − ���/��, where �� and ���� are the interlayer distances between the i-th and j-th layers 

of the plate model before and after relaxation, respectively. 

Thus, in the H adsorption calculations, the surface unit cell was doubled along the lateral 

directions of the cubic crystal. Such a cell was laid by identical neutral planes corresponding to the 

Ti3Sb stoichiometry. The vacuum gap between the layers was 15 Å. In the calculations, the atoms of 

the upper one and two layers of the crystal together with the H adsorbate were allowed to relax. In 

this case, the atoms in the other layers were frozen and were in optimized bulk positions in the Ti3Sb 

crystal. 
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(с) 

Figure 1. The unit cell of the cubic structure A15 of the compound A3B (a), three types of orthogonal linear chains 

(b) of atoms of type A and plane (110) of the surface of a cubic crystal (с). 

The adsorption energy of H (����
� ) was calculated as the difference between the total energy of 

the supercell with one adsorbed H and the clean Ti3Sb (110) surface and the H atom in vacuum: 

����
� =

�

�
�(slab Ti�Sb + �(H)) −  �(slab Ti�Sb) − ��(H),  (1)

where E(slab Ti3Sb + N(H)) is the total energy of the Ti3Sb–H system with an adsorbed H atom, E(slab 

Ti3Sb) is the total energy of the Ti3Sb slab, N is the number of adsorbed H atoms, E(H) is the total 

energy of free H atoms, respectively. Lower adsorption energies of H atoms correspond to more 

stable adsorption positions. The spontaneous and exothermic process of H adsorption on the Ti3Sb 

(110) surface corresponded to the calculated negative value of ����
� . The effects of relaxation and 

increasing the supercell size to 5 × 5 k-points reduce the adsorption energy. Compared to the 

unrelaxed 2 × 1 × 1 supercell, the value of ����
�  decreases by ∼ 0.15 eV on average. 

Probable diffusion paths of hydrogen atoms on the Ti3Sb surface were studied using the 

molecular dynamics (MD) method. Hydrogen atom was introduced into supercells with Ti3Sb cubic 

structure in tetrahedral interstitial sites. The calculations were performed on both 2 × 2 × 2 (96 atoms) 
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and 3 × 3 × 3 (324 atoms) supercells. The results of data convergence for these supercells differ slightly 

from each other. The formation energy of interstitial H0 (charge states of hydrogen q = 0) was 1.82 eV 

(2 × 2 × 2 supercell) 1.85 eV (3 × 3 × 3 supercell), respectively, in calculations with the GGA-PBE 

functional. The sample of the k-point of the supercell was limited to the Γ point in the calculations. 

The positions of hydrogen in the Ti3Sb crystal lattice were considered in a grid of regularly located 

possible sites for H introduction. The distance between positions of two nearest hydrogen atoms was 

chosen to be on average 0.2 Å. The calculations were performed at nonequivalent possible insertion 

sites for hydrogen in the Ti3Sb cubic cell. One hydrogen atom was introduced into each of these sites 

in a weakened atomic structure. By limiting the hopping distances to a maximum of up to 4 Å, a 

saddle point in the DFT GGA calculations for 3-dimensional H migration in Ti3Sb was obtained. 

In principle, one could consider all atomic hops between any pair of stable H species positions 

(q = –1, 0, +1 charge states) in Ti3Sb. However, taking into account the charge state of H was not part 

of the task and was not considered by us in this article. The possible charge states of hydrogen 

(hydride ion, H–, atomic hydrogen, H0, and proton, H+) for all sites can be considered by appropriately 

changing the number of electrons in the cell. The corresponding migration energies of the different 

hydrogen species (q = –1, 0, +1) can be estimated by calculating the two positive vibrational 

frequencies at each saddle point of the associated hopping frequencies of these hydrogen species. 

MD simulation of the hydrogen atom diffusion coefficient ( �����
� ) in the Ti3Sb crystal was 

performed using the LAMMPS (https://docs.lammps.org/Manual) software package. The calculation 

used the grand canonical ensemble (NVT) from 1110 to 1375 K (melting point of Ti3Sb) for 50–100 ps 

with a time step of 1 fs [43].  

The diffusion coefficient H was calculated using the Arrhenius equation: 

�����
� (�) = �� exp �−

��
�

���
�                     (2) 

where ��  is the pre-exponential factor, ��
� is the activation energy of atomic diffusion of H; �� is 

the Boltzmann constant, T is the temperature. 

The value of ��
� was calculated using classical transition state theory. Then equation (2) can be 

rewritten as 

�����
� (�) = �� exp �−

��
�

���
� = ��� exp �−

�����
�

���
�           (2а) 

where l is the jumping distance between two nearest sites, ν is the frequency of jumping attempts, 

�����
�  is the diffusion energy barrier (or activation energy of atomic diffusion of H). 

The distance of the H atom from one stable position to another stable position in the Ti3Sb–H 

supercell varied from 0 to 3 Å. And the frequency of jumps of the interstitial hydrogen atom per unit 

time was � = 1012–1014 s-1. 

The activation energy �����
�  of H diffusion in Ti3Sb was calculated using the DFT method. When 

H migrates along the diffusion path from one site to another site, the H atom must overcome the 

corresponding potential barrier �����
� . The maximum point of the potential barrier is defined as the 

saddle point, which is located in the middle of the migration path or reaction paths (coordinate, Å) 

of the H atom in the Ti3Sb supercell. The activation energy of diffusion �����
�  in Ti3Sb was calculated 

as the energy difference: 

�����
� =  ���� −  ��                               (3) 

where ����  and ��  are the total energies of the supercells for the saddle point and for the 

equilibrium region, respectively for the dependence of energy (eV) on the reaction coordinate (Å). 

Comparison of the results of calculations of the activation energy of diffusion of supercells 2  2  2 

and 5  5  5 showed that they do not differ much from each other. The convergence of these values 

corresponds to an accuracy of 0.001 eV. 

Magnetic configurations of Ti3Sb, with a spin magnetic moment of Ti, were set taking into 

account two eigenvectors of the spin state (spin up and spin down) along the z-axis, providing a 

magnetic moment equal to zero [14]. 
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The H coverage (Θ) of the surface was defined as the ratio of the number of adsorbed H atoms 

to the number of metal atoms in each surface layer, taking into account different configurations of 

the Ti3Sb–H supercells. The calculated average adsorption energies of H atoms on different sites at 

0.25  Θ  1 showed that with the same coverage of H atoms, the adsorption energy on the same 

adsorption sites does not differ significantly. The value of ����
�  for identical sites depends on the size 

of the supercell. 

Our calculations of the spin-polarized band structure of Ti3Sb–H (Θ = 0.25 ML) show that 

increasing the supercell size from 3 × 3 × 3 to 5 × 5 × 5 does not lead to a significant change in the 

minimum value of the total energy of Ti3Sb–H. The 3 × 3 × 3 and 5 × 5 × 5 Ti3Sb–H supercells with 

hydrogen coverage Θ = 0.25 ML have almost the same minimum total energy as the 2 × 2 × 2 supercell, 

when one Ti atom in the supercell is substituted by one H atom. With this in mind, as an illustrative 

material, in particular for the density of states (DOS), the DOS of the 2 × 2 × 2 supercells with Θ = 0.25 

ML will be presented below. 

3. Results and Discussion 

3.1. Structural features of Ti3Sb–H 

The interaction of hydrogen with metals (M), as is known from physical chemistry surfaces 

[28,34], can be accompanied by the following processes: on the metal surface – physical adsorption, 

chemical adsorption (activated adsorption or chemisorption); in the volume of the metal – diffusion, 

migration, absorption and formation of hydrides.  

Physical adsorption caused by intermolecular, mainly van der Waals forces, when the energy of 

interaction of the gas with the adsorbate has a value of about 10–30 kJ/mol. In this case, the molecules 

of the adsorbed gas do not dissociate into atoms. This is the first stage of sorption processes during 

the interaction of metals with hydrogen at low temperatures. 

An increase in temperature facilitates the transition of physical adsorption to chemisorption, 

when the H2 molecule dissociates into atoms that chemically interact with the surface atoms of the 

metal. In this case, hydrogen atoms saturate the uncompensated bonds of the metal surface. The 

interaction energy during chemical adsorption  30 kJ/mol. 

Correct description of the results of interaction of H with crystals (metals, intermetals, alloys, 

complex compounds, etc.) is a complex task. In the first approximation, we will consider a simple 

mechanism of adsorption of H atoms on the metal surface. i.e., we will consider the M–H system. 

The electron gas model describes the behavior of electrons in bodies with electron conductivity. 

In this model, the Coulomb interaction between electrons in metals is neglected, and the electrons 

themselves are weakly bound to the ions of the crystal lattice. In this case, the adsorbed H atoms on 

the metal surface will be outside the "electron surface" of the metal. We assume that the temperature 

of the M–H system is high and contact of the metal surface with hydrogen is possible. Then, due to 

the H2→2H process, the transition of hydrogen atoms into the metal crystal lattice will be possible. 

The flow of hydrogen atoms in the surface layer of the metal will create a concentration gradient, and 

then the hydrogen atoms will diffuse into the metal lattice. 

Analysis of the results of studies of metal–hydrogen systems (in particular, DFT of H adsorption 

[44–56] and H diffusion [57–59]) shows that the interaction of metals with hydrogen can be divided 

into three classes (A, B, C). Class A metals (Li, Na, K, Ca, etc.) form salt-like hydrides with hydrogen. 

Class B metals (Mg, Al, Zn, Cd, Hg, etc.) form hydrides with a covalent bond when interacting with 

hydrogen. Class C metals can interact with hydrogen via both endothermic (Fe, Ni, Cu, Ag, Pt, etc.) 

and exothermic (Ti, Zr, Ru, Rd, etc.) reactions. 

If the adsorption of H is purely physical, diffusion in the metal does not occur. The necessary 

preliminary stage of H diffusion in metals is activated adsorption, caused by chemical interaction. 

Diffusion of hydrogen into the lattice of an intermetallic compound precedes the formation of 

interstitial or substitutional solid solutions. It is known from experimental and calculation data that 
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the dissolution and diffusion of H is enhanced in those metals whose crystal lattice has defects. In 

this case, the captured H can be in the form of a proton in the lattice defects [60-62]. 

Intermetallics occupy an intermediate position between metals and ceramics both in the type of 

chemical bond and in properties. They have chemical bonds of metallic and covalent types, and 

intermediate bond types are also possible. The range of problems to be solved related to atoms 

adsorption and diffusion in intermetals has expanded over the last decade [14,17,28,34]. However, 

there are few new observations, methods and theoretical models in this area that simultaneously 

relate surface properties and diffusion based on intermetallic compound A15 A3B–H systems. 

The A15 structure of A3B compounds has a cubic edge with an average length of 5.22–5.29 Å 

(lattice parameter "��") (Figure 1). In A3B, the atoms of component B are located at the vertices of the 

cube and form a body-centered cube. The A atoms form one-dimensional chains in the orthogonal 

directions x, y, z. The interatomic distances along the chains are 1/2��. The interatomic distance A–A 

in A3B is smaller than the interatomic distance in pure metal A. This structure of A3B affects its 

physical properties. 

Some intermetallic compounds of the A3B type demonstrate a phase transformation from a cubic 

structure to a tetragonal one [17]. In such a structure (space group ��3��) A3B, in particular Ti3-хSbHх 

(Ti3Sb1-хHх) the H atoms can be located in the following crystallographic sites: 6(d), 16(i) and 24(k) 

[14,17] (Figure 2).  

 

Figure 2. Structural environment for the 6(d) site of H (black sphere) in the A15 Ti3Sb–H structure. The sites of 

the Ti (blue), Sb (green), and 24(k) (red and gray) atoms. The four red atoms at the 24(k) sites occupy (Ti3Sb) 

tetrahedra, which share faces with (Ti4) tetrahedra surrounding each 6(d) site. 

Sites 6(d) correspond to the nodes of the metallic sublattice Ti and the non-metallic sublattice Sb, 

the centers of tetrahedral interstices (sites 16(i)) and tetrahedral interstices 24(k) formed by four nodes 

of the metallic sublattice Ti (or four nodes of the Sb sublattice) (Figure 2). 

Hydrogen atoms can be located in vacant site of the Ti3Sb lattice at different sites, for example, 

in the 6(d) sublattices of Ti and/or Sb. It is also possible that some of the H atoms can occupy vacant 

sites 16(i) of the Ti and Sb sublattices, and the remaining H atoms are statistically located in the 

tetrahedral positions 24(k) (Figure 2). Thus, position of hydrogen on the surface and its location in 

the volume can change the properties of the Ti3Sb–H system, for example, increase the hydrogen 

capacity of Ti3Sb. 

In accordance with the stated objective of the work, the calculated reference state of the binding 

energy �� between the components and/or objects of the Ti3Sb–H system corresponded to the energy 

of a supercell without defects. That is, the properties of an ideal system based on a Ti3Sb crystal were 

calculated. All ab initio calculated quasi-binary Ti3Sb–H supercells in our case contained the same 

number of intermetallic sites and had the same size. In such a binary system, the binding energy 

between two components is calculated by the formula 
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��(��, ��) = [�(��) + �(��)] −  [�(�� +  ��) +  ����]               (4) 
where �����  is the energy of the supercell based on ��  only, �(�� + ��)  is the energy of the 

supercell based on both �� and ��, which interact with each other, Eref is the energy of the supercell 

without �� and ��. 

If the system contains more than two objects (components, particles, sites, defects etc.), equations 

(4) must be extended and the influence of defects on the change in the total energy of the system must 

be taken into account. It is necessary to additionally calculate the energy of the most stable 

configurations, the energy of vacancy formation, and the energy of migration of intrinsic point 

defects, divacancies, and vacancy clusters in A15 Ti3Sb–H. The solution of the listed issues related to 

point defects was not included in the objectives of this article. Let us consider the adsorption of 

hydrogen on the surface of A15 Ti3Sb, where the interaction of hydrogen occurs both in the Ti and Sb 

sites of the Ti3Sb lattice.  

3.2. DFT SGGA-PBE Calculation of the Ti3Sb–H Structure 

In the cubic unit cell of A15 A3B, space group ��3��, the A atoms occupy the 6c sites (¼, 0, ½) 

with point symmetry D2d. The B atoms occupy the 2a sites (0, 0, 0) with point symmetry Th. The 

structure of A15 A3B is characterized by a sequence of internuclear separations of atoms: A−A (2×; 

0.5��), A−B (12×; 0.559��), A−A (8×; 0.612��), B–B (8×; 0.866��, where �� = cubic lattice parameter) 

[14,17]. 

Figures 3a–d show the atomic structures of Ti3Sb–H cells, where the hydrogen atom is adsorbed 

on the Ti–Ti and Ti–Sb sites in the crystal lattice. The calculated lattice parameter both in the primitive 

unit cell and in different configurations of Ti3Sb–H supercells coincide with each other and on average 

is �� = 5.22 Å. 

 
 

(a) (b) 
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(c) 

 

(d) 

Figure 3. DFT SGGA calculated atomic structure of A15 compound Ti3Sb containing hydrogen atom. (a) 

Arrangement of atoms in the A15 structure of Ti3Sb, (b) H atom is adsorbed on the surface in crystallographic 

site with Ti–Ti bond of primitive cell of Ti3Sb, (c) H atom is adsorbed on the surface in crystallographic site with 

Ti–Ti bond in 2 × 1 × 1 Ti3Sb supercell, (d) H atom is adsorbed on the surface in crystallographic site with Ti–Sb 

bond in 2 × 1 × 1 Ti3Sb supercell. 

3.3. Adsorption Energy of H on Metal 

Let us first take a brief look at the adsorption of hydrogen on a metal surface. The bond energy 

M–H depends on the degree of overlap of the electron orbitals of hydrogen and metal. It is known 

that the relation between the M–H bond energy and the energy of the metal crystal lattice is almost 

linear [44-50]. In this case, it is important to determine the contribution of hydrogen to the M–H bond 

energy. The M–H bond energy affects the mechanisms of hydrogen adsorption, diffusion, and 

emission. Materials and the mechanism of H-adsorption (H���) for M–H systems, taking into account 

experimental data [50-56], can be divided into three groups: low, medium, and high adsorption 

energy of atomic hydrogen: 

1. With increasing H��� energy (����
� ), the rate of hydrogen emission in M–H systems increases. 

This mechanism is typical for metals with low H��� energy (Ag, Au, Zn, Cd, In, Hg, Pb, Tl). A similar 

mechanism of H-adsorption also takes place in some binary refractory compounds (e.g., borides, 

carbides, nitrides, silicides). In such compounds the contribution of the covalent chemical bond is 

significant. 
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2. With an increase in the density of the layer of adsorbed H atoms, ����
�  increases and the 

process of surface recombination begins. With a further increase in the adsorption energy, the 

recombination rate remains constant in the case of a defect-free metal surface. The rate of H��� 

gradually slows down if adsorption takes place mainly on the defects of the crystal lattice and the 

boundaries of crystal grains. For metals such as Pt, Pd, Ru, Rh, Os, Fe, Co and Ni, the adsorbed 

hydrogen atoms are still far from the metal surface. Therefore, they cannot tear an electron from the 

metal and chemical desorption does not occur. 

3. At high energy ����
� , a relatively dense layer of H��� is formed on the metal surface. Hydrogen 

release from the surface can occur by different mechanisms, for example, electrochemical desorption. 

The electrochemical desorption mechanism is typical for metals with high adsorption energy, for 

example: Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Re. Similar data on H��� for binary and complex alloys 

intermetallics have not yet been generalized.  

3.4. DFT Calculation of the H Adsorption Energy  

Below we consider the results of our DFT SGGA calculations adsorption for the Ti3Sb–H system. 

The adsorption energy of the hydrogen atom ����
�  on the Ti3Sb (110) (Figure 1c) surface was 

calculated using this formula: 

����
� = �(H/Ti�Sb)(110) −  �(Ti�Sb)(110) − �(H),           (5) 

where �(H/Ti�Sb)(110) is the total energy of the surface layer (Ti�Sb)(110) with an adsorbed H 

atom, �(Ti�Sb)(110) is the total energy of the surface layer (Ti�Sb)(110), �(H) is the total energy 

of the H atom, respectively.  

The adsorption energy between an H adatom and a Ti3Sb surface depends on various factors, in 

particular, the bond length between the component atoms and the adatom position. When the bond 

length between the H adatom and the Ti3Sb surface component atoms, in particular, the titanium 

atoms, is shorter, the adsorption energy of H is relatively greater. When the bond length between the 

adatom and the surface component atoms is long, physical adsorption may take place. Conversely, 

when the bond length is short, the adsorption energy increases due to chemical adsorption.  

The following possible adsorption sites on the Ti3Sb (110) surface were included in the scheme 

for calculating the adsorption energy of the H atom (Figure 4).  

 

Figure 4. Crystal plane (110) of a cubic crystal with Miller indices [49]. 

We considered hydrogen atom site on top of Ti or Sb (TS), H bridging site of the Ti–Ti or Ti–Sb 

bond (BS), H site in the lattice voids (H hollow site – HS). The adsorption energy of H was calculated 

for the first subsurface of Ti3Sb, which contains tetrahedral (TIS) and octahedral interstices (OIS). 

Thus, the most probable adsorption sites of one H atom on the first and second subsurface regions of 
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TS, BS and HS were estimated by us by DFT calculation of the adsorption energy of H. The adsorption 

sites of H with the minimum energy were taken as stable adsorption sites of H adatoms on the Ti3Sb 

(110) surface.  

The study of the effect of coverage Θ on ����
�  showed that the adsorption of H atoms is stronger 

with vertical adsorption on the hollow sites HS of the Ti3Sb surface. Comparison of the calculated 

����
�  on different regions of the Ti3Sb (110) surface shows that with the same coverage (0.25 < Θ < 1), 

the adsorption energies are close to each other on the same regions and equivalent configurations of 

the supercells. 

The calculated absorption energies of H atoms on these regions for different supercells and 

similar structures with different sizes differed slightly from each other (Tables 1–3).  

The adsorption energies of H atoms in three regions, taking into account the distance between 

the H atom and the Ti3Sb atom (�����(��)) and the height of the adsorbate (�������) are presented in 

Table 1.  

Table 1. DFT GGA PBE calculated adsorption energies of H ����
�  (eV) on the Ti3Sb (110) surface at a hydrogen 

atom coverage of the monolayer ML of the surface Θ = 0.25 ML supercells 2 × 1 × 1. 

Site           −����
�  (��)            ����� (Å)        ������� (Å)   

 TS               0.55                1.77              1.72 

 BS               0.77                1.84              1.33 

 HS               0.92                1.85              0.57 

Table 2. Dependence of ����
�  of hydrogen on HS site on the bond length and the height of the adsorbate from 

the Ti3Sb (110) surface (Θ = 0.25 ML) in different supercells. 

Adatom H on HS site           −����
�  (eV)   �����(��)(Å)         �������(Å) 

 

Ti–Ti bond supercell 2 × 1 × 1    0.55   1.882 (H–Ti)        0.357 

Ti–Sb bond supercell 2 × 1 × 1    0.47   1.844 (H–Sb)        0.273 

Ti–Ti bond supercell 5 × 1 × 1    0.93   1.951 (H–Ti)        0.351 

Ti–Sb bond supercell 5 × 1 × 1    0.97   1.975 (H–Sb)        0.272 

Table 3. Calculated adsorption energy of H in different compounds. 

System                     ����
� (��) 

H–Ti3Sb This work            -0.55 

H–Fe3Si [63]                  -0.87                       

H–TiO2 [64]                  -0.608    

H–Ti/TiFe [65]                -0.52                                        

Increasing the degree of surface coverage from 0.25 to 0.5 H on ML Ti3Sb, for example, in 2 × 1 × 

1 supercell, where ����� = 1.88 Å and ������� = 1.35 Å, increases the absolute value of the adsorption 

energy. This may be due to an increase in the degree of overlap of the orbital states of the H, Ti and 

Sb atoms and an increase in the attractive energy between the atoms Ti3Sb. The calculated adsorption 

energy of H was lower at the hydrogen position on the HS sites of the Ti3Sb lattice surface with Ti–Ti 

bonds than with Ti–Sb bonds regardless of the supercell size. 

Thus, the adsorption energies calculated by the DFT GGA method after relaxation of the Ti3Sb–

H system showed the following. H atoms are adsorbed predominantly over the Ti and Sb positions 
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in the first atomic layer of Ti3Sb 2 × 1 × 1 configurations. The strongest adsorption energy (����
�  = –

0.55 eV) is observed for the 2 × 1 × 1 (H–Ti) configuration.  

The H atom tends to move to the nearest Ti atom. The Ti–H distance is on average 1.86 Å, which 

is typical for titanium hydrides (>1.80) [66]. The adsorption energies of H atom on other regions of 

Ti3Sb (110) surface vary significantly, indicating that the adsorption of H atom on Ti3Sb (110) surface 

with corresponding relaxed configuration belongs to chemical adsorption (Tables 1–3). Therefore, 

relatively strong forces act on the H atom at these positions on the Ti3Sb (110) surface. 

The most stable adsorption site for H atoms adsorbed on the surface is the initial site of the 5 × 1 

× 1 (H–Ti) configuration after relaxation with an adsorption energy of –1.23 eV. The (H–Ti) distance 

is 1.87 Å with the H atom in the first atomic layer. A chemical bond is formed between the H atom 

and the nearest Ti and Sb atoms, similar to 2 × 1 × 1 (H–Ti) configuration. The adsorption energy for 

5 × 1 × 1 (H–Sb) is –1.17 eV, which is less energetically favorable than the 5 × 1 × 1 (H–Ti) configuration. 

3.5. Electronic properties of H adatoms on the Ti3Sb (110) surface 

It is known from physical chemistry that chemically bonded non-polar H2 molecules can interact 

with the adsorbent surface via Van der Waals potential forces. 

3.5.1. DOS Ti�Sb (110)– H��� 

The physicochemical interaction of the adatom H���  with the surface was estimated by 

calculating the band electron structure of Ti�Sb (110)– H��� . Similarly, to the above, it can be 

assumed that the potential function of the Van der Waals interaction of the hydrogen atom with the 

Ti�Sb (110)– H��� surface includes three non-valent forces: repulsion of electron shells, dispersion 

forces of Van der Waals attraction, and electrostatic interactions. 

In DFT SGGA calculations of Ti�Sb (110)– H���, these three non-bonded forces were combined 

into one van der Waals potential function. The model of electrostatic interaction in the calculations 

was simplified. It was assumed that the contacts of atoms in Ti�Sb (110)– H���  are formed only 

between the nearest neighbors of atoms, and the electrostatic interactions of atoms were averaged. It 

was assumed that the resulting contribution to the electrostatic interaction of atoms depends on the 

position of the adatom H��� and the distance between the contacting atoms. The effective charges 

���� of the contacting atoms were not taken into account in the calculations. 

The results of DFT SGGA calculations show the following. In the band structure of 

Ti�Sb (110)– H��� there is a metallic type of bond near the Fermi energy, strengthened by electrons 

of the Ti d-orbital. From the analysis of the band structure (Figure 5) and density of electron states 

(DOS), it can be assumed that the Fermi energy is located in a narrow pseudogap on the electron 

density of states in Ti3SbHx. The pseudogap occurs in Ti3SbHx containing hydrogen due to some shift 

of the energy bands in the energy spectrum. Within the framework of the p-d-s orbitals interaction 

model, it can be assumed that in Ti3SbHx, the interaction of the 5p states of antimony, the 3d states of 

titanium, and the 1s states of hydrogen leads to a change in the number of states at the Fermi level 

and its position in the pseudogap. 
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Figure 5. DFT SGGA-PBE calculated band structure of 2 × 2 × 2 supercell of A15 Ti3Sb–Н (space group ��3��; Θ 

= 0.25 ML) along highly symmetric directions in the first Brillouin zone near the Fermi energy EF = 0 eV. 

The partial density of states (PDOS) of hydrogen is noticeably smaller than that of Ti (Figure 

6a,b). The PDOS of the final state of Ti–H indicates that the valence states of H (1s orbital) and Ti (3d 

orbital) are shifted to a lower level (by about 0.5 and 8 eV, respectively). Compared with the DOS 

curve of pure Ti3Sb (110) surface, the change for Ti 3d states in the PDOS of Ti–H can be observed 

from 5 to –2.5 eV. The peak heights indicate that several electrons of Ti 3d are shifted to lower levels 

when H is adsorbed on the Ti3Sb (110) surface, which shows the strength of the interactions. In Figure 

6b, the s-electrons of H and the s and p-electrons of Ti are shown with a clear peak at around –15 eV. 

A clear peak is also found in the interaction of the s-electrons of H and the s, p and d-electrons of Ti 

at around 8 eV. These peaks indicate that a chemical bond is formed between the H and Ti atoms. 

The PDOS results are consistent with the calculated adsorption energies (Tables 1 and 2). 

 
(a) 
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(b) 

Figure 6. Partial density of states (PDOS) for: (a) Ti atom of pure Ti3Sb (110) surface and (b) surfaces with H–Ti 

bond supercells 2 × 2 × 2 with Θ = 0.25 ML. Energy is given relative to the Fermi level (eV). Fermi level (EF) is 

indicated by the dashed vertical line at 0 eV. 

It follows from Fig. 6(b) that the PDOS of 1s orbitals of H adatoms interacting with s-p-d orbitals 

of Ti atoms on the Ti3Sb(110) surface is close to zero. This shows that the charge localization between 

the orbitals of H adatoms and the orbitals of Ti atoms on the surface is very weak. As a consequence, 

there is no covalent bond in this region of the configuration. There is a slight charge polarization in 

the H atom and in the neighboring atoms of the Ti3Sb compound due to the electrostatic repulsion. 

The left and right regions of the PDOS show that there is electron localization between the H atom 

and the nearest metal atoms. These features of the electronic structures suggest that the H–M bonds 

formed in the right region are much stronger than that of the left region of the surface. Therefore, 

such a stronger chemical bond will result in a lower adsorption energy of H, for example, in 2  1  1 

Ti3Sb–H with Ti–Ti bond (Table 2). In general, for the adsorption configurations of H atoms on the 

Ti3Sb (110) surface, there are both strong chemisorption and weak physical adsorption depending on 

the adsorption energies and electronic structure. 

3.5.2. PDOS in 2  1  1 Supercells Ti3Sb–H 

The DOS of Ti3Sb–H supercells is shown in Figure 7. It follows from the DOS spectra that the s- 

and p-orbitals in Ti3Sb–H make an insignificant contribution to the electron density of the valence 

band. That is, the electrons in Ti3Sb–H are strongly localized in the s- and p-orbitals. The low-energy 

bands in the valence band are generated by the s-orbitals, and the high-energy bands arise from the 

3d orbitals of Ti. The interaction between the 3d orbitals of Ti and the 3p orbitals of Sb is observed 

near the Fermi level. The energy gap of Ti3Sb–H is  0.05 eV/atom. DOS indicates the presence of 

small peaks of Ti–Sb bond in the valence band of Ti3Sb–H and weak electron interaction.  

The calculated density of states of Ti3Sb (Figure 7a,d; from –6 to 4 eV) enables to evaluate the 

nature of chemical bonds in which the 3d and 4s orbitals of Ti atoms participate. As can be seen, the 

overlap region of the Ti density of states with the Sb density of states is small. This is due to the highly 

localized profile of the Ti density of states. Based on this, it can be assumed that Ti atoms participate 

in the formation of ionic bonds with Sb atoms and, to a lesser extent, in the formation of covalent 

bonds. 
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The above states for Ti3Sb–H are consistent with the PDOS of the components of pure Ti3Sb in 

energy [14]. However, the PDOS of Ti3Sb–H (Figure 7) show different regions in the distributions of 

the electron density of states of Ti and Sb compared to pure Ti3Sb. From the comparison of the PDOS 

spectra it follows that the density of states of Sb is small near the Fermi energy EF. Therefore, it can 

be assumed that the main part of the metallic properties of Ti3Sb–H is due to the presence of d- orbitals 

of Ti near the Fermi level. 

 
 

 
 

Figure 7. Calculated DFT SGGA of spin-allowed partial density of states (PDOS) in Ti�Sb (110)– H��� supercells 

for the energy range from −10 to 10 eV (primitive cell; Ti–Ti; Ti 3d-orbital) (a), from −10 to 10 eV (primitive cell; 

Ti–Sb; Ti 3d-orbital) (b), from −6 to 10 eV (211 cell; Ti–Ti; Ti 3d- orbital) (c), from −6 to 10 eV (2  1  1 cell; Ti–

Sb; Ti 3d-orbital) (d). Energies are given relative to the corresponding Fermi levels (EF = 0 eV). 
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3.5.3. DOS in Ti3Sb1-xHx and Ti3-xSbHx 

The atomic structure of Ti3Sb1-xHx and PDOS of Ti3Sb1-xHx and Ti3-xSbHx solid solutions are in the 

Figures 8 and 9, respectively. An increase in the number of H adatoms on the surface does not 

significantly complicate the DOS in the Ti3Sb–H system. More precisely, the presence of a larger 

number of H atoms per unit cell does not significantly activate the participation of Ti 3d orbitals in 

determining the electronic properties. 

 

Figure 8. DFT constructed of atomic structure of Ti3Sb1-xHx (x = 0.02) solid solutions. 

 

Figure 9. Calculated DFT SGGA of spin-allowed partial density of states (PDOS) in Ti�Sb (110)– H��� supercells 

for the energy range from −10 to 10 eV (Ti3Sb0.98H0.02; Ti 3d- orbital) (a), from −10 to 10 eV (Ti2.94SbH0.06; Ti 3d- 

orbital) (b). The energies are given relative to the corresponding Fermi levels (EF = 0 eV). 
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3.6. Magnetic Moment in Ti3Sb–H 

DFT SGGA calculations of optimized Ti3Sb–H structures indicate a uniform spatial distribution 

of Ti and Sb component atoms in the lattice. As for pure A15 Ti3Sb, in solid solutions Ti3Sb1-xHx and 

Ti3-xSbHx the titanium and antimony atoms are stoichiometrically located at different sites of the 

crystal lattice. Partial substitution of Ti and/or Sb atoms by hydrogen atoms does not lead to 

relaxation of the Ti3Sb–H structure. Therefore, the nonequivalent positions of the component atoms 

and the symmetry of the Ti and Sb sites form a partial magnetic moment. The atomic magnetic 

moment consists of spin and orbital moment contributions. Spin-orbit coupling (SOC) influences the 

formation of the magnetic moment in Ti3Sb–H. The size of the SOC splitting is of the order of the Ti 

3d sublevel bandwidth. 

From the DOS spectra of Ti3Sb–H supercells it follows that the contribution of titanium 3d 

electrons to the magnetic interaction between the crystal atoms is noticeable. Since the 3d states of Ti 

are only partially occupied by electrons, the empty levels of the components will be filled due to the 

hybridization of the s- and p-electrons of Ti and Sb. In the case of Ti3Sb1-xHx and Ti3-xSbHx we observed 

a very small magnetic moment. For the partial magnetic moment of Ti in Ti3Sb0.98H0.02 the following 

values were obtained: 0.23 �� (Ti) at the Ti–Ti sites and 0.28 �� (Ti) at the Ti–Sb sites of the lattice. 

3.7. Diffusion of H Atoms on the Ti3Sb (110) Surface 

We have shown that the most stable configuration of the H atom on the Ti3Sb (110) surface 

corresponds to adsorption on the 2 × 2 × 1 supercell (Ti–Ti bond). Therefore, we further considered 

the diffusion of atomic hydrogen on the Ti3Sb (110) surface of between two sections of the 2 × 2 × 2 

supercell. This allows to characterize the surface diffusion. The minimum energy path for H diffusion 

from the terminal interstitial site of Ti to the nearest terminal interstitial site of Ti on the Ti3Sb (110) 

surface ranged from 0 to 7 Å (reaction coordinates). The activation energy of the transition state is 

determined for the saddle points and the path of the minimum reaction energy between two sites of 

the Ti3Sb lattice. ����� (zero-point energy) [67] correction due to the motion of hydrogen at the zero 

point was not taken into account. The (negative) value of ����� can decrease ��  according to: �� =

����� + �����. Thus, the energy of migration and diffusion paths of atomic hydrogen on the Ti3Sb 

(110) surface between two sites of the supercell are determined. In other words, the energies of 

hydrogen migration (�� ≈ ����� ) along interstitial paths in the Ti3Sb lattice were calculated. 

The contact of the components of the Ti3Sb–H system requires a certain amount of energy to 

activate the interphase surface. This energy can be communicated to the system in the form of heat, 

elastic-plastic deformation energy, electron and ion irradiation. The interphase energy of interaction 

of two condensed phases usually decreases exponentially: The driving force of diffusion is the 

difference in thermodynamic potentials at the interface between the components. In the absence of 

the appearance of new phases in the diffusion zone, equilibrium of thermodynamic potentials is 

established. Accordingly, a certain energy balance is established in the Ti�Sb − H���� system. 

The activation energy of hydrogen diffusion in Ti3Sb was determined using equation (2) for the 

transition states of the H atom. It was assumed that the initial H atom occupies the TIS interstitial 

site, which is the most stable. The diffusion path of H in the Ti3Sb lattice mainly goes from one TIS 

interstitial site to another identical TIS (TIS–TIS) and from a TIS interstitial site to the second nearest 

neighboring non-identical OIS interstitial site (TIS–OIS). From the dependence of the energy barrier 

of H diffusion on the reaction coordinate between two neighboring identical TIS interstitials (i.e., TIS–

TIS), it was found that ��
�(�������)

 = 1.57 eV. This energy is lower than ��
�(�������)

 for diffusion 

between two neighboring non-identical interstitials from TIS to OIS. That is, ��
�(�������)

 = 2.33 eV for 

the TIS–OIS interstitials. It can therefore be concluded that the diffusion of H in Ti3Sb takes place 

predominantly along the identical TIS–TIS interstitials. 

Let us consider the results of calculating the diffusion of H in a 2 × 2 × 2 supercell and a 5 × 5 × 3 

grid of Ti3Sb k-point mesh. We assume that H migrates only between relatively stable interstitials 

from A1 (initial position) to A2 (final position for diffusion paths) through selected transition sites E1 

and E2 in Ti3Sb. Interstitials A in the Ti3Sb–H supercell can be located on the surface, in the body, and 
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at the edge sites of the lattice (Figure 10). Calculations show that migration paths of H through 

transition sites (e.g. E1 and E2 in Figure 10) have higher energy barriers compared to ��
�(�������)

 for 

surface diffusion. 

 

Figure 10. Schematic paths of H migration through interstitial sites A1→E1→E2→A2 in Ti3Sb. 

Thus, the activation energy of H atom diffusion into the Ti3Sb lattice depth, determined within 

the framework of the transition state model (A1→E1→E2→A2 in Figure 10), showed the following. 

�����  for identical tetrahedral Ti–Ti interstitials (TIS–TIS) and for non-identical Ti–Sb interstitials 

(TIS–OIS) differ greatly from each other. The maximum value of �����  at the saddle point on the 

dependence of the energy on the migration path of H for identical tetrahedral Ti–Ti interstitials (TIS–

TIS) is almost 2 times smaller than �����  for interstitial jumps of H atoms between two adjacent non-

identical positions (TIS–OIS). 

The stability of the H pair in the Ti3Sb matrix is estimated by calculating the binding energy Eb 

of the H pair. In this case, Eb characterizes the decrease in the total free energy of the Ti3Sb–H system 

when two H atoms approach each other from afar. 

��������
� = 2�(Ti�SbH) − 2�(Ti�SbH�) − �(Ti�Sb)    (6a) 

��������
� = 2�(Ti�SbH) − 2�(Ti�SbH�) − �(Ti�Sb)   (6b) 

��������
� = �(Ti�SbH) + �(Ti���SbH�) − �(Ti���SbH��) − �(Ti�Sb)   (6c) 

where ��������
�  total free energy of the supercell containing interstitial-interstitial H pairs, ��������

�  

total free energy of the supercell containing substituted-substituted H pairs, ��������
�  total free energy 

of the supercell containing substituted-interstitial H pairs. Similar equations for the binding energy 

Eb of an H pair can be written for Ti3Sb1-xHx.  

For the substituted-interstitial H pair, the binding energy (attraction) is ��������
� = –0.11 eV in 

Ti3SbН1. Increasing the hydrogen concentration (number of H atoms from 1 to 4) in the Ti3Sb lattice 

reduces the binding energy to ��������
� = –0.14 eV between these non-identical sites. 

The binding strength for the interstitial-interstitial and substituted-substituted H pairs is 

negligible in the Ti3Sb lattice. This indicates that it is more difficult for H atoms to move in these 

identical positions of the Ti3Sb lattice. That is, the driving force of attraction of H is weak between 

like sites (TIS–TIS) for the formation of H clusters in the Ti3Sb matrix. 
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3.8. Calculation of the Diffusion Coefficient 

The diffusion coefficient H was calculated for an ideal Ti3Sb supercell without taking point 

defects into account. Surface effects, hydrogen capture by impurities, dislocations, grain boundaries 

or precipitates, and the formation of molecular hydrogen in Ti3Sb micropores were not taken into 

account in the calculations. The interstitial diffusion mechanism was considered. It was assumed that 

the hydrogen atom diffused in the cubic Ti3Sb crystal by migrating from a tetrahedral site to its 

nearest tetrahedral site.  

Using the molecular dynamics MD and Monte Carlo (MC) methods [43], taking into account the 

activation energy of the migration barrier ��
�(�������)

 = 1.57 eV along the interstices of the Ti–Ti lattice 

of Ti3Sb (110), the diffusion coefficient �����
�  was calculated. Table 4 shows the calculated activation 

energies of the hydrogen atom of Ti3Sb–H in comparison with similar compounds. 

Table 4. The calculated activation energy of diffusion of H in the Ti3Sb supercell in comparison with data for 

different compounds. 

System                    ��
� (eV) 

H–Ti3Sb This work          1.57 

H–Fe3Si [63]                1.91 

 H–TiO2  [64]               2.694 

Thus, the diffusion coefficient of the hydrogen atom calculated by us for the Ti3Sb system is: 

�����
�  = 1.410–8 exp(–0.17/���) m2/s (�� is the Boltzmann constant) at 1110–1350 K temperature, which 

is consistent with the values of �����
�  in cubic structures of metals [28] and alloys [68]. 

4. Conclusions 

In this study, first-principles calculations of the surface hydrogen H atom adsorption and 

diffusion behavior of H in the cubic crystal lattice of Ti3Sb (110) were performed (2  1  1, 2  2  2, 

5  5  5 supercells). We performed first-principles calculation of the Ti3Sb–H electronic structure 

using the DFT SGGA-PBE method. Calculated relaxed lattice constant of Ti3Sb–H (hydrogen coverage 

(Θ) of the monolayer (ML) of the surface Θ = 0.25 ML; a = 5.217 Å) turned out to be in agreement with 

the known experimental data (a = 5.223 Å) of Ti3-хSbHх. 

On the Ti3Sb (110) surface, three possible sites for hydrogen adsorption are considered: the H 

site on top (TS), site in the bridge bond between metal atoms (BS) of the surface, and the H site in the 

hollow site (HS) of the lattice (or in the HS hole position). For the first time, the adsorption energy of 

H (����
� ) on the surface of the crystal lattice of the Ti3Sb (110) compound was calculated. A more 

stable configuration of adsorption of H atoms with their coverage of Θ = 0.25–1 ML is the hollow 

sites HS on the surface of the Ti3Sb lattice. The energetic stability of the hollow site for H adsorption 

is determined by the high coordination number of the hollow site containing H with the nearest 

neighboring atoms and the minimal repulsion between the electron orbitals of the metal and the 

hydrogen atoms. The adsorption energy of H at a coverage of Θ = 0.25–1 ML of HS sites on the Ti3Sb 

(110) surface of the 2  1  1 Ti3Sb–Hads supercell is practically constant (����
� = –0.55 eV) and increases 

with increasing supercell size. 

From the DOS spectra of Ti3Sb–H it follows that the adsorption of H on the HS surface 

corresponds to chemical adsorption. With an increase in ML coverage from Θ  = 0.25 to 1, the 

adsorption energy of H first increases, which corresponds to a very weak state of physical adsorption, 

and then decreases. The adsorption energy of H on the top sites TS and bridge sites BS of the surface, 

as well as on hollow sites HS, remains constant in the Ti3Sb–Hads supercells. When H adatoms are 

located on the Ti–Ti regions, the value of ����
�  is smaller than on the Ti–Sb regions of the supercells. 

This pattern is violated when the supercell size is reduced to the size of the primitive Ti3Sb–Hads cell. 
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Increasing the H coverage of the Ti3Sb (110) surface forms Ti3Sb1-xHx and Ti3-xSbHx solid 

solutions, in which the density of states changes, which increases stability and reduces the conductive 

properties. This is due to the interactions of Ti 3d–3d, Ti 3d–Sb 5p and Ti 3d (Sb 5p)–H 1s electrons. In 

the band structures of Ti3Sb1-xHx and Ti3-xSbHx, a narrow conductive band is localized near the Fermi 

level. Hydrogen absorption leads to increased localization of 3d states in Ti3Sb1-xHx and Ti3-xSbHx due 

to a decrease in the d–d overlap of Ti. 

The calculated partial magnetic moment in Ti3Sb1-xHx solid solutions is small, 0.23 �� (Ti) at Ti–

Ti sites and 0.28 �� (Ti) at Ti–Sb sites of the Ti3Sb0.98H0.02 lattice. 

The calculated energy of the migration barrier for H along the tetrahedral site → tetrahedral site 

route in the Ti3Sb lattice is 1.57 eV. This energy, estimated by us taking into account the transition 

state model, corresponds to a saddle point on the dependence of the migration energy on the 

migration path for interstitial jumps of H atoms between two adjacent tetrahedral sites Ti.  

The binding energy of a pair of substituted–interstitial Ti–Ti H sites is ��������
�  = –0.11 eV in 

Ti3Sb1-xHx. Increasing the H surface coverage from 0.25 to 1 ML reduces the Ti–Ti binding energy 

between these non-identical sites to ��������
�  = –0.14 eV. 

The diffusion coefficient of H atoms �����
�  in the ideal Ti3Sb (110) lattice, calculated by the MD 

method taking into account the transition state model, is �����
�  = 1.410–8 exp(–0.17/���) m2/s. This 

value is consistent with the values of �����
�  in cubic structures of metals and alloys. 

Thus, the results of this work are important for understanding the mechanism of interaction of 

H atoms with intermetallic surfaces. It provides a theoretical basis for further studies of intermetallic 

and/or hydride alloys, in particular, based on Ti3Sb for storing H2. The obtained data can be used to 

control the adsorption, diffusion, accumulation and storage of hydrogen in Ti-based intermetallic 

materials, taking into account the control and stabilization of the crystal structure. 
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