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Abstract: In this work, we have compared the potential applications of nine different elements doped
Mg,NiH, as conversion-type electrode materials in Li-ion batteries by means of state-of-the-art
Density functional theory calculations. The electrochemical properties, such as specific capacity,
volume change and average voltage, as well as the atomic and electronic structures of different doped
systems have been investigated. The Na doping can improve the electrochemical capacity of the
pristine material. Si and Ti doping can reduce the band gap and benefit the electronic conductivity of
electrode materials. All of the nine doping elements can help to reduce the average voltage of negative
electrodes and lead to reasonable volume changes. According to the computational screening, the Na,
Si and Ti doping elements are thought to be promising to enhance the comprehensive properties of
pure material. This theoretical study is proposed to encourage and expedite the development of
metal-hydrides based lithium-storage materials.
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1. Introduction

Fossil fuels are being increasingly replaced by clean energies because of the pollution problems
caused by the burning of traditional energy forms [1-3]. New types of energies are significant to be
developed and applied in industry, as well as daily life. In this context, the renewable energy issue has
become a hot topic and is absorbing more and more attention of scientists throughout the world [4,5].
In recent years, variousrenewable energies have been rapidly developed. Hydrogen, as a kind of energy
carrier instead of energy source, is considered to be promising if abundant hydrogen can be produced
using electrolysis or photocatalytic water splitting or chemical reforming. While the application of
this energy form encounters some bottlenecks, such as the difficulty in solid-state hydrogen storage.
This issue was interestingly defused by Aymard et al. to link metal hydrides with Li-ion battery
technology and pave a new way to utilize hydrides materials in renewable energy storage [6-9].

Li-ion battery is regarded as one promising device in electric vehicles and other industrial
systems [10,11]. In order to satisfy the demands of the future market, more studies need to be carried
out to improve the performance of Li-ion batteries. Beyond the traditional intercalation-type and
alloying-type electrodes, the electrochemical conversion reaction electrode is another kind of concept
that is more tolerant of the size of ions (Li*, Na*, K*, etc.) and the crystal structure of electrode
materials.Oumellal et al. had proposed a new type of electrode material, i.e., metal hydrides, such
as MgH, for the conversion-type negative electrode application in Li-ion batteries. The proposed
MgH, electrode shows a large, reversible capacity of 1480mAhg~! at an average voltage of 0.5V versus
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Li*/Li? which is suitable for the negative electrode [12]. The adoption of conversion electrodes has
attracted more and more attention of scientists throughout the world. The pioneering conversion
reaction driven by MgH, and Li brought new light for the application of metal hydrides for energy
storage in the future.

Mg,NiHy is a kind of hydride traditionally studiedas hydrogen storage material to store energy in
the H-host bonds. Its high hydrogen storage capacity and stable crystal structure attracted researchers’
attention and the investigations on Mg,NiH, have grown rapidly [13-21]. While in this work, we have
explored its potential usage as the conversion electrode material to improve its electrochemical
properties for lithium storage. Doping is an effective method in materials science to improve the
performance of matters. In this work, a variety of elements which are close to Mg (Al, Ca, K, Na, 5i)
or Ni (Fe, Co, Ti, Mn) in the periodic table have beendoped in Mg,NiH,. Through First-principles
theory, the effects of the dopants on atomic and electronic structures have been calculated. The volume
change, average voltage and electrochemical capacity are further calculated.

2. Methods

All the calculations, including the atomic structures, energies, properties and electronic density
of states are based on the Density functional theory (DFT) [22] and the projector augmented wave
(PAW) [23] method was chosen. The Vienna Ab-initio Simulation Package was applied in this work.
The scheme of Perdew-Burke-Ernzerhof (PBE) [24] in the generalized gradient approximation (GGA)
was used as the exchange correlation functional. The unit cell of the Mg;4NigH3, (space group C2/c)
owns 56 atoms with the lattice parameters a = 14.2647 A, b = 6.3583 A, ¢ = 6.4379 A and the energy
cut off was chosen as 520 eV in all calculations process. As for the Ni element, the spin polarized
calculations weretaken into consideration. The k-points mesh of 7 X 15 X 15 was used in calculations.
Geometry optimizations and structural relaxations have been done by minimizing the forces on atoms
with a conjugate gradient algorithm and meanwhile minimizing stresses on unit cells without any
symmetry constraint.

3. Results and Discussion

Figure 1 shows the basic structure of the Mg;4,NigHs, crystal with the space group C2/c which
has been relaxed using density functional theory calculations. According to the results of calculation,
the unit cell contains 56 atoms (16 Mg atoms, 8 Ni atoms and 32 H atoms). All of the atoms include the
Mg atoms with 3 different kinds of site occupancies, the Ni atoms with one kind of site occupancy
and the H atoms with 4 different kinds of site occupancies. The 3 kinds of Mg atoms are named from
Mgl to Mg3 and the H atoms are named from H1 to H4. The atomic positions are shown in Table 1.
The doping calculations afterwards are based on this pristine structure.
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Figure 1. The unit cell of Mg, NiH,.Mg atoms are shown in cyan, Ni atoms are in brown and H atoms
are in white colors.
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Table 1. Atomic positionsin Mg, NiHy.

Atom Type Site X y z
Mgl 8f 0.26389 0.48813 0.08155
Mg?2 4e 0.00000 0.02287 0.25000
Mg3 4e 0.00000 0.52380 0.25000

Ni 8f 0.11991 0.23067 0.07987
H1 8f 0.21074 0.30420 0.30318
H2 8f 0.13847 0.31959 0.87295
H3 8f 0.00890 0.28864 0.05115
H4 8f 0.12497 0.98652 0.07292

In this work, nine kinds of elements that are close to Mg or Ni in the periodic table are chosen to
dope into the Mg1cNigHsp, as shown in Table 2. All the four different sites of Mg and Ni in a pristine
structure are considered when doping using each kind of foreign elements. The formation energy can
represent the thermodynamic doping tendency and it is calculated by the following formula [25,26]:

Eform = ET(D) + up — E1(P) — ng, 1)

where py, and pg stand for the atomic potentials of the host and dopant atoms, Et(P) and Et(D) stands
for the total energies of pure Mg14NigH3, and doped Mg1,NigHs,. The results are listed in Table 2. It
is obvious that most doping atoms prefer to replace the Mg site(s) rather than the Ni site. As for each
doping system, there also existsa difference in formation of energy between different kinds of Mg sites.
The Na, K, and Ca atoms prefer to replace the Mgl site. Al and Si atoms tend to occupy the Mg?2 site.
Ti, Mn, Fe and Co atoms will substitute the Mg3 site. These calculations help to confirm the doped
structure and lay important foundations for the further calculations of electrochemical properties for
lithium storage.

Table 2. The calculated formation energies (eV) of different doping atoms and sites for Mg, NiHj.

Element Mgl Site Mg?2 Site Mg3 Site Ni Site
Na 0.18689 0.19680 0.20369 0.88411
Al —0.05240 —0.08164 —0.04217 0.59143
Si —-0.09707 —-0.12752 —0.04054 0.43428
K 0.29441 0.37751 7.66576 0.97687
Ca —0.12695 —-0.11233 —-0.12014 0.72187
Ti —0.33983 —-0.32535 —0.34227 0.30145
Mn —-0.12189 —-0.11608 —0.12628 0.39103
Fe —0.17242 —0.15257 —0.19421 0.14697
Co —-0.15074 -0.13761 —-0.16507 0.05557

The following reactions are considered when pure and various doped Mg,NiHy are respectively
used as the conversion-type electrode material:

Mg16NiSH32 +32Li" +32e " = Mg]6Nig + 32LiH, 2)

Mg15XNigHz, + 32Li* + 32¢~ = Mg;5XNig + 32LiH, 3)

In the reactions, X represents the respective doping atom. As for the electrode material,
the theoretical electrochemical capacity is one of the most important parameters to weigh the
ability of the electrode. According to Faraday’s law,

The specific capacity = nF/3600M, 4)
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where 1 is the number of electrons involved in the conversion reaction, F is the Faraday constant and M
means the molar weight of the unit cell. Based on the doped structures, the electrochemical capacities
of various systems are shown in Figure 2. It can be found that the Na doped material owns the highest
electrochemical specific capacity. Besides the electrochemical capacity, the volume change of electrode
materials through the conversion reaction is also an important property. In Figure 3, the Na and K
dopings have the smallest volume changes (8.66% and 8.48% respectively). The volume changes of

most of the doped electrode materials are less than 10%.

980

O

=~

=)
|

Electrochemical capacity (mAh/g)
o .
=

N

AN
kN

pristine Na Al Si K

Ca

Ti

Mn

Fe

Co

Figure 2. The specific capacity comparison of pristine and various doped Mg, NiHy.
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For a good candidate for electrode material, the average voltage is another important property.
According to the earlier method:

The average voltage V ~ —AG/32F, )

the average voltage values have been calculated [27,28]. In the formula, AG is the Gibbs free energy
of the electrode conversion reaction in (2) or (3), and F is the Faraday constant. In Figure 4, it can be
found that all the doping elements can reduce the average voltage of the pristine material, which is
beneficial for the application as a negative electrode. The average voltage of the Mn-doped system
is the lowest and the Ti-doped and Fe-doped materials follow it. The dopant of Na can reduce the
average voltage to 0.467 V from the pristine 0.537 V. Considering the high capacity of the Na-doped
system, this element is also acceptable as the dopant. Besides the above properties, the electronic band
gap of the material should also be considered, since it is closely related tothe electronic conductivity of
the electrode. The comparison of various systems is shown in Figure 5. Among them, the dopants of Si
and Ti have the most obvious effects to reduce the electronic band gap of the electrode material.
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Figure 4. The average voltages of pristine and various doped Mg,NiH} electrode materials.
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Figure 5. The electronic band gap of pristine and various doped Mg, NiHy.

Through comparisons of above comprehensive electrochemical properties of various metal doped
Mg, NiHy systems for lithium-storage negative electrodes applications, it is found thatthe Na-doped
material owns the highest electrochemical specific capacity while with the second smallest volume
change (i.e., with good volumetric stability, which is significant for cycling properties of electrode
materials concerning conversion reactions during the working process of batteries) andthe reasonably
low average voltage and band gap values (closely related tothe electronic conductivity and rate
capability of electrode materials). The Ti-doped system has the smallest electronic band gap, the second
lowest average voltage as a negative electrode and the acceptable specific capacity and volume change.
Besides the Na and Ti doping, the Si-doped systemis also well balanced in electrochemical properties
in terms of the electronic band gap, electrode average voltage, volume change and the specific capacity,
which makes itanother good candidate for potential conversion-type negative electrode applications.
Apart from the electrochemical properties point of view, these three elements are also abundant, which
further makes them regarded as the promising dopants to improve the conversion-type lithium storage
properties of pristine Mg, NiHy.

To reveal the underlying atomic and electronic structures of these doped materials, we have
examined these systems carefully. Figure 6 shows the most stable structures after relaxations of doped
Mg,NiHy by Na, Si and Ti respectively. According to the above formation energy calculations, these
three doping elements occupy three different sites of Mg in a crystal lattice. Figures 7-9 respectively
shows the total and partial electronic density of states of three doped systems. Figure 7 shows the DOS
of the Na-doped material. The total DOS curve can be divided into three parts: The part below —2.5 eV,
the part from —2.5 eV to 0 eV (top of the valence band) and the part above 1.47 eV (conduction band).
The electronic DOS near the Fermi energy level is mainly contributed by the Mg p-states and the Ni
d-states. The partial DOS can be used to analyze chemical bonding. The s-states of Mgl, Mg2 and Mg3
tend to overlap the d-state of Ni. The p-state of Na tends to overlap the p-state of Mg. Figure 8 shows
the total and partial DOS of the Si-doped material. The total DOS is also divided into three parts:
From —12.5 eV to —4.2 eV; from —3.45 eV to 0 eV (top of the valence band); and the part above 0.68 eV
(conduction band). When it comes to the partial DOS, the situation is similar to the Na-doped structure.
The d-state of Ni atom forms bonding with the s-states of Mg atoms. What’s more, the p-state of Si
atom will form bonding with the p-state of Mg atom. Figure 9 shows the total and partial DOS of the
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Ti-doped system. For the Ti atom, the d-state overlaps the p-state of the Mg2 atom. The common
characteristics of the three doped systems are that one Ni atom would attract four H atoms to form a
local structure and the Mg atom attracts Ni to be arranged around the local structure.

OMgONi HONa@SiOTi

Figure 6. (a) stands for the Na doped Mg, NiHy, (b)stands for the Si doped Mg, NiHy, (c)stands for the
Ti doped MgpNiH,. The atomic configurations of most thermodynamically stable doped Mg, NiH,
respectively with Na, Si and Ti: Na dopes Mgl site, Si dopes Mg?2 site and Ti dopes Mg3 site.
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Figure 7. The calculated total and partial electronic density of states (DOS) for the Na-doped Mg, NiH,4

solid. The Fermi level is set at zero.
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Figure 8. The calculated total and partial electronic DOS for the Si-doped system. The Fermi level is set
at zero.
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Figure 9. The calculated total and partial electronic DOS for the Ti-doped system. The Fermi level is
set at zero.

4. Summary and Outlook

To conclude, we have screened nine kinds of elements for the doping of Mg,NiHy as conversion
electrode materials for lithium storage using the first-principles method. Through comparing the
formation energy of doping, we first determined the most thermodynamically stable doping sites for
each doping element. The electrochemical properties of nine doped materials, such as specific capacity,
volume change, average voltage and band gap are theoretically predicted, in which we choose the
three most promising elements (Na, Si and Ti) for doping to improve the electrochemical properties
of the pristine Mg,NiH,. Based on the three different doped crystal structures by Na, Si and Ti, we
have further revealed their electronic structures. This theoretical study has important significance
for the advancement of metal hydrides for lithium storage applications and is proposed to guide the
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experimentalists in related areas to design and synthesize the conversion electrode materials with
better properties.
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