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Abstract

Low Mg diffusivity in solid-state oxides is an obstacle for the development of materials for Mg ion batteries, which are
expected to have high capacity. In this study, we focused on NASICON-type and B-iron sulfate-type Mg, Hf, ,Nb(PO,);
that exhibit relatively high Mg ionic conductivity and investigated the Hf/Nb configuration and composition dependence
of phase stability and ion conductivity by atomistic simulation using neural network potentials. The calculations show that
the NASICON:-type structure is slightly more stable and has higher Mg ionic conductivity than that of the p-iron sulfate-
type. The effect of the Hf/Nb configuration was investigated and showed that the ordered stable structure had much lower
ionic conductivity than the disordered structure. Furthermore, as the Mg ion concentration increased, the ionic conductivity
increased monotonically at low concentrations but tended to converge to a constant value above a certain concentration. The
saturation of the ionic conductivity despite increasing the Mg concentration may be due to the trapping effect of the Mg ions
caused by the Hf vacancies as well as the Hf/Nb arrangement.
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Introduction

Lithium-ion batteries are widely used nowadays in port-
able electronic devices and electric vehicles, owing to their
high energy density and long cycle life [1]. However, the
increasing mining costs associated with the rapidly growing
demand for lithium resources [2] and the further improve-
ment of energy density [3] need to be solved due to the rapid
proliferation of electric vehicles. The development of Mg ion
batteries is expected to solve this problem [4-7], as Mg ions
are divalent and can carry two electrons in a single carrier
ion, theoretically doubling the energy density [8, 9]. This
has the potential to realize EVs with a cruising range that
surpasses that of conventional vehicles. Furthermore, safety
can also be ensured if an all-solid-state magnesium ion bat-
tery is realized in which the flammable organic electrolyte
is replaced by a solid electrolyte [8—10].

However, the higher the valence of the conductive ion
species, the stronger the Coulomb interaction with the
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surrounding counter ions and the lower the conductiv-
ity of the ion [11]. Therefore, research has focused on
monovalent cation conductors such as Li* and Na™ and
high-performance electrochemical devices have been
successfully developed [12-16]. Therefore, in order to
develop future Mg ion all-solid-state batteries, the elec-
trode and solid electrolyte structures must be optimized
to overcome the poor conductivity of Mg ions because of
the divalent Mg ions.

It is known from the literature [17-21] that phos-
phate materials are promising ionic conductors for
Mg ions. For example, Imanaka et al. reported that
Mg 7(Zr, 3sNbg 15),(PO,4)s With a p-iron sulfate structure
showed a relatively high Mg ion conductivity of 1.1 x 1077 S
cm™~! at 573 K [22]. We have reported that the polymorphic
NASICON-type Mg, sZr,(PO,); has an even higher ionic
conductivity than the B-iron sulfate-type Mg, sZr,(PO,),
by performing a first-principles molecular dynamics study,
although the NASICON-type polymorph is thermody-
namically unstable [23]. Recently, an Mg ionic conductor
with a NASICON-type HINb(PO,); compositional frame-
work was reported to have a higher ionic conductivity of
2.1x107 S cm™! at 573 K than the p-iron sulfate-type
Mg 7(Zr §sNbg 15)4(PO,)g [24].
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The NASICON-type structure in HINb(PO,); consists
of (Nb, Hf)Og4 octahedra and PO, tetrahedra alternately
bridged by O atoms at the two coordination ends, form-
ing (Hf, Nb),P;0,5 (lantern) units (Fig. 1). The Mg ions
migrate between lattice sites in the corner sharing network.
For this local bonding rule, another type of structure with
a different network topology, known as a f-iron sulfate-
type structure, is also derived [25, 26].

The superior Mg ion conductivity in the NASICON-
type structure is attributed to the ordered arrangement
of the lantern units in the NASICON phase, whereas the
lantern units in the B-iron sulfate phase are slightly dis-
torted [27]. However, in the case of Mg, sZr,(PO,); pre-
sented above, it has been reported that the NASICON
phase is stable only under negative pressure conditions
and the p-iron sulfate phase is stable in real systems
[23]. However, as mentioned above, it is interesting that
successful synthesis of the NASICON phase has been
achieved in HfNb(PO,); doped with MgO, resulting in
(Mg 1Hfg 9)4/3 sND(PO,)5 [24].

In this study, we focus on the HfNb(PO,); phase with
the NASICON phase and investigate the phase stability,
quantitative evaluation of ionic conductivity, and details of
the conduction mechanism using molecular dynamics (MD)
simulations with the neural network potential (NNP) force
field (FF).

Currently, first-principles molecular dynamics (FPMD)
simulations are one of the approved methods for evaluating
the diffusivity of focused ions in solid-state, but are limited
to the application of a few hundred atoms and simulation
times of a few tens of picoseconds due to the high compu-
tational cost. Therefore, the statistics for ion hopping events
may not be sufficient to simulate the ionic conductivities of
less diffusive atoms such as divalent ions including hMg?*.
However, in recent years, NNP methods have enabled calcu-
lations of large size and long simulation time with an accu-
racy comparable to density functional theory (DFT) [28].

Fig.1 a NASICON-type
structure and b p-iron sulfate-
type structure of HINb(PO,);.
Green and lavender polyhedra
correspond to (Hf,Nb)O, and
PO,, respectively. Orange and
gray spheres correspond to Mg
ion sites. Lantern units are also
indicated by the hatched circle

(a) NASICON-type

@ Springer

This should allow a more accurate and efficient investigation
of Mg diffusivity.

Methods

The Mg, Hf, Nb(PO,); composition, in which Hf and Nb
occupy the octahedral site and P occupies the tetrahedral
site, was the subject of this study. The initial structure used
for the calculations was based on our previous report on
Mg, sZr,(PO,); [23]. All octahedral Zr ions in the structure
of Mg, sZr,(PO,); with NASICON-type and B-iron sulfate-
type structures were replaced by Hf and Nb ions, respec-
tively, in a 1:1 molar ratio. In addition, Hf vacancies were
introduced to keep charge neutrality with the introduction
of Mg ions at the center of the lantern site (6a site in Fig. 1)
to construct NASICON-type and B-iron sulfate-type struc-
tures with the Mg, Hf,  Nb(PO,); composition. We prepared
superstructures for the molecular dynamics (MD) simulation
such that the number of atoms is about 1500 in the NASI-
CON phase and about 1100 in the p-iron sulfate phase. In
this paper, the NASICON phase is referred to as the a-phase
and the p-iron sulfate phase as the p-phase, hereafter.

NNP is used to calculate the energy and forces acting on
ions for a given structure. A pretrained universal interatomic
potential implemented in M3GNet.py software is used [29].
The structure relaxation and the MD simulations under the
canonical ensemble (NVT) are performed using the atomic
simulation environment (ASE) [30]. NVT-MD simulations
were performed for 100 picoseconds with a time step of
1 fs, after the structure relaxation, unless specifically men-
tioned. Note that the validity of the NNP is confirmed by
comparison with energies or forces obtained by density
functional theory (DFT) calculations. The DFT calculations
were performed using the plane-wave basis and projector-
augmented wave methods [31], which are implemented in
the Vienna ab initio simulation package (VASP) [32-34]. In

(b) B-iron sulfate-type
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Fig.2 Comparison of DFT and
NNP calculated energies and
forces for (a) a-phase (x=0.17),
(b) a-phase (x=0.33), (¢)
B-phase (x=0.19), and (d)
B-phase (x=0.31)

a

NNP Force / eV/A NNP Force / eV/A NNP Force / eV/A

NNP Force / eV/A

~650
a) Ener
o5l (@) Energy
-
£ 700+
&
5 725
=
% ~750}
-775}
~800——¢5p =750 =700
DFT Energy / eV
~700 L
(b) Energy
% ~720F )
-
&
2
& —740}
(a9
Z
Z
~760}
~800 780 760 740
DFT Energy / eV
(c) Energy
., ~1800}
2
%
5 1900t
=
=
[a Y
Z 20000
~2100™=5160"=2000 —1900 _—1800
DFT Energy / eV
15500 (d) Energy
-
(]
5-6—1900-
2
= 1950}
z
~2000}

2100 2000 ~1900
DFT Energy / eV

100
(a) Forces .
50F
O_
=50¢ 2
..I
ST S0
DFT Force / eV/A
200F
(b) Forces
100

1 1

~200 0 200

DFT Force / eV/A

(c) Forces

200 0 n 200
DFT Force / eV/A

200F
(d) Forces
100f
0_
—100+
—200L . .
—200 0 200

DFT Force / eV/A

@ Springer



Journal of Solid State Electrochemistry

addition, the Perdew—Burke—Ernzerhof generalized gradient
approximation for solids (GGA-PBEsol) [35, 36] was used
to approximate the electron—electron interactions [37].

The genetic algorithm (GA) was used to optimize the Hf/
Nb arrangement which was regarded as a one-dimensional
string (chromosome) consisting of two labels, O (Hf) and 1
(Nb). The labels are randomly assigned to each cation site
to the chromosome in the first generation. The structures
with the most stable Hf/Nb configuration were investi-
gated by generating offsprings using crossover and muta-
tion operations for more energetically stable chromosome.
Evaluation of the generated chromosome was performed
by NNP energy calculations. The technical details of the
genetic algorithm are described in our previous publications
[38—40], and the in-house Python code software for genetic
algorithm, GmAte.py [41] is used in the present study.

Results and discussion

The accuracy of the NNP calculation was verified by com-
parison with DFT calculations. Specifically, relatively small
superstructures of a-phase and f-phase were created, and the
lattice parameters and the positions of the consisting atoms
were randomly displaced within a trace amount. A total of
50 structures were generated in this way and the calculated
energies and forces acting on the atoms were compared with
DFT and NNP (without structural relaxation). This operation
was evaluated for x=0.17 and x=0.33 for the a-phase and
x=0.19 and x=0.31 for the B-phase, respectively. Figure 2
shows the diagnostic plot, and the slope and coefficient of
determination R? are also close to 1, confirming the potential
validity of the NNP.

Stable structures with non-Mg containing HfNb(PO,),
compositions were investigated for each of the a- and
B-phases. Specifically, two types of Hf/Nb arrangements
were calculated, one with an optimized Hf/Nb sequence
using a GA and the other with a randomly arranged Hf/Nb
sequence. The calculated energies are presented in Table 1.
In both the a- and B-phases, the GA structures exhibited
smaller structural energies and were more stable, although
the difference was only about 7 meV/atom for the same com-
position. Since the material was experimentally synthesized
at high temperatures (1473 ~ 1573 K), Hf/Nb is expected to
form random arrays when configuration entropy effects and
other factors are taken into account.

Next, the composition dependence of phase stabil-
ity was evaluated for a- and p-phases with random Hf/
Nb arrangement. Structural relaxation calculations were
performed for each structure with varying Mg concen-
tration (x), and the results of comparing the structural
energies (eV atom™') of both phases are shown in Fig. 3.
The a-phase became more stable than the -phase as the

@ Springer

Table 1 Comparison of the structural energies of GA and random
structures for a- and B-phases, respectively

Sample Structural energy per
atom/eV per atom

a (GA) -8.232

o (Random) —8.225

B (GA) -8.229

B (Random) -8.222

Mg concentration x increased. However, previous reports
have suggested that decomposition reactions proceed
for x> 0.05 to form NbPOs and HfP,0O; in the stable
a-Mg, Hf,  ,Nb(PO,); phase [24]. Therefore, increasing
the amount of Mg would make it difficult to maintain the
HfNb(PO,); matrix phase due to decomposition reactions,
which are not considered in this calculation.

The dependence of the ionic conductivity on the Hf/
Nb arrangement for a- and pB-phases (x=0.05) was inves-
tigated by comparing the NNP-MD derived ionic conduc-
tivity of Mg with GA optimized and randomly assigned
Hf/Nb configurations. The total MD simulation time is
2000 ps with a time step of 1 fs. The mean square displace-
ments (MSD) for all constituent atoms (Mg, Hf, Nb, P,
and O) were calculated and the diffusion coefficients were
determined from the slope of MSD plots. Figure 4 shows
the MSD plots for (a) a-phase (x=0.05) and (b) pf-phase
(x=0.05). For Mg ions, the linear increase in MSD over
simulation time is visible, indicating diffusion through
site-to-site hopping. On the other hand, the MSD for Hf,
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Fig.3 Comparison of phase stability between a- and p-phases as a
function of composition x
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Fig.4 MSD plots of Mg, Hf, Nb, P, and O trajectories in a a-phase (x=0.05) and b f-phase (x=0.05) at 1600 K

Nb, P, and O remained constant at around 1 AZ, which cor-
responds to thermal vibrations. Note that the MSD profile
for the p-phase shows the result of averaging two NNP-
MD calculations performed under the same input condi-
tions. This was necessary because obtaining a statistically
linear MSD profile was challenging due to the low number
of Mg ions in the lattice.

Arrhenius plots were made for these structures and
the migration energies and diffusion coefficients, D, at
873 K were calculated for the diffusion of Mg. The ionic
conductivity of Mg, o, is also estimated by the Nernst-
Einstein equation:

_ ’Fc

o= D
RT

(M

where R, T, z, F, and c are the gas constant, absolute tem-
perature, ion valence, Faraday constant, and ion concentra-
tion, respectively.

Table 2 lists the Mg ionic conductivities and migration
energies. It was confirmed that for both the random and
GA structures, the a-phase at x=0.05 is expected to have a

higher Mg ionic conductivity than the f-phase. It was also
confirmed that the structure optimized by GA has a signifi-
cant decrease in Mg ionic conductivity and an increase in
migration energy when compared to the random structure.
This indicates that the order of the Hf/Nb arrangement is
crucial for Mg ion conduction, so that experimental high-
temperature sintering and quenching processes that pre-
serve the random structure would be advantageous.

The calculated ionic conductivity of the a-phase with
random structure at 873 K was in good agreement with the
previously reported value of 1.2x 107 S cm~!. The cor-
responding migration energy was also in good agreement
with the previously reported value of 0.68 eV [24]. This
indicates the validity of our calculations and suggests that
the experimental evaluation of the a-phase reported in the
past suggests that the Hf/Nb arrangements are random.
Note that the present computationally determined Mg
ionic conductivity only accounts for Mg diffusion, whereas
the experimental one includes bulk and grain boundary
contributions. From the agreement between the experi-
mental and computational conductivities, it can be inferred

Table 2 Migration energies and
ionic conductivities at 873 K for
GA and random structures of

Mg, Hf, Nb(PO,); (x=0.05)
a- and B-phases, respectively

Sample Migration energy, eV Conductivity at
873K, Scm™
a-Mg, Hf, ,Nb(PO,); (x=0.05) random 0.64 9.62x1073
a-Mg, Hf, ,Nb(PO,); (x=0.05) GA 0.82 6.37x107°
p-Mg, Hf,  Nb(PO,); (x=0.05) random 0.72 1.83%x1073
p-Mg, Hf, Nb(PO,); (x=0.05) GA 1.37 1.62x107°
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that the grain boundary contributions are less important
for the overall ionic conductivity, i.e., the coulombic inter-
action between the multivalent Mg?* ion and the lattice is
dominant for the overall conductivity performance.

In response to this result, RDF analysis was performed to
investigate the interaction between Mg and the host lattice
at the atomic level during Mg diffusion. The results of the
RDF analysis of Mg-Nb and Mg-Hf interactions are shown
in Fig. 5, and confirm the selective Mg occupation in the
vicinity of Hf ions. This is due to the relative attraction of
Mg ions to lower valent Hf** ions than Nb>*, which reduces
coulombic repulsion. This corresponds to a trapping effect
on Mg ion conduction, leading to a decrease in conductiv-
ity. However, this tendency was particularly pronounced in
the random structure with high ionic conductivity, as the
intensity of the Mg-Hf first proximity RDF peak in the
GA-derived structure is lower than in the random structure.
Hence, it is difficult to explain the difference in ionic con-
ductivity by the trapping effect, since a trapping effect often
causes the reduction of ionic conductivity, in general.

Figure 6 shows the crystal structures of the random and
GA-derived structures. The GA-optimized structure has an
arrangement in which two adjacent HfO4 octahedra and two

adjacent NbOg octahedra appear alternately in both the a-
and P-phases. In addition, Fig. 7 shows the results of the
RDF analysis between Nb-Nb, Hf-Hf, and Hf-Nb for both
the random structure and the GA-optimized structure. In the
a-phase, the first nearest Nb-Nb and Hf-Hf peaks (~5.0 A)
in the GA-optimized structure are larger than those in the
random structure, while the peaks from the second nearest
neighbors (~5.7 A) disappear. This suggests that arrange-
ments in which two NbOy (or HfOg) octahedra are adjacent to
each other are more likely to form. In the B-phase, the interac-
tions between Nb-Nb and Hf-Hf around 6.3 A are prominent
in the random arrangement, whereas in the GA structure, the
interactions between Nb-Hf become dominant around 6.3 A.
The difference in RDF profiles between the GA structure and
the random structure appears up to around 10 A, revealing
that an ordered arrangement of Hf/Nb forms over relatively
long distances.

From the RDF of Hf-Mg shown in Fig. 5, it is evident
that Mg ions tend to diffuse preferentially around Hf in the
random Hf/Nb array structure. For this, we conclude that the
Hf ions may form a (percolation) network between both ends
of the lattice, which secures the conduction pathways for the
Mg ions and exhibits a higher ionic conductivity. Conversely,

Fig.5 RDFs during Mg diffu- %10~ %10~
sion of Hf-Mg and Nb-Mg in a 1.75F
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Fig. 6 NNP-optimized struc-
tures of a a-phase with Hf/Nb
random, b f-phase with Hf/Nb
random, ¢ a-phase with Hf/Nb
GA-optimized, and d B-phase
with Hf/Nb GA-optimized
structures. Beige, green, and
lavender polyhedra correspond

to HfO,, NbOy, and PO,,, Random
respectively
GA-optimized
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Fig. 7 RDF of a Nb-Nb, b Hf-Hf, and ¢ Hf-Nb for a-phase (x=0.05) with Hf/Nb random (red) and Hf/Nb GA-optimized (blue) structures. RDF

of d Nb-Nb, e Hf-Hf, and f Hf-Nb for p-phase (x=

0.05) with Hf/Nb random (red) and Hf/Nb GA-optimized (blue) structures
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in the GA-derived Hf/Nb sequence, the Hf network is dis-
rupted, and the conduction of Mg ions is considered to be
suppressed. According to the RDF of Hf-Hf in Fig. 7, the
interaction at 5.7 A in the a-phase and the interaction at 6.3 A
in the B-phase are lost in the GA-derived structure. This sug-
gests that the HfO4 network is disrupted, which could hinder
the conduction of Mg ions.

Next, NNP-MD simulations were performed at intervals
of 100 K between 1200 and 2000 K for each composition
x of a- and p-Mg, Hf, ,Nb(PO); with the Hf/Nb random
structure, and the logarithm of the calculated ionic conduc-
tivity was taken. These values were plotted against the recip-
rocal temperature, i.e., an Arrhenius plot (Fig. 8).

In this study, we evaluated the hopping of the divalent
cation Mg, which has a high migration energy, and also the
number of Mg is extremely limited. Therefore, the prob-
ability of hopping events at room temperature is extremely
low, and the evaluation was conducted by increasing the

simulation temperature in order to increase the number of
hopping events sufficiently. In addition, from this Arrhe-
nius plot, the activation energy and the ionic conductivity at
873 K were extrapolated, which correspond to the composi-
tion x, and are shown in Fig. 9 and Table 3.

As listed in Tables 3 and 4, the migration energy is almost
constant for all compositions, about 0.66 eV for the a-phase
and 0.72 eV for the p-phase. Because of the small concentra-
tion of Mg ions in the present model, the interaction between
Mg ions would be small, so that the hopping of Mg can
be attributed only to the interaction with the host structure
HfNb(PO,);. Hence, the change in migration energy with
respect to Mg content is considered to be small.

Figure 9 and Tables 3 and 4 show the Mg ionic con-
ductivity at 873 K as a function of Mg content, and higher
ionic conductivities are confirmed for the a-phase than for
the B-phase. This may be attributed to the higher migration
energy of the f-phase and the stronger interaction between

Fig.9 Compositional depend- (a) (b)
ence of the Mg ion conductivity
in a a-phase and b B-phase at (] 43
873 K —4.0r —_— )
/ L —
a1k /// 4.4
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£ £
o —43F o 46
o o _
o -44f o 4
S S
—4.5F 4.8
46} 49
-4.7 ¢ -0
0.025 0.050 0.075 0.100 0.125 0.025  0.050 0.075 0.100 0.125

x in Mg, Hf; - ,Nb(POy)3
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Table 3 Compositional dependence of migration energies and ionic
conductivities of Mg ions for random structures of a-phases at 873 K

x in a-phase Migration energy, eV Conductivity at
873K, S cm™!
0.01 0.66 1.74%x 107>
0.04 0.66 6.98%107°
0.06 0.64 9.62%x107°
0.08 0.64 8.59%107°
0.11 0.66 1.11x107*
0.13 0.66 8.86x 107

Mg and the lattice. In the B-phase, the ionic conductivity
increased monotonically with increasing Mg concentration
in the region where x < 0.09. In the a-phase, however, the
ionic conductivity did not tend to increase at Mg concen-
trations of x> 0.05. In the B-phase, the ionic conductivity
also tended to remain almost constant at a Mg concentra-
tion x> 0.09. It is thought that the increase in ionic con-
ductivity in the small x region is due to the increase in Mg
ion concentration, but the conductivity of Mg ions does not

Table 4 Compositional dependence of migration energies and ionic
conductivities of Mg ions for random structures of B-phases at 873 K

x in B-phase Migration energy, eV Conductivity at
873 K, S cm™!
0.02 0.73 9.84x107°
0.05 0.72 1.83%107°
0.06 0.72 3.80x 1073
0.09 0.72 5.04x107°
0.13 0.72 5.27x107°

Fig. 10 Population density

for Mg ions in the a-phase
(x=0.05) during MD simulation
at 1400 K (yellow isosurface).
Beige, green, and lavender
polyhedra correspond to HfOg,
NbOg, and PO,, respectively.
The orange sphere indicates

Mg ions located at octahedral
vacancy sites

change when doped above a certain level, indicating that
simply increasing the Mg concentration does not improve
the ionic conductivity.

To better understand the Mg ion conductivity behavior,
the MD calculated population density of Mg at 1400 K
in a-phase (x =0.05) with a random Hf/Nb configuration
is shown in Fig. 10. The hopping of the Mg ion directly
from 6a site to 6a site is clearly visible. We also con-
firmed that Mg is trapped in the octahedral Hf vacancy
sites and does not contribute to diffusion, and that Mg
ions on the diffusion path are trapped to octahedral Mg
due to lower valence than Hf and Nb. In both a- and
B-phases, two Mg?* ions can be doped per Hf** vacancy
by considering charge neutrality. We confirmed that one
of doped two Mg ions tends to occupy the Hf vacancy,
but the Mg concentration itself, which contributes to dif-
fusion, increases monotonically (Fig. 9). The Mg ions on
the diffusion path are strongly trapped by the Mg located
at the Hf vacancy site, which may reduce the concentra-
tion of diffusive Mg ions.

Thus, the constant conductivity behavior above a certain
Mg ion concentration may be a trapping effect forming a
strong binding between Mg at the diffusion path and Mg
occupying the Hf vacancy sites.

Based on this significant effect of the Hf/Nb arrange-
ment, we conclude that a uniform valence distribution that
does not generate Mg ion traps is desirable for the devel-
opment of higher Mg ionic conductivity in the a-phase.
By increasing the complexity of the cation composition,
i.e., high entropy strategy, it might be possible to develop
highly ionic conducting phases with averaged potentials
and suppressed trapping effects, as recently reported [42].
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Conclusion

NNP-MD was performed to investigate the phase stability
and ionic conductivity of Mg in NASICON-type and f-iron
sulfate-type Mg, Hf, ,Nb(PO,);. The results showed that the
NASICON-type structure is slightly more stable and also has
a higher Mg ionic conductivity than the f-iron sulfate-type
derivative. This is consistent with the previously reported
experimental results. We found that the Hf/Nb arrangement in
the NASICON-type structure strongly affects the ionic conduc-
tivity, with the GA derived ordered and stable Hf/Nb arrange-
ment decreasing the ionic conductivity of Mg compared to the
random Hf/Nb arrangement. Furthermore, the ionic conductiv-
ity increases monotonically with increasing concentration of
Mg at low concentrations, but tends to converge to a certain
value once a certain concentration is exceeded. This might be
due to the trapping effects caused by Mg ions at octahedral Hf
vacancies. Therefore, to achieve high ion-conducting phases
in Mg, Hf, ,Nb(PO,); materials, it is considered necessary to
maintain a random arrangement of Hf/Nb by processes such
as high-temperature sintering and quenching and to adjust the
appropriate amount of Mg/Hf to suppress Mg ion trapping.
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