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Design of ultrafast hydride-ion conductor with neural
networks

Yokohama City University, Department of Materials System Science
Specially Appointed Assistant Professor Albert Iskandarov

I Research Purpose
Hydrogen represents a key elemenl for Lhe next—generation energy conversion and
storage devices. Therefore, materials with fast hydrogen transport are needed for
further progress in the electrochemical and hydrogen—storage applications, The
hydride materials are the recently discovered new class of materials, where hydrogen
exists in the form of the H anion. The hydride materials are attractive for
electrochemical applications because they exhibit high H  conductivity at
intermediate temperatures (200-400 °C). The highest H conductivity was reported
for H ions in the oxygen—substituted lanthanum oxvhydride, Labs :0us (Fukui, et al.,
2019). The ionic conductivity in sulfides can be higher than in oxides due to larger
polarizability of S ions than that of 0 ions (Kamaya, et al., 2011) (Fukui, et al.,
2019). Therefore, sulfur—substituted lanthanum oxvhydride Lalls sSp 2 may exhibil even
higher H conductivity than LaHy 0o 2s.

The purpose of this study is te theoretically (on atomic level) design
sulfurhydride material Lals :Se s and to check if its H conductivity is higher than
that of LaH: :002. If the conductivity in LaH: sS04 were higher, than it would be a

proof that an experimental synthesis of Laly:Se s is needed

IT Methodology

As for the crystal structure of LallysSe s, the tetragonal phase of LaH,s0.s was
adoplted, in which all oxide ions were replaced with sulfur ions. For the reliable
estimation of I conductivity in Lals ;5.2 from atomistic simulations, a long time—
scale dynamics simulation (up to ns) is required for sufficiently large atomistic
system (up to thousands of atoms).Therefore, the accurate density functional theory
(DFT) simulation cannot be applied hecause of the high computational demands, In
this study, neural network potential (NNP) (Behler, 2015) was adopted for
describing interatomic interactions hetween ions in

l.aHy 7S5, The NNP potential must be well trained to describe the interatomic
interactions accurately. The training procedure of the NNP was based on reference

data obtained from a relativelv short (up te tens ps) ilonic Llrajectories obtained



from DFT dynamics of a small (only 60 ions) simulation cell depicted in Fig. 1.

The simulation cell represents 2x2x2 replication of the unit cell depicted by

dashed lines.

Using the NNP, molecular dynamics (MD)
simulalion was carried out for the LaHg 5025 system
with 2180 ions. The simulation time was 3 ns. The
three different temperatures were considered: 250,
300, and 350°C. The H conductivity was estimated in
the following way (Mehrer, 2007):

1) The mean—square displacement (MSD) of ions was
caleulated as MSD() = (T, [r () — v, (0)]2)/N (1),
where 71 (#) is the position of the 7th ion at time
L.

2) The H diffusivity, £, was calculated as D=
ity [MSD{t)/6t] (2).

3) The H ionic conductivity, o, was calculated from
Finstein’ s relationship o = Dng?/kgT (3), where n
and ¢ are the concentration and charge of the H
ions.

" The activation energy, {4, and prefactor, [,

Fipure 1 Tetragonal
struciure used for
Lally 555 5. Big dark spheres —
La, big Iight — 5, small
light — H fons.

%]

0 @ O

@ %L._%_

of II" diffusion was estimated using the Arrhenius relationship D = Dgexp(—E,/kgT)

(4).

IIT Results
NNP validation
The high accuracy of the NNP developed in

this work for LaHs :Se; can be

confirmed in Fig. 2, where the DFT energies and forces from the training dataset

can be compared with their counterparts estimated w

nlot corresponds to a perfect match between DFT and

ith NNP. The diagonal in each
NNP.

Figure 2. Comparison of NVP energies and atomic forees with DFT reference daia.
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The lattice parameters obtained for LaHs:S5p: from MD simulation at B73K are

summarized in Table 1.

Table 1. Lattice parameters of LaH; 552 at 350° € and LaHy :0p 2 at 340° C

LaHz_,r,Sa_za LaHz,ﬁoo,zs (FUkUi, et al., 2019)
a A 4. 99 4,03
e, A 5. 95 5, 70

H conductivity
The U™ diffusivity, £ and conductivity, o,calculated with egs. (2) and (3),
are presented in the left and right part of Fig. 3, respectively

Figure 8 Temperature dependence of H diffusivity and conductivity in Laly ;555
Black dots show results of HD simulations, Dashed line in the conductivity plot is

approximation of experimental I conductivity in LaHs ;00 (Fukui, et al., 2019).
examined tis_rr.l_peratures

7 : 1.5 ar . o
2
@ 5
T -8B 350°C 2.5
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2 9 ] 5 3.5
S <,
-10 : 4.5 : DO
0.0015 0.00175 0.002 0.0015 0.00175 0.002
UT, K1 1T, K1

IV Discussion
First, it should he noted that the developed NNP can describe the interatomic
interactions with high accuracy, because the NNP can successfully reproduce DFT
energies and Torces, as shown in from Fig, 1. Also, validity of the NNP is confirmed
by the lattice parameters in Table 1. Indeed, the lattice parameters are close to
the experimentalily measured (Fukui, et al., 2019) lattice parameters of Lally ;00 5.
The slightly larger lattice parameters of Lally ;5.5 are reascnable due to larger
ionic radius of S than that of 0. Therefore, Fig. 1 and Table 1 allow Lo state that
the developed NNP can be safely applied for reliable simulation of H diffusion in
LaHz, 55, 5

Second, the diffusivity, O 1in Figure 3 shows good Arrhenius type behavior
according to eq. (4). This allowed to estimate activation energy (0.64 eV) of H
diffusion according to eqg. (4). This activation energy is almost iwo times smaller

than 1.3eV experimentally observed for Lall ;0es (Fukui, et al., 2019). Basically,



the smaller activation energy in Laly ;552 should result in higher conductivity.
However, according to the condectivity plet in Fig, 3, the H conductivity in
LaH: 550,25 is 1-2 orders of magnitude smaller than in Lally:0u2 in the entire range
of the examined temperatures, Therefore, unfortunately LaHs;Sess cannot be
considered as a promising hydride-conducting material at the examined temperatures,
However, at smaller temperatures (i.e. at higher 1/T values in Fig. 3} the
conductivity in Lally 5S0.25 may get higher than in Lal: :04: as depicted in Fig. 3 by
extrapolation of the MD conductivity to 1/T=0.002K™, i.e.at T=227 K (see area in
the dotted circle).

The small conductivity is observed in LaH: s34 2 because besides the
activation energy, the prefactor, 4, from eq. (4) contributes to the conductivity.
1t was reported for Lalys0s.s that the prefactor is extraordinarily large (Fukui,
et al., 2019), which results in high W conductivity in LaHs 005 Significant
differences between Lally S0 5 and Laly 50u 2 in terms of the activation energy implies
that completely different H diffusion mechanisms are operating in these two
materials. In LaHs 8.2, the activation energy and the prefactor values are
comparable to that in conventional ionic conductors, Therefore, simple diffusion
mediated by random—walk of vacancies is expected in Laly 55025, while some interesting
diffusion phenomena might be happening in Lallg s0u 2. The latier, however, represents

an interesting direction for a different study.
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