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Na superionic conductor-type LiZr,(POy4)s as a
promising solid electrolyte for use in all-solid-
state Li metal batteries
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All-solid-state Li-ion batteries are of considerable interest as safer alternatives to Li-ion batteries
containing flammable organic electrolytes. To date, however, achieving sufficient charging and
discharging rates, in addition to capacity, at room temperature using these all-solid-state batteries has
been challenging. To overcome these issues, material simulations and informatics investigations of a
relatively new Na superionic conductor (NASICON)-type LiZr,(PO4)s (LZP) electrolyte were conducted to
elucidate its characteristics and material functions. The following thermodynamic and/or kinetic
properties of NASICON-type Li-ion conductive oxides were investigated with respect to the crystal
structure mainly using material simulation and informatics approaches: (1) the electrochemical stabilities
of LZP materials with respect to Li metal and (2) Li-ion conductivities in the bulk and at the grain
boundaries. An efficient materials informatics search method was employed to optimise the material
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DOI: 10.1039/d2cc01526a functions of the LZP electrolyte via Bayesian optimisation. This study should promote the application of

LZP in all-solid-state batteries for use in technologies such as mobile devices and electric vehicles and
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1. Introduction

Li-ion batteries, which are employed as power sources in mobile
devices and electric vehicles, contain flammable organic electro-
lytes, which introduce the risks of liquid leakage and explosion.
These problems may be resolved using all-solid-state batteries,
wherein the flammable organic electrolytes are replaced with
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enable more complex composition and process control.

non-flammable inorganic solid electrolytes."”> However, the

diffusion of Li ions is generally much slower in a solid than
in a liquid, and charging and discharging at sufficient rates and
capacities at room temperature are challenging. Solid electro-
lyte materials for use in all-solid-state batteries were developed
in the 1980s, and various materials have been investigated
to date. Recently, Kanno et al. reported a solid electrolyte,
Li;0GeP,S;,, with a Li-ion conductivity rivalling those of liquid
systems (10> S cm ™' at room temperature).>* The discovery of
such materials inspires further practical applications, such as
an all-solid-state battery that may achieve the energy density
and charge/discharge rate required for use as an electric vehicle
power source. In addition, the introduction of robust inorganic
solid electrolytes should enable the use of Li metal, which
exhibits a very large capacity, as the anode.”® To date, Li metal
has been unusable due to the risk of short-circuiting because of
dendrite precipitation following repeated charging and dis-
charging. However, the use of solid electrolytes has yielded
drastic increases in battery capacity. Furthermore, all-solid-
state batteries enable bipolarised series connections.”® Conven-
tional liquid-based batteries require the cell to be packaged prior
to connection. However, an all-solid-state battery does not require
complex packaging for electrolyte solution leakage, which may
considerably improve the volumetric energy density.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Potential windows of typical solid electrolytes, according to convex
hull computations based on first-principles calculations.

To date, the highest Li-ion conductivities at room tempera-
ture have been reported using Li;(GeP,S;, and its derivatives,
with values on the order of 1072 S cm™!, and oxide-based
perovskite-type (Li, La)TiO3; materials, with values on the order
of 107 S em™ "' Sulphide-based materials exhibit higher
ionic conductivities than oxides. Sulfur also displays a higher
moldability than oxygen and less grain boundary (GB) resistance,
even in green compacts. However, sulfides are chemically
unstable, and as shown in Fig. 1, their potential windows are
generally very narrow compared to those of oxide-based systems.
Furthermore, they exhibit low atmospheric stabilities, with the
risk of reactions with atmospheric moisture that generate H,S and
concomitant deterioration."

Oxide ion conductors exhibit large energy gaps between the
upper end of the valence band and the lower end of the
conduction band and generally display wider potential windows
than sulfides (Fig. 1). Furthermore, their atmospheric stabilities
are high, and they are less likely to generate toxic gases, such as
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H,S, rendering them safer than sulfides. Na superionic conduc-
tors (NASICONSs),">"* perovskites,”'° and garnets®'®*2° are oxide
materials with high Li-ion conductivities, and various solid elec-
trolytes are proposed based on these structural frameworks.
However, perovskites exhibit high reduction potentials, which
reduce the operating voltages of all-solid-state batteries."* >
Furthermore, garnettype Li,La;Zr,0;, exhibits high stability
compared to metallic Li.">"'® However, this material also displays
challenges in terms of handling in practical applications, such as
its reaction with low amounts of atmospheric moisture, which
reduces the conductivity."”'® NASICON-type oxide was discovered
earlier than the perovskite and garnet types. In 1976, Goodenough
et al. reported that the Na-ion conductive oxide NagZr,.
SiyP_xO12 generated a high ionic conductivity of ~5 S em ™t at
300 °C." This material was denoted as NASICON, with the highest
Na-ion conductivity at that time. Subsequently, materials wherein
the Na ions were substituted with Li or Mg ions have been
reported and have exhibited high ionic conductivities.>**"?”
Table 1 shows the ionic conductivities of representative
NASICON-type solid electrolytes. Examples of NASICON-type oxi-
des that display high Li-ion conductivities include Li; 3Alj -
Ti; 7(PO,); (LATP), where the Ti in LiTiy(PO,); is partially sub-
stituted with Al (~107> S em™"), and Li; 5Aly sGe; 5(PO,4); (LAGP,
~107% S em™").>*** However, materials containing Ti and Ge
exhibit reducing properties, and LATP and LAGP experience the
same issue as perovskite-type materials in that they react with
metallic Li.***> However, stable charging and discharging of
LiZr,(PO,); (LZP), which is a type of NASICON material, was
recently observed in an all-solid-state battery comprising Li/LZP/
LiFePO,, where the metallic Li was the anode.?® As in the case of
LATP, doping metal cations to stoichiometric LZP significantly
improves the Li-ion conductivity. For example, LZP doped with
Sr0,*?% Ca0,*"* Y,0,,**° AL0;>** and As,0s; has been
reported to show improved Li-ion conductivity up to 100 times
that of non-doped LZP. The common feature in these systems
with a significant increase in ionic conductivity is when the molar
ratio of Li ions to the formula unit (LiZr,(PO,);) exceeds 1,
indicating that the introduction of Li ions at the interstitial site
by doping with aliovalent ions is effective. Rossbach et al. con-
ducted a comprehensive study of LATP systems based on a survey
of many papers, which showed that introducing an excess of Li

Table 1 lonic conductivities (¢) and activation energies (Ea) of NASICON-type Li-ion conductors

Electrolyte Structure o (RT,Sem ™) Ea (eV) Ref.
LiTiy(POy); Crystalline 2 x10°° — 26
Liy 3Alg 3Ti; ,(PO4); Crystalline 7 x 107 — 26
Liy 58¢.3Ti1.7(PO4)3 Crystalline 7 x 107 — 26
LiZr,(POy); Crystalline, rhombohedral 8.06 x 1077 0.56 27
LiZr,(PO,)s Crystalline, rhombohedral 2 x107* 0.28 28
Li; »Zr; 9S10.1(PO4)s Crystalline, rhombohedral 3.44 x 107° 0.43 27
Li; 2711 oSr0.4(PO4)3 Crystalline, rhombohedral 0.85 x 10 * 0.29 29
Lio.o1Hf5.022(PO4)3 Crystalline 3.2 x 1077 0.47 30
Li; »Zry 9Cag.1(POy4)3 Crystalline, rhombohedral 1.2 x 1074 0.44 31,32
Li; 15Y0.15Z11.85(PO4)3 Crystalline, rhombohedral 1.4 x 1074 0.39 33
Li; 575410275211 725(PO4)3 Crystalline rhombohedral 3.1 x10°° 0.44 34
LiZry(AsO,)(PO4);s_x Crystalline monoclinic 1077 0.6 35
Li; 5Alp 5Ge; 5(PO4); Crystalline, hexagonal, a = 8.25, ¢ = 20.65 4.0 x 1074 0.35 36
Li; 5Alp 5Ge; 5(PO,); Glass-ceramics, rhombohedral, a = 8.276, ¢ = 20.394 1.18 x 10° 37
This journal is © The Royal Society of Chemistry 2022 Chem. Commun., 2022, 58, 9328-9340 | 9329
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rather than inserting Li vacancies contributed more to perfor-
mance improvement.’> On the other hand, it has also been
pointed out that increasing the amount of Li too much can
adversely reduce ionic conductivity. This phenomenon is observed
even in the single-phase NASICON phase, which suggests that
trade-off factors of aliovalent doping may exist. For example, in
systems doped with CaO*' and SrO,”” the ionic conductivity
reaches a maximum at 1.2 mol of Li in both cases, with con-
ductivity decreasing at higher substitutions. The possible contri-
bution of grain boundaries, such as dopant segregation, to this
phenomenon has been pointed out.”” Similarly, a maximum ionic
conductivity at 1.15 mol has also been reported for Y,0;-doped
LZP;* Xu et al. have performed a systematic investigation of the
factors associated with the ionic conductivity of this Y,0;-doped
LZP.* They pointed out that although the effect of particle size is
small, the formation of polymorphs such as monoclinic phases
and the formation of impurity layers due to over-doping with
Li and P lead to a rapid decrease in conductivity Hence, careful
compositional optimization holds considerable potential in the
improvement of the performance of all-solid-state batteries. We
focused on this NASICON-type LZP material in this study and
conducted comprehensive research, including material simula-
tions and informatics investigations, to elucidate its material
functions. This article presents these results in the following
structure. Section 2 introduces the characteristics of NASICON-
type Li-ion conductive oxides in terms of the crystal structure.
Section 3 describes the stabilities of LZP materials toward Li
metal. Sections 4 and 5 analyse the Li-ion conductivities in the
bulk and at the GBs, respectively, in addition to the corresponding
mechanisms. Section 6 presents the results of ion conductivity
optimisations of LZP materials doped with Ca and Y via experi-
mental and materials informatics approaches. Finally, Section 7
summarises this study.

2. Structures of NASICON-type Li-ion
conductive oxides

The NASICON-type structure is derived from orthophosphate
and represented by the general formula LiM,(PO,);, with the M
site occupied by a tetravalent transition metal (Fig. 2(a)). In 1986,
Petit et al. studied the relationship between the Li-ion conductivity
and crystal structure in LZP. Long-distance diffusion of Li ions
was possible, and a high ionic conductivity was observed at
>280 °C after the phase transition from the monoclinic to the
rhombohedral phase, which is the NASICON phase.*?

Catti et al. investigated the intralattice Li distribution using
neutron diffraction, which has an excellent ability to detect
Li.*»*® Fig. 2 shows the crystal structure of NASICON-type
LiZr,(PO,)3, which was elucidated from these studies. The
structure belongs to the space group R3c, and PO, tetrahedrons
and ZrOg octahedrons share vertices to form a 3D network.
There is a relatively large cavity, which may contain Li ions,
surrounded by two ZrOg octahedra and six PO, tetrahedra. The
centre of the cavity is a 6b site, but according to Catti et al.,
Li ions partially occupy the 36f site, which is a split site around
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Fig. 2 (a) LiZro(POy4)s crystal structure. (b) Arrangement of ions and poly-
hedra around the Li 6b site.

the 6b site at 423 K (Fig. 2(b)).**** The ionic conductivity of LZP is
low, with values of 10 °~10"7 S ecm™ *.***° Therefore, performance
enhancement using methods such as element substitution has
been investigated to improve the ionic conductivity. Partial sub-
stitution of Zr** ions with aliovalent ions generates Li vacancies
and interstitial Li ions, but the conductivity is considerably
improved, particularly in systems wherein interstitial Li ions are
formed. For instance, Li; ,Zr; 4Cag 1(PO,)s, where Zr** is substituted
with Ca®*, and Liy 15Yo.15Z11 g5(POy)s, where Zr*" is substituted with
Y, exhibit high ionic conductivities of ~107* § em™'3'34H%
Furthermore, according to studies of Y-substituted systems, Li-ion
diffusion in LZP occurs via the 18e site at the midpoint between
two adjacent 6b sites (~6.7 A), and a 3D Li migration network is
formed, as indicated by the dashed lines in Fig. 2(a).yst*

3. Stability toward Li metal

Li et al. reported that all-solid-state batteries comprising Li/
LZP/LiFePO, (LFP) exhibited stable charging and discharging.”®
Therefore, the LZP solid electrolyte is electrochemically stable
with respect to Li metal and thus should be applied in large-
capacity all-solid-state batteries with Li metal anodes. Addition-
ally, Li;P and LigZrOs materials were produced during the
operation of the all-solid-state battery.>® Therefore, we verified
the reactivity between Li metal and LZP using first-principles
computations and experimental studies.*®

Theoretical studies on the electrochemical potential window
of solid electrolytes have been reported by several researchers;
nowadays, with the availability of comprehensive computa-
tional databases for inorganic solid-state materials, such as
the Materials Project,”” convex hull calculations have been used
for evaluation. For example, Zhu et al. have shown the poten-
tial windows of various Li ion-conducting materials and the
decomposition products in oxidative or reductive end of the
electrochemical potential windows.*® For example, Garnet-type
Li;LazZr,01,, known experimentally not to react with Li metal,
was shown to be 0.021 eV per atom unstable with respect to Li

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D2CC01526A

Open Access Article. Published on 05 August 2022. Downloaded on 12/5/2025 2:50:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

metal, and Li,O, Zr;O and La,O; are the candidates of the
decomposition products. Therefore, it is kinetically unreactive
with Li metal. Convex hull calculations do not require calcula-
tions for complex electrode/electrolyte interface models. The
electrochemical potential window at absolute zero Kelvin can
be evaluated with a database of total electron energies derived
from first-principles calculations for a single phase (bulk) of all
compounds comprising the elements in the solid electrolyte of
interest.

We reported on the first-principles computations to deter-
mine the total energies of the electrons of 110 crystal structures
that included Li, Zr, P, or O,*® which were extracted from the
Materials Project crystal structure database.?” We evaluated the
thermodynamic phase stability by considering a convex hull for
the composition and the energy values of the material datasets.
This analysis showed that LZP is at the vertex of the convex hull
diagram, indicating that this crystal structure was thermo-
dynamically stable. (Notably, the polymorphic monoclinic
phase was stable, whereas the NASICON-type rhombohedral
phase was slightly unstable. This behaviour is consistent with
the stability of the monoclinic phase at low temperatures.
Therefore, the monoclinic phase data were excluded.) Further-
more, the potential window ranged from 2.20 to 4.14 V vs.
Li'/Li, based on the convex hull diagram. The potential window
on the reducing side did not generate 0 V, and, thus, there
could be a reaction with the Li metal. Table 2 shows the details
of the reduction decomposition reactions at <2.20 V as reac-
tion equations D1-D9.*°

As the reaction with the highest reaction potential occurs,
D1 may ensue. However, the potential window of Li;PO,4, which
is a product of D1, is 0.71 V, and further continuous reactions
are expected. Therefore, in terms of the thermodynamic stabi-
lities of the decomposition products of D1-D9, D9 is the
reaction wherein all products are stable with respect to the Li
metal. However, the reaction potential of LigZrOg, which is a
product of D7, with respect to the Li metal is only 0.04 V, and it
may be kinetically stable, depending on the temperature.

Moreover, it was reported that LZP was reacted with molten
Li metal to investigate these computational results experi-
mentally.”® Images of the LZP sintered body before and after

Table 2 Decomposition reactions as functions of Li electrochemical
potential, n;, according to density functional theory total electron energy
and convex hull calculations.*® (reproduced from ref. 46 with the permis-
sion of American Chemical Society, copyright 2017)

Index nLi/V vs.

# Decomposition reaction Eo(Li)

D1 4LiZry(POy); + 5Li — 3LizPO, + 4Zr,P,0, + P 2.20-2.15

D2 LiZry(PO,); + 5Li — 2Li;PO, + 2Zr0, + P 2.15-2.10

D3 5LiZr,(PO,); + 28Li — 11Li;PO, + 8ZrO, + 2ZrP,  2.10-1.83

D4 11LiZr,(PO,); + 84Li — 21Li;POy + Li,ZrO; 1.83-1.73
+ 6ZrP,

D5 23LiZr,(PO,); + 196Li — 41Li;PO, + 16LigZrO, 1.73-1.37
+ 14ZrP,

D6 4LiZr,(PO,); + 56Li — 5Li3PO, + 4LigZrO, + 7Li;P  1.37-1.10

D7 LiZr,(PO,); + 24Li — 3Li;P + 2LigZrOg 1.10-1.02

D8 7LiZry(PO,); + 197Li — 84Li,O + Zry,Pg + 12LizP  1.02-0.95

D9 7LiZr,(PO,); + 200Li — 84Li,O + 2Zr,P, + 13LizP  0.95-0.0

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) LiZro(PO4)s sintered body after reaction with molten Li and
(b) after crushing. (c) Powder XRD pattern of LiZr,(PO4)s before and after
reaction with molten Li (reproduced from ref. 46 with the permission of
American Chemical Society, copyright 2017).

the reaction are shown in Fig. 3(a and b). The material is a
white pellet prior to the reaction, but when reacting with the
molten Li metal, reduction decomposition proceeds and the
interior of the pellet becomes black. The X-ray diffraction (XRD)
results for the sample after the reaction confirm the presence of
the LigZrOq and LisP phases, reproducing the results of Li et al.
(Fig. 3(c)).?® The products of D7 are stable in the presence of Li
metal. A thin film of LigZrOs and Li;P is likely formed at the
Li/LZP interface of the Li/LZP/LFP all-solid-state battery
reported by Li et al.; thus, this battery may exhibit stable cycling
due to the side-reaction products.

4. First-principles molecular dynamics
simulations of LZP and related
materials

The ionic conductivity of stoichiometric LZP is low but
improves considerably with aliovalent ion doping, e.g. stoichio-
metric LZP exhibits a conductivity of 8.06 x 1077 S cm™ " at
room temperature,*® but doping with CaO improves the ionic
conductivity to 4.9 x 107> S em™*.** This improvement may be
due to the introduction of interstitial Li sites into the lattice.
However, excessive Ca ion doping reduces the ionic conductivity,
and the material should be designed while considering trade-off
effects. Understanding this complex behaviour of ionic

Chem. Commun., 2022, 58, 9328-9340 | 9331
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conductivity at an atomic/electronic scale may lead to rational
material design. Therefore, we conducted first-principles molecu-
lar dynamics (FPMD) simulations to analyse the ion behaviours at
finite temperatures sequentially with high accuracies in our
previous works.*®*°

The compositions that were simulated using FPMD were
unsubstituted LZP, in addition to Li(; 2xCayZr_x(PO,); (LCZP)
with Ca doped at the Zr site*®*° We created a superstructure
and computational model lattice with the composition Li(;+2x)
Ca,Zr(3,_x)P4g010. Furthermore, divalent Ca ions replaced
tetravalent Zr ions; thus, the Li ions could become excessive
and occupy the interstitial sites. The interstitial sites are
defined as the 18e sites (Fig. 2), and the Li ions are randomly
arranged. FPMD was implemented with a simulation time of
>50 ps. The details of the computational conditions were
described previously.*®*® Fig. 4(a) shows the mean square
displacement (MSD) profile of the LCZP material at 1173 K.
The Li ions exhibit a diffusion behaviour with the MSD increas-
ing linearly with time, but the MSDs of the constituent ions Ca,
P, Zr, and O plateau (<1 A%), which corresponds to thermal
vibration. Hence, only Li ions contribute to the observed ionic
conductivities. The obtained MSD profile was used to calcula-
tethe diffusion coefficient at each temperature, and the migra-
tion energy of the Li ions was evaluated using the Arrhenius
plot. The Li-ion conductivity at 298 K was also calculated using
the Nernst-Einstein equation, which converts the diffusion
coefficient into ionic conductivity, and extrapolation to the
Arrhenius equation.”® Fig. 4(b) shows the Li-ion conductivity
with respect to the Ca concentration (x). The activation energy is
high at x = 0 in the unsubstituted system and decreases consider-
ably with minimal Ca doping, subsequently becoming constant.
The ionic conductivity is improved by approximately two orders
of magnitude when a small amount of Ca is doped from x = 0
and gradually decreases at x > 0.13. The same pattern as that
obtained via the calculations is observed for the reported
changes in the experimental values.”®*! Regarding the ionic
conductivity, the calculated values are generally overestimates
compared to the experimental values, which may be because
aspects such as the GB resistance are not considered in the
simulation. Fig. 5(a) shows the population density of the Li ions
in the computational grid at 1173 K. The Li ions diffuse linearly
along the lines connecting the adjacent 6b (36f) sites, which is
consistent with the diffusion pathways proposed in previous
studies (Fig. 2(a)).>***

We defined the following function S; (¢) to confirm the ionic
conductivity mechanism in more detail:*®

;[rcm =i (0] 70(1) < reu
Sij(1) = q Tew 1)
0;77,(8) > Tout
ri, A8) = [r;() — il )

where 7. is the radius of the virtual sphere, ; is the position of
the /™ Li at time ¢, and r; is the position of the i 6b site. In this
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Fig. 4 Results of FPMD simulations of the Liy,>xCayZro_4(PO4)s material.
(a) MSD profiles of constituent ions at 1173 K. (b) lonic conductivity at room
temperature and (c) substitution dependence of activation energy. The
solid circles and squares represent the values obtained from the FPMD

simulations and the experimental values, respectively (reproduced from
ref. 49 with permission of Authors, copyright 2018).

study, the stable site of Li was set as the 6b site, and half of the
distance from the adjacent 6b site was set as .. Thus, when
S; j(t) was ~1, the Li ion was close to the 6b site. When S; (t)
was close to 0, the Li ion was close to the end of the cavity
around the 6b site (Fig. 2(b)). Defining S; ;(t) enables the tracing
of the behaviours of individual Li ions with time; thus, the
mechanism of Li-ion conductivity may be analysed. Fig. 5(b)
shows the temporal changes in S; ;(t) at the four typical 6b sites
in LCZP (x = 0.125). S; ((t) is represented by lines of different
colours for each Li ion. Fig. 5(c) indicates the change in the

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) Population density of Li ions in LiZro(PO4)s (yellow isosurface).*®

Diffusion pathways linearly connect the Li 6b sites. (b) Left: Site displace-
ment functions around four randomly selected 6b sites in
Li1 250Cap.125Zr1.875(PO4)3. The various colours in the figure represent each
individual Li-ion, and the letters on the left indicate the cationic species
that occupy the two adjacent octahedral sites. Right: Change over time of
the number of Li ions present within 1.77 A of each 6b site. The number
shown on the right is the time-average occupancy of Li ions (reproduced
from ref. 49 with permission of Authors, copyright 2018)

number of Li ions within the cavity where S, (t) is defined. There is
a brief time period during which the two ions co-exist, which
suggests that two Li ions may occupy a cavity around the 6b site.
However, as the residence time is extremely short, the two Li ions at
the same 6b site should immediately hop to the adjacent site due to
strong electrostatic repulsion. This phenomenon may be related to
the high ionic conductivity within the NASICON system. As the
numbers of 6b sites and those of Li ions match those in the
unsubstituted system, the occupation of two Li ions at the 6b site
simultaneously is rare. However, systems wherein Ca doping
introduces interstitial Li constantly exhibit two Li ions at a 6b site
simultaneously due to the presence of excess Li, which may thus
induce a large increase in ionic conductivity.

Furthermore, there are two adjacent Ca/Zr sites at the 6b site
(Fig. 2(b)), but when both are occupied by Zr, the rate of simulta-
neous occupation is low, and Ca frequently occupies one site. The
presence of a Ca®* ion at a Zr*" site, i.e. a negatively charged defect,
attracts mobile Li" ions; thus, the probability of Li ions at sites
adjacent to Ca ions may be selectively increased. The Li-ion
trapping effects of Ca ions may cause decreased conductivity with
excessive Ca®" doping, as reported in our previous study.’® This
effect is observed for numerous ion-conducting compounds.

5. Grain boundary Li-ion conductivity
based on high-throughput force field
calculations

LZP-related materials are promising as solid electrolyte materials
with high ionic conductivities and electrochemical stabilities,

This journal is © The Royal Society of Chemistry 2022
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but the effective ionic conductivities are considerably reduced
due to the influence of GBs.>* The GBs decrease the ionic
conductivities of numerous materials, but improved ionic con-
ductivities have also been observed in several studies.>*™®
Therefore, understanding the behaviour of ions at GBs at the
atomic level should yield insights into the design of materials
with improved ionic conductivities. Numerous material calcu-
lations have been performed using ionic conductors with
NASICON-type structures, but most of these studies have been
focused on bulk conductivity, with very little research con-
ducted regarding GBs,'>*%49:37763

For example, Moriwake et al. evaluated the effect of grain
boundaries on electrode material performance for LiCoO,
cathode materials using electron microscopy image analysis
and first-principles calculations.®® The lithium insertion/
desorption potential decreased by about 0.2 V near the inter-
face. The site-to-site hopping energy of Li ions evaluated by the
NEB method is about 0.2 eV in the parallel direction to the
grain boundary, while a large change of 0.4 eV is revealed in the
perpendicular direction. In battery devices operating at room
temperature, a change in the hopping barrier of 0.2 eV leads to
a change in the diffusion coefficient of three orders of magni-
tude. This suggests that an increase in the GB surface, e.g. due
to nanoparticulation, has a significant impact on the energy
density and charge/discharge rate characteristics of batteries.
Several studies have been reported on a quantitative conduc-
tivity evaluation of selected GBs in garnet-type Li;LazZr,O;,
materials using classical force-field molecular dynamics.®*°°
Yu et al. explain that the diffusion coefficient decreases both
parallel and perpendicular to the GB surface, and that changes
in the crystal structure in the GB affect the activation energy of
ionic conduction, leading to large intergranular conduction
changes at room temperature.®® Thus, material simulation
evaluations provide important information for GBs, which are
directly linked to battery performance. However, due to the
complexity of modelling GB structures and limited computa-
tional resources, examples of simulation studies are limited
thus far. Experimentally determining complicated GB struc-
tures is challenging. Furthermore, reproducing a complex grain
structure requires the use of large unit cells and increases
computational costs. Hopping events at GBs are rare and
require extended simulation times when performing MD calcu-
lations. Therefore, calculations regarding the GBs of other
materials that have been employed to date involved ionic
conductivity simulations of the GBs using force fields (FFs)
with low computational costs.®**>7:%% In previous studies, we
also utilized FF calculations, in addition to numerous different
GB models.®’

The calculation of Li-ion diffusion in the LZP GB model
employed the BVFF proposed by Adam et al.,”® in addition to a
high-throughput FF with the addition of the Stillinger-Weber
(SW) type representing the interactions between three
bodies.””> The screened Coulomb potential $53* of a pair
with the same charge sign (i.e. cation-cation or anion-anion)
was applied to the interaction between the two bodies, along

with the Morse potential ¢Xiy™ of a pair with different charge
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signs (i.e. cation-anion). ¢p5g"
using the Coulomb term and error function (erfc), which is a
screening term that simulates the electrostatic shielding effect:

1 1
0) = g et (1) ®)

T dmey v PAB

may be described as follows

where r is the interatomic distance between ions A and B; ga
and gg are the ionic charges; psp is the shielding coefficient,
which is the sum of the radii of the ions (pag = 7a + 8); and ¢, is

the vacuum permittivity. ¢x;s " may be expressed as follows:

X" (r) = Dasfexp[—20as (7 — sas)] — 2exp[—as(r — sas)]}

(4)

where D,p is the interatomic coupling energy, sap is the most
stable interatomic distance, and a,p is an empirical parameter
corresponding to the strength of the bond. The SW type three-
body potential may be expressed as follows:

(5)

1 N 1
rn—= I‘Sb) 2= V£3b
% (cos 0 + yapc)’,

where r; and r, are the coupling distances of bonds A-B and
B-C, respectively; 0 is the angle between r; and r,; 7% is the
cut-off distance of the angular potential; and A,pc and yapc are
empirical parameters that represent the cosine of the ideal
bond angle corresponding to the contribution of the potential
and / ABC. Empirical parameters Dyg, 0sp, SaB, 4aBc, and Yac
were optimised via a cuckoo search, which is an example of
metaheuristics, to reproduce the data obtained by first-
principles calculations, and a high-precision FF was created.
Here, we conducted optimisation to reproduce the radial and
angular distribution functions (RDF and ADF, respectively) and
lattice volume obtained using FPMD calculations (Section 2) for
the bulk structure of LZP. The Nagoya Atomistic-simulation
Package, NAP, (Nagoya Institute of Technology, Nagoya, Japan)
was used.”" In our previous research, a total of 32 GB structure
models were generated using an in-house software.”>”* Speci-
fically, two sliced bulk structures with various terminations
were joined, such that the formation of the nearest neighbour
cation—-cation or anion-anion interactions was avoided by
shifting one of the sliced bulk structures uniformly along the
interfacial plane. Fig. 6(a) displays the representative GB struc-
ture models. When the diffusion coefficient of Li ions in the
bulk material is evaluated using the optimised parameters, the
results are consistent with those of the FPMD simulation.”
Furthermore, when energy evaluations of multiple and rela-
tively few particles are conducted using the GB structure model,
the FPMD and force field molecular dynamics (FFMD) results
are consistent, as shown in Fig. 6(b), confirming that the
parameters optimised for the bulk structural model may also
be used in the GB model. The energy is not directly referenced
during optimisation; thus, this parameter optimisation method
may be effective in reproducing a wide range of physical
properties.

¢5\3Bb)C(r17r27 0) = AaBc exp
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Fig. 6 (a) Three representative GB models. (b) Relationship between GB
generation energy of each GB model according to first-principles calcula-
tions and high-throughput FF calculations. (c) Relationship between GB
generation energy and GB Li-ion conductivity based on high-throughput
FF calculations. (d) Relationship between cavity size around the 6b site in
the GB model and GB Li-ion conductivity (reproduced from ref. 69 with
permission of American Chemical Society, copyright 2021).
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The FFMD simulations using the NVT ensemble were per-
formed from 773 to 1173 K for 1 ns, with only Li among the
constituent particles diffusing in all 32 LZP GB models. The GB
formation energy was evaluated for each model, and the GB
thickness was set to 1.5 nm to evaluate the Li-ion conductivity
of the GB. Fig. 6(c) shows the relationships between the Li-ion
conductivities of various GB models with respect to the GB
formation energy. Overall, the Li-ion conductivity increases
as the GB formation energy increases. This pattern was also
observed via GB calculations for garnet-type Li;LazZr,0,, (LLZ)
materials by Siegel et al. and Shiiba et al.®*®® Garnet-type LLZ
exhibits lower ionic conductivities in all models than in the
bulk model, whereas several GB models of NASICON-type LZP
exhibit ionic conductivities higher than that in the bulk
model.®#® This finding suggests that a solid electrolyte with
an even higher Li-ion conductivity may be fabricated by design-
ing the GBs.

Fig. 7(a-c) reveal the site potential distributions of indivi-
dual Li ions at three representative GBs (planes with maximum,
minimum, and intermediate GB conductivities) in the direction
perpendicular to the interface. The site potential of Li ions is
~0.35 eV more stable close to the GBs than in the bulk
material, indicating a strong trapping effect for Li ions. The
potential trapping effect is consistent among the three GB
models, although these models exhibit different GB ion con-
ductivities. As the site potential stabilises at approximately
1.5 nm from the GBs, the GB thickness was set to 1.5 nm.
Meanwhile, Fig. 7(d) shows the positional dependence of the
average concentration of Li ions along the c-axis in each GB
model. The X7(123) = (213) GB model, which displays the
highest Li-ion conductivity, exhibits a flat concentration dis-
tribution in the bulk material and at the GBs. However, in the
other GB models, large fluctuations in the Li-ion concentra-
tions are observed, potentially due to trapping. Therefore, the
hopping frequency should be high in the GB model with a high
ionic conductivity (£7(123) = (213)).

The mechanism of bulk ionic conductivity suggests that the
simultaneous presence of two Li ions in the cavity around the
6b site promotes hopping. Such double occupancy of Li ions
may be affected by the cavity size. Fig. 6(d) shows the relation-
ship between the cavity size around the 6b site and the Li-ion
conductivity. The maximum cavity size in the bulk model is
2.48 A, which is smaller than the cavities in all GB models.
When the cavity size approaches 2.8 A, in particular, the GB
Li-ion conductivity of the GB model increases. Additionally, when
the cavity size is smaller or larger than 2.8 A, the GB Li-ion
conductivity generally decreases, suggesting the existence of an
optimum cavity size. When the cavity size is <2.8 A, the double
occupancy of Li ions does not occur, and when it is >2.8 A, the
repulsion due to double occupancy may be slow. Guidelines for
GB design are required for further quantitative evaluation.

The ionic conductivities related to individual GBs have been
evaluated, but for polycrystalline sintered bodies, the ionic
conductivities at various GBs should be comprehensively eval-
uated. A materials informatics approach was used to evaluate
the conductivity of the entire GB quantitatively.
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Fig. 7 Probability density distributions of Li-ion site potentials with
respect to fractional coordinates in the c-axis direction obtained via FPMD
simulations at 1173 K. (a) X7(123) = (213) GB with the highest Li-ion
conductivity, (b) £5(2—10) = (20—1) GB with the lowest Li-ion conductivity,
and (c) £5(201) = (210) GB with the smallest cavity. (d) Concentration
distributions of Li ions in the c-direction. The £7(123) = (213) GB with the
highest Li-ion conductivity is shown in red, the [£5(2—10) = (20-1)] GB
with the lowest Li-ion conductivity in black, and the £5(201) = (210) GB
with the smallest cavity in blue (reproduced from ref. 69 with permission of
American Chemical Society, copyright 2021).

Numerous examples of applying materials informatics to the
bulk structures of Li-ion conductors have been reported,®®”>7>-8
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but there are few studies on GBs.*' This gap may be due to the
absence of GB-derived datasets and technical difficulties of
descriptor building. In this study, the GB formation energies
and ionic conductivities of the 32 GB models were used as the
objective variables, and the differential RDF and ADF obtained by
subtracting the bulk RDF and ADF from the RDF and ADF of the
GB model were used as the descriptors. We applied various
machine learning regression analysis algorithms to such datasets,
with the partial least squares (PLS) regression algorithm after
deleting the descriptor using Lasso (Lasso + PLS) exhibiting the
lowest root mean square error (RMSE, 0.04 eV A~2). Even when the
objective variable is set as the common logarithm of the GB Li-ion
conductivity, the RMSE remains the smallest when using Lasso +
PLS regression analysis (RMSE = 0.54 vs. logarithm of Li-ion
conductivity/S ecm ™). Fig. 8(a and b) show the distributions of
the GB energy and logarithm of conductivity. There are interfaces
that show conductivities higher than that of bulk LZP, but the
conductivities at most of the interfaces are <10> S cm™ . The
Boltzmann distribution was applied to calculate the probability of
formation of each GB and evaluate the ionic conductivity, with
values of 1078-10"7 cm ™! obtained, which are much smaller than
the bulk conductivity.” Fig. 8(c) shows the change in GB con-
ductivity with respect to the temperature (firing temperature)
input to calculate the Boltzmann distribution. A lower (i.e. more
stable) GB energy generally results in a higher ionic conductivity;
thus, a higher firing temperature results in a lower GB Li-ion
conductivity.

Notably, these results are applicable only to coherent GBs.
Recently, we revealed that high-throughput FFs are also effec-
tive in simulating incoherent GBs.*>

6. Composition optimisation using the
Bayesian method

Material simulations and informatics may be critical tools in
the mechanistic understanding of various physical properties
of solid electrolyte materials. However, obtaining direct gui-
dance in exploring novel materials is challenging.

Various informatics-aided approaches are proposed for the
optimization of functional materials. Various informatics-aided
approaches are proposed for the prediction and/or optimiza-
tion of battery materials.**** For example, Joshi et al. predicted
the voltage of electrode materials by DFT calculations by
machine learning.®> More recently, Louis et al. suggested deep
neural network based approach for a prediction of voltage of
battery electrode.®® Zhang et al. used unsupervised machine
learning approach, clustering of anion framework information,
to discover fast Li ion conductors.®” They succeeded to list the
new 16 compounds that exhibit fast Li ion conductivity accord-
ing to DFT-MD calculations. We have also shown the results of
high-throughput computational evaluation of ion-conductive
materials linked to machine learning analysis.®**° As well as the
discovery of new materials, research is also being conducted to
efficiently optimise composition ratios to maximise ionic con-
ductivity in a restricted compositional space. Suzuki et al. used a
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Fig. 8 (a) GB formation energy distribution, (b) GB Li-ion conductivity
distribution, and (c) firing temperature dependence of GB Li-ion conduc-
tivity averaged by applying Boltzmann statistics to the 474 grain interfaces
predicted via machine learning regression analysis (Lasso + PLS)
(reproduced from ref. 69 with the permission of American Chemical
Society, copyright 2021).

machine-learning classifier based on the presence or absence in
the crystal structure database to discover new ionic conductivity
compositions using a recommender that takes synthetic possi-
bilities into account.”® Homma et al evaluate the optimal
composition in the pseudo-ternary Li,SO,-LizPO,-LizBO; system
in an efficient experimental step using Bayesian optimisation.”®
Therefore, this section introduces our previous research on the
search for high-ion-conductivity materials using materials
informatics.®® Ionic conductivity may be increased by introdu-
cing low-valence ions, such as Ca>* and Y*", at the Zr ion sites of
LZP and inducing a state of excess Li.>**"*>*>”> However, only
single-element doping has been used in most studies to date,

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 (a) a (red) and B (blue) phase distributions, (b) impurity percentage
distribution, (c) relative density distribution of the sintered body, and (d) Li-
ion conductivity distribution of Liy12x4)Zr2-x,)CaxY,(PO4)s at 30 °C (repro-
duced with from ref. 92 with the permission of Royal Society of Chemistry,
copyright 2020).

with few examples wherein two elements have been doped
simultaneously (i.e. co-doping). We previously synthesised

This journal is © The Royal Society of Chemistry 2022
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co-doped samples and evaluated the phase stabilities, degrees
of sintering, ionic conductivities, etc.”* Fig. 9(a and b) present
the results of XRD structural analyses when the amounts of
Ca®" and Y** dopants are systematically varied. Fig. 9(a) shows
the number of impurities, and Fig. 9(b) displays the distribu-
tion of the o (NASICON) and B (monoclinic) phases in red and
blue, respectively. An impurity phase should be observed with
increasing doping. Meanwhile, the o phase is generally stable
under Ca®* doping, whereas the B phase is generally stable
under Y** doping. The o phase may exhibit a high ionic
conductivity; thus, the high-ion-conductivity phase may form
in the region with identical substitution amounts of Ca®>" and
Y*" or with more Ca®". Furthermore, Fig. 9(c) shows the relative
density of the sintered body. Ca** is effective as a sintering aid,
and excessive Ca®>" introduction may improve the relative
density, regardless of the Y*>* content.

Fig. 9(d) shows the distribution of the Li-ion conductivity at
30 °C. The ionic conductivity is given by the sum of the intra-
particle volume resistance (i.e. bulk) and interfacial resistance
between particles (i.e. GBs). Separating the bulk and GB resis-
tances in all samples in the complex impedance plot was
challenging in this study; thus, their sum was used to evaluate
the ionic conductivity. As shown in the figure, the ionic con-
ductivity is high when the amounts of Ca and Y dopants with
respect to Zr are ~0.13 (molar ratio). The optimum ionic
conductivity is improved by a factor of approximately five
compared with the optimum value obtained via single-
element doping; thus, co-doping is effective. Note that the
obtained Li-ion conductivity at 303 K is lower than the pre-
viously reported values. For example, the reported Li-ion con-
ductivity of Li; ,Cag1Zr; o(PO,);>"*" is approximately 35 times
higher than that of the corresponding composition in this
study. This discrepancy is due to the inclusion of the GB
resistance in this study (Fig. 9(d)). Indeed, computationally
obtained bulk ionic conductivity (~107° S em™" at 298 K,
Fig. 4(b)) of stoichiometric LZP is approximately 100 times
higher than GB ionic conductivity (107® S em™" at 298 K,
Fig. 8(c)). In addition, dopant segregation at GB may increase
GB resistance for doped LZP compounds. EDS observations
indicated Y,O; segregation at GB of Y,03-doped LZP at high
dopant concentration region.”” Another example is that the
difference between the bulk Li-ion conductivity synthesized by
sol-gel reaction is ~100 times as high as the total conductivity
according to the literature.”® As the GB conductivity is strongly
dependent on the process of synthesis, various preparation
methods have been applied to reduce the GB and/or interface
resistance for LZP and related compounds*®®* and the other
NASICON-type oxides.?>™®”

The relationships among the composition, crystal structure,
presence of the impurity phase, relative density of the sintered
body, and ionic conductivity are quite complex. We infer that
Low ionic conductivity at low composition y region owes to
large GB resistance because of small relative density. Maybe
CaO plays an important role as sintering aid. However, increase
of CaO reduces the conductivity owning to the trapping effect as
shown in Fig. 4. The large drop of ionic conductivity at high
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composition x region is the stabilization of B phases. Indeed,
the compositional dependence of conductivity at x > 0.2
(Fig. 9(d)) shows strong correlation with that of weight ratio
of a-phase (Fig. 9(a)). However, above interpretation is qualita-
tive, and thus intuitive estimation of ionic conductivity and its
optimisation are technically challenging. We reported whether
a Bayesian optimisation (BO) algorithm, which is a materials
informatics method, could efficiently determine the optimum
composition with the highest ionic conductivity for such a
material composition.”’ Although the optimum composition
was already known due to exhaustive measurements, all mea-
sured ionic conductivity data were intentionally hidden from
the computer (Bayesian optimiser), and the data were analysed
stepwise, with sampling proceeding as suggested by the Bayesian
optimisation algorithm. For sampling in the first step, samples
with two compositions were randomly selected. This procedure
(loop) was repeated 1000 times to average the discovery rate.
Fig. 10(a and b) respectively present plots of the highest
ionic conductivity obtained and discovery probability of the
optimum composition in terms of Li-ion conductivity at 30 °C
as functions of the number of steps. The results of random
sampling (average over 1000 times) are also shown for compar-
ison. As depicted in Fig. 10(a), the maximum ionic conductivity
of the sampled material increases with the number of steps, but
the random search is superior in the very early stages. However,
after seven steps, the Bayesian optimisation-based search is
superior in terms of maximum ionic conductivity (Fig. 10(a)).
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Fig. 10 Bayesian optimisation of Li-ion conductivity of Ligix+2)ZF2—x—y)~
Y,Ca,(POy4)z at 30 °C. The results of random sampling are also shown for
comparison. Changes in the (a) highest ionic conductivity and (b) prob-
ability of discovering the material with the highest ionic conductivity as
functions of the number of observations (steps). We conducted 1000 trials
(reproduced with from ref. 92 with the permission of Royal Society of
Chemistry, copyright 2020).

9338 | Chem. Commun., 2022, 58, 9328-9340

View Article Online

Feature Article

The discovery rate of the random search is a proportional
function (i.e. searching half the data results in a discovery rate
of 50%), as shown in Fig. 10(a). Meanwhile, for the Bayesian
optimisation-based search, the discovery rate is constant at a
few percentage points for the first 13 steps but increases
sharply from the 14™ step onwards, with a discovery rate of
100% at the 16™ step. Therefore, Bayesian optimisation based
on the expected improvement (EI) strategy applied in this study
involves an ‘exploration’ in the early stages, where sampling
composition is selected deliberately to obtain a broad perspec-
tive of the entire composition. Subsequently, the optimisation
is based on ‘exploitation’, prioritising the sections with the
highest predicted ionic conductivities. Hence, excellent materials
may be identified in the search space of all 47 compositions in 16
steps; thus, the search efficiency is improved by a factor of 47/16,
or approximately three. Therefore, BO may be used to obtain the
optimum composition in a few steps without obtaining unneces-
sary data, even in materials with expanded search spaces due to co-
doping. The objective in this example was to verify quantitatively
the efficiency of BO based on a comprehensively sampled database.
Therefore, the optimisation was conducted on a relatively simple
dataset of only ~50 cases. Increasing the search space may
generally increase the efficiency. Moreover, the optimal material
properties of ~170 samples may be identified with a high effi-
ciency of ~20 times that of a random search (90% correct answer
rate) by conducting composition optimisation based on the calcu-
lated data and adding descriptors other than the composition.>®

In addition, there are advanced uses linked to the BO
algorithm, e.g. multi-objective optimisation may be used to
optimise multiple properties, such as ionic conductivity and
sintering density (mechanical characteristics of the material).
In practice, there is often a trade-off (improving one of the
physical properties results in a deterioration in the other); thus,
multi-objective optimisation involves the evaluation of a list of
candidate materials denoted Pareto-optimal solutions. The
materials that constitute the Pareto-optimal solutions are those
that cannot replace multiple performances of interest simulta-
neously. BO may also be used to efficiently search for the entire
Pareto-optimal solution. Given the complex condition settings,
the efficiency of multi-objective optimisation hardly improved
with ~50 samples. However, for a system wherein the composi-
tion was virtually expanded to 225 combinations, we succeeded
in obtaining the combination of Pareto-optimal solutions with
<100 samples, as reported in ref. 92 (search efficiency:
~2.5 times that of a random search).

It is worthy to note that present optimization only considers
the compositional combination of Ca** and Y** doping. Both
dopant ions replace Zr ions with formation of interstitial
Li ions. Other possible compositional candidates, which show
improved ionic conductivity, are replacement of P>* ions by
tetravalent cations, such as Si*', and Ge*". Indeed, Na Zr,-
SixP(z_ xO12, Where P ions are partially replaced by Si ions, is
known to one of the highest Na ion conductors."? Also, control
of sintering degree and stabilization of o-phase, i.e. process
optimization®*°*®” would be effective to improve ionic con-
ductivity as well as composition optimization.

This journal is © The Royal Society of Chemistry 2022
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7. Conclusions

In this study, we focused on a NASICON-type LZP solid electro-
lyte, which was previously applied in an all-solid-state Li metal
battery. The reaction stability toward Li metal was evaluated by
performing comprehensive material calculations using the
crystal structure database, with the LZP solid electrolyte becom-
ing thermodynamically unstable. However, the calculated and
experimental results confirmed that the formation of the LizP
and LigZrO, phases, which were generated at the interface of
the Li metal by further decomposition reactions with Li, was
suppressed. Bulk ionic conductivity evaluations based on MD
showed that the high ionic conductivity observed in the
NASICON-type material was due to the repulsion of two Li ions,
and we analysed the effectiveness of doping strategies that
enhanced this repulsion. In addition, we quantitatively evalu-
ated the mechanism of Li-ion conductivity at the GBs using
MD, where we predicted that a conductivity exceeding that of
the bulk structure could be observed, depending on the GB
model. We evaluated the ionic conductivities of various GB
models using machine learning regression analysis and per-
formed a total GB conductivity evaluation via statistical
mechanics, with performance significantly lower than that of
the bulk material. Therefore, various physical properties and
performance aspects that are critical in solid electrolytes may
be evaluated via material simulation. Furthermore, facile
access to atomic-level data led to the elucidation of the compo-
sition and structural factors that guide material design.
However, reducing the data to just the specific composition
and process control parameters to maximise material functions
is challenging. To resolve these issues, we introduced an
efficient search method using materials informatics. A Ca/Y
co-doped LZP material was synthesised, and the total ionic
conductivity of the bulk and grain boundaries was evaluated.
The ionic conductivity distribution exhibited complex changes
with respect to the composition because of complex changes in
phase transition and sinterability, but the search cost was
reduced by ~1/3 using BO. This NASICON-type LZP material
should be applied in all-solid-state Li metal batteries to enable
more complex composition and process control.
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