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Chapter 1

General Introduction

In this thesis, theoretical studies of lithium-ion diffusion in inorganic solid electrolytes are
introduced. We focused on LIthium Super Ionic CONductor (LISICON) type electrolytes as
candidate systems. The purpose of this study is to elucidate Li-ion migration mechanism in solid
electrolytes using first-principles calculations. Based on the learned knowledge, we aim to design
novel solid electrolytes exhibiting high ionic conductivity. In this chapter, backgrounds of this study,
especially experimental researches related to LISICON-type electrolytes, are presented. And then,

overviews of Chapter 2-5 are described.

1.1. Lithium-Ion Solid Electrolytes

Lithium-ion secondary batteries are important for energy storage in a wide variety of
applications as exemplified by consumer electronics, transportation and stationary load-leveling
system. Battery performance depends markedly on the materials including cathode, anode, separator
and electrolyte. Our present work is concerned with the electrolyte. There has been considerable
interest in inorganic solid electrolytes for use in all-solid-state batteries over the last few decades
[1-3]. Solid electrolytes present potential advantages, such as absence of leakage and pollution, a
large electrochemical stability window, thermal stability, a high resistance to shocks and vibrations,
and easy miniaturization, especially using thin-film techniques. However, their ionic conductivities
are typically lower than those of commercially-used organic liquid electrolytes. The solid
electrolytes must possess high ionic conductivity at operating temperature (preferably ambient
temperature). If polycrystalline materials are used, a negligibly small grain-boundary resistance is
important. Electronic conductivity must be negligible to avoid internal short circuits. They should be
stable in contact with the electrodes, especially with elemental Li or Li alloy anodes. Matching of

thermal expansion coefficients with both electrodes is also important. Toward industrial



developments, candidate materials should be non-hygroscopic, environmentally benign, and cheap to
produce. In this study, especially the ionic conductivity which is the most important properties for
electrolytes is discussed.

The properties of inorganic solid electrolytes depend critically on their composition,
constituent elements and crystal structure. Figure 1.1 shows the variation in conductivity measured
for several well-known Li-ion solid electrolytes [4-11]. For comparison, the conductivity of organic
electrolyte is also plotted [12]. Oxide-based Li-ion conductors have been energetically studied since
the 1970s. Those representative compounds are LISICON-type [4,13], NASICON-type [14,15],
perovskite-type Lithium Lanthanum Titanates (LLTO) [6,16,17], and garnet-type Lithium
Lanthanum Zirconates (LLZ) [7]. In about a last decade, various sulfide-based Li-ion conductors
exhibiting better ionic conductivities over oxides have been discovered [8,9,18-22]. And, in 2011,
Kamaya et al. reported Li;gGeP,S1, which exhibits the ionic conductivity of 12 mS cm ' at room
temperature [10]. This conductivity exceeds those of organic electrolytes as seen in Figure 1.1.

In spite of abundant experimental researches on solid -electrolytes, theoretical
understanding about Li-ion migration mechanisms in solid electrolytes is not still enough. In
addition, design principle for achieving high ionic conductivity has not been constructed yet.
According to past references [8,23], with the view to exhibit good ionic conductivity for crystalline
ionic conductors, the following qualitative criteria are required. (i) mobile ions should have a
suitable size for conduction pathways in the lattice, (ii) highly polarizable mobile ions and anion
sublattices are preferable, and (iii) mobile ions should be disorderly arranged. In order to
theoretically evaluate these criteria, first-principles calculations based on density functional theory
(DFT) are expected to be greatly useful thanks to rapidly-developing computer performance. The
criteria (i) and (ii) are taken into account if the atomic and electronic structures can be accurately
estimated in first-principles calculations. Moreover, it is possible to investigate the criterion (iii)
using the DFT calculations for a series of mobile-ion configurations or the first-principles molecular
dynamics (FPMD) simulations. They will be discussed more fully in Chapter 2 and 3. In this study,
we adopted LISICON-type electrolytes. The original LISICON composition is Li; sZng,5GeOq4. This

exhibits relatively high ionic conductivity at high temperatures among solid electrolytes. A lot of



solid solutions which substitute diverse elements for Zn or Ge have been also reported and are called
LISICONSs [1]. Owing to the abundant experimental data, LISICONs are expected to be suitable to
evaluate the reproducibility of systematic first-principles calculations for a diverse range of

compositions. Further details of LISICONSs are introduced in next section.
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Figure 1.1. Arrhenius plot of conductivities measured for well-known inorganic Li-ion solid

electrolytes.



1.2. LISICONs

The first material to be named LISICON is Li; 5Zn,5GeO,4 which is a member of the solid
solution, Liy2,Zn1—,GeO4 (0 <x < 1) [4]. Liz 5Zn925GeOy4 (x = 0.75) exhibits high conductivity, 0.125
S cm ' at 573 K. In the pseudobinary Li,ZnGeO4-Li;GeO, phase diagram shown in Figure 1.2, the
ground state structures change from 3 to y and then o phase with increasing x from 0 to 1 at low
temperatures [13]. According to structure analysis using neutron diffraction [24,25], Liz 5Zng5GeOy4
(x=0.75) and Li3Zng sGeOy4 (x = 0.5) were identified as y structure at low temperatures. Structures of
o, B and y phases in Liy:p,Zn;—,GeOy4 are shown in Figure 1.3. Oxide ions form sublattice of a
distorted hexagonal close packing structure. Cations occupy regular tetrahedral sites. This site
corresponds to one of two face-sharing tetrahedral coordination sites of a trigonal bipyramid. When
the number of cations is more than that of oxide ions, excess Li ions are put into interstitial
octahedral sites. Differences between the three structures are characterized by directions of [GeOy]
apexes. In B structure, an apex of all [GeOy4] tetrahedra is oriented in the same direction along the ¢
axis, while in a and vy structure, half of [GeO,] tetrahedra turn to the opposite direction. The b-axis
lattice constant in a primitive cell of y structure is about twice as long as that of a structure.

Since the discovery of LISICON, a lot of solid solutions which substitute diverse elements
for Zn or Ge have been investigated and are called LISICONs. LISICONs can be represented by
general formula Lig .A4,B,04, Where ¢ = ma + nb. m and n denote the formal valence of cations 4 and
B, respectively. In most cases of LISICONs, A corresponds to divalent, trivalent or pentavalent
cation and B corresponds to tetravalent cation. We label those solid solutions as II-IV, III-IV and
V-1V systems based on the valence states of the corresponding cations 4 and B.

We comprehensively surveyed the experimental conductivity data of LISICONs in
launching this study. A collection of bulk ionic conductivities and the respective activation energies
is given in Table 1.1 [4,5,26-53]. The conductivities of end member corresponding to Lig 4,04 and
Li4B0, are also listed. Those end members are poor Li-ion conductors. Aliovalent cation doping of
the end member leads to an increase in conductivity. Namely, conductivities of intermediate
compositions are much higher than those of the end members. The general formula of II-IV system

is Lig 2,4,B04(0 <x < 1), where 4 is Zn* or Mg2+, and B = Ge*" or Si*". Replacement of Zn by Mg



or Ge by Si tends to cause a decrease in conductivity [4]. In III-IV system, two kinds of solid
solutions have been reported. One solid solution is Lig—3,4,804(0 <x <0.5) in which 4 is substituted
for Li in Li4BO,, and the other is Lis+,4,81-,04 (0 < x < 1) in which 4 is substituted for B in Li4BOy,
where 4 is A’ or Ga3+, and B = Ge*" or Si*". V-IV system has the general formula Lig—.A4,B;—,O4 (0
<x<1), where 4 is P5+, V> or Ass+, and B = Ge4+, Si** or Ti*". In this system, A is substituted for B
in LiyBO; and thereby Li vacancies are created. Li34VosGegsO4, LizcAsgsGepsOs4 and
Liz 5V sTips04 exhibit the highest room temperature conductivity, 4 X 10° S cmﬁl, among
synthesized LISICON-type oxides.

The crystallographic data based on the experimental structure analysis for LISICONs are
shown in Table 1.2 [4,24,25,52,54-69]. The end members Lig-.404 with divalent or trivalent cation
A and LiyBO,4 with tetravalent cation B have antifluorite (AF) and o structure, respectively. Li3POy,
Li3AsO,4 and Li,ZnGeOy4 in which the number of cations is the same as that of oxide ions form
structure at low temperature. As for the intermediate compositions shown in Table 1.2, the germanate
systems form y structure, while the silicate systems form o structure. West et al. constructed the
pseudobinary phase diagrams about Lis ,Zn,GeOy4 [13], Lig 2,Zn,SiO4 [70], Lis 2, Mg,SiO4 [71],
Liy 3,Al,GeOy [45], Lig 3,Ga,GeOy, [47], Lis 5,Ga,Si04 [72], Lis—,P,Si;,O4 [73], and Lis—,As,Si;—,O4
[33]. The germanate systems form wide ranges of single y phase. For example y phase is stable at
1000 K in the range of 0.20 < x < 0.68 in Lis »,Zn,GeOy, 0.04 <x < 0.30 in Liy 3,Al,GeO4and 0.04
< x < 0.36 in Lis 3,Ga,GeO4. On the other hand, the range of y phase in the silicate systems is
smaller than that of the germanate systems. This difference of stable structure may be why the
germanate systems exhibit higher conductivities than the silicate systems.

Sulfide systems found by Kanno et al. [8,18,19] also have the LISICON structure and are
called thio-LISICON:S in this study. The reported ionic conductivities and crystallographic data about
sulfide systems are also given in Table 1.1 and 1.2, respectively [8,18,19,74-77]. The general
formula is expressed as Lig .4,B;S4, where 4 = Zn2+, Al3+, Ga®" or P5+, B = Ge*" or Si*". Room

temperature conductivity over 10* S cm™'

can be obtained in some compositions. Among a wide
range of thio-LISICONS, Lis,s5Pg75Geg25S4 shows the highest ionic conductivity of 2 X 10°Scm’!

at 298 K. A sulfide ion has larger ionic radius and larger polarizability than an oxide ion. This



character of a sulfide ion is supposed to improve the Li-ion diffusivity. However, theoretical
understanding about Li-ion diffusion mechanisms of oxides and sulfides is not still enough. This

issue will be discussed in Chapter 3.
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Figure 1.2. Pseudobinary Li,ZnGeOy4-LisGeO, phase diagram.
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Figure 1.3. Crystal structures of (a) o, (b) B and (c) y phases in Li.,,Zn;—,GeOy4. The cuboid denotes
a primitive cell of each structure. The green balls denote Ge ions. The light-blue balls denote Li or
Zn ions at regular tetrahedral sites. Oxide ions are not shown in this figure. The “up/down” means
the direction to the ¢ axis of [GeOy4] apexes. Interstitial octahedral sites are categorized according to
space group of each structure. In the panel (a), the red, orange, purple and gray balls denote
interstitial octahedral sites, Li(3), Li(4), Li(5) and Li(6), respectively. In the panel (b), the red,
orange and purple balls denote interstitial octahedral sites, Li(3), Li(4) and Li(5), respectively. In the
panel (c), the red, orange, purple and gray balls denote interstitial octahedral sites, Li(3), Li(4), Li(5)

and Li(6), respectively.



Table 1.1. Bulk ionic conductivities ¢ and activation energies E, of LISICON-type compounds. A

parenthesis of the £, row is temperature range used to estimate £,. The experimental conductivity

data denoted by an asterisk of the ML row were used in machine learning algorithms in Chapter 4.

Oxides, End member

Compound T (K) G (Scm™) E.(eV) Reference ML
Li-Zn-O LisZnOs4 473 1.2x107° 0.759 [26] Table 6
673 58x 107 (393 - 653 K)
723 32x107?
423 2.00 x 1077 0.75 [27] Fig. 5,6
473 1.58 x 107°
523 1.00 x 107
573 5.01 x 107°
623 158 x 107
Li-Al-O LisAlO, 473 2.3x107 1.24 [26] Table 6
673 32x107 (393 - 653 K)
723 3.0x 107"
556 1.00 x 10™° [28] Fig. 4
690 2.00x 107
690 3.16 x 107"
833 7.94 x 107
Li-Ga-O LisGaO4 473 7.5%x 107 0.893 [26] Table 6
673 58x 107 (393 - 653 K)
723 47 %1072
423 251%x107° 0.73 [27] Fig. 5,6
473 2.00x107°
523 1.00 x 107
573 5.01 x 107
623 1.26 x 107
Li-Si-O LisSiOq4 373 7.0x107"° [29] Fig. 1
573 1.8x107°
373 3.0x107° [28] Fig. 2
473 1.58 x 107° [30] Fig. 3
523 1.00 x 107
573 5.01 x 107°
623 2.00x 107
673 6.31 x 107
723 251 %107
323 5.01 x107° [31] Fig. 3
400 1.00 x 107



500 3.98 x 107°
523 1.00 x 10™°
588 1.00 x 107
714 1.58 x 107
833 2.00 x 1072
909 1.26 x 107"
1000 6.31 x 107"
373 1.3x107° 0.867 [26] Table 4
(298 - 584 K)
298 24 x107"° [32] Table 1
673 22x107
1.005 [33] Fig. 7
(T> 563 K)
0.674
(T <563 K)
Li-Ge-O LisGeOy4 444 142 %107 [34] Fig. 7
500 1.26 x 107°
588 270%x107°
667 1.19 x 107
800 9.93x10™
1000 1.58 x 1072
1073 1.48 x 107"
1173 1.86 x 107"
465 2.15x 1077 [32] Fig. 2
556 5.69 x 107°
645 490 % 107°
741 2.69x 107
833 1.20 x 107
935 3.38x107°
1000 3.16 x 1072
1031 6.12 x 1072
1111 1.43 x 107"
298 3.10x 107" 0.828 [32] Table 1
673 8.70 x 107°
Li-Ti-O LisTiO4 455 5.53 x 107° [34] Fig. 5
500 1.59 x 107
667 7.52x 107"
Li-P-O LizPO, 373 1.30x 107" 1.305 [26] Table 4
(427 - 887 K)
523 1.52 x 107 [26] Fig. 4
873 7.23x107°




Li-V-O LisVO,4 473 5.01 x 107° 0.80 [35] Fig. 1
573 1.00 x 107

Oxides, lI-IV system

Compound T(K) o(Scm™) E. (eV) Reference ML

Li-Zn-Ge-O Liz5Zn0.25Ge0x4 473 335x102 0.4 [4] Fig. 2 *
523 8.16 x 107 (523 - 673 K) *
573 1.24 x 107" *
623 1.61%x 107" *
673 2.10x 10 *
483 1.66 x 107 0.4 [36] Fig. 2 *
549 5.46 x 107 *
599 1.00 x 1072 *
641 1.40 x 1072 *
694 2.59 x 1072 *
735  3.13x1072 *
775 452 %1072 *
333 273x10°  0.60 [37] Fig. 1, *
370 1.34x 107 (306 - 578 K) Table 1 *
417 9.76 x 107" *
476 467 %107 *
323 200x10° 056 [38] Table 1 *
373 5.00 x 107° (323 - 573 K) *
473 1.70 x 107 0.42 *
573 1.25 x 1072 (573 - 773 K) *
673 4.20 x 107 *
773 9.00 x 1072 *
333 1.89 x 107° [39] Fig. 7 *
350 5.70 x 107° *
390 8.11x 107 *
444 1.13x 107 *

Li3ZnosGeOs4 573 2.77 x 1072 [4] Fig. 3 *

673 5.92 x 1072 *
333 549 x 107° [37] Fig. 1, *
370 2.22x 107 Table 1 *
417 7.23x 107 *
476 2.32x107° *
313 1.27 x 107 [5] Fig. 7 *
345 1.45x 1077 *
370 1.07 x 107° *

10



392 8.06 x 107°
444 1.79 x 107
513 1.95x 107
606 8.27 x 107
714 2.22x107?
870 2.89 x 107
Liz5Zno.75Ge0x4 573 1.75%x 107 [4] Fig. 3
673 9.38x 107
Li-Mg-Ge-O Liz.sMgo.25GeOx 573 220 x 1072 [4] Fig. 3
673 5.92 x 107
LisMgo.sGeO4 573 8.75x 107 [4] Fig. 3
673 470 x 1072
LizsMgo.75GeOq4 573 1.39x 107 [4] Fig. 3
673 1.18 x 107
Li-Zn-Si-O Liz5ZN0.25Si04 573 277 x 107 [4] Fig. 3
673 1.87 x 1072
LisZno5SiOy4 573 6.95 x 107 [4] Fig. 3
673 3.73x 107
Liz5ZN0.75Si04 573 1.39x 107 [4] Fig. 3
673 5.92 x 107
Liz.4ZNn0.3SiO4 714 2.00x 107 [31] Fig. 3
973 1.58 x 107
Li2.8Zn0.6Si04 455 3.16 x 1077 [31] Fig. 4
714 7.94 x 107
Li-Mg-Si-O Liz sMgo.25SiO4 573 552 x 107 [4] Fig. 3
673 470% 107
LisMgo5SiO4 573 8.75x 107 [4] Fig. 3
673 1.49 x 1072
Li2.5sMgo 75SiO4 573 6.95x 107 [4] Fig. 3
673 1.18 x 107
Liz.sMgo.1SiO4 473 1.26 x 107° [30] Fig. 3
523 7.94 x 107
573 5.01x 107
623 2.00x 107
673 6.31x 107
723 1.26 x 1072
Li3 6Mgo.2SiO4 473 1.58 x 107° [30] Fig. 3
523 1.26 x 107
573 1.00 x 107
623 3.16 x 107
673 1.00 x 1072

11



723

2.51 %1072

Li3,4Mgo,3SiO4

473
523
573
623
673
723

1.58 x 107
1.58 x 107
1.26 x 107
5.01 x 107
1.26 x 1072
3.98 x 107

[30] Fig. 3

Li3,2MQo,4SiO4

473
523
573
623
673
723

227 x107°
1.68 x 107
1.49 x 107
6.32x 107
1.45 x 1072
5.01 x 107

[30] Table 1

Liz,aMgo,eSiO4

473
523
573
623
673
723

2.00x107°
2.00x 107
1.26 x 107
6.31x 107
1.26 x 1072
2.51x 107

[30] Fig. 3

Oxides, llI-IV system

Compound

T (K)

c(Scm™)

Ea (eV)

Reference

ML

Li-Al-Si-O

Lis 2Alo.2Si0.804

373
573

2.00 x 107
158 x 107

0.580

[29] Fig. 1

Lis 3Al0.3Si0.704

434
483
533
595
652

6.40 x 107°
2.56 x 107
7.75x 107
3.40x 107
5.68 x 107°

[40] Table 2

Lis.4Al0.4Si0.604

573

8.0x107

0.56

[28] Table 1

298
473
573

28x107
76x10™
8.0x107

[41] Table 7

Lis 5Al0.5Si0.504

298

23x1077

[42]

Lis.6Al0.6Si0.404

473
573

7.7%x107°
1.0x107°

[41] Table 7

Li3.82Al0.06Si04

483
537
589
649

2.4x107°
1.6 x 107
56x%x107°
20x10™

12
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695 44 x10™
Liz 55Al0.15Si04 323 3.98x 107 0.74 [43] Fig. 2,
345 158 x 107° Table 2
385 2.00 x 107°
Liz.4Alo 2SiO4 323 1.00 x 10°° 0.68 [43] Fig. 2,
333 251 x 107 Table 2
345 5.01x 107
370 2.51 x107°
Li2.8Alo 4SiO4 323 158 x 1077 0.78 [43] Fig. 2,
345 7.94x 1077 Table 2
385 1.00 x 107°
Liz 65Al0.45Si04 357 1.00 x 1077 0.78 [43] Fig. 2,
370 251 %1077 Table 2
400 2.00 x 107®
435 6.31 x 107°
Liz 55Al0.15Si04 373 1.3%x107° [28] Fig. 2
Liz.4Alo2SiO4 373 15x%107° [28] Fig. 2
Liz 25Al0.25Si04 373 1.5x 107 [28] Fig. 2
Li2 8Al0 4SiO4 373 5.0x 107 [28] Fig. 2
Liz 65Al0.45Si04 373 3.0x 1077 [28] Fig. 2
Li2.5Alo.5SiO4 373 1.0x 107° [28] Fig. 2
Li-Ga-Si-O Lis 5Gao2Si0 804 373 50x 1077 [28] Fig. 1
573 5.0x 107
Liz 7Ga0.1SiO4 373 1.3x107° [28] Fig. 2
Li3 4Ga2SiO4 373 1.5x107° [28] Fig. 2
Lis 25Ga0.258i04 373 1.0x10°° [28] Fig. 2
Liz 1Gag 3SiO4 373 3.0x 107 [28] Fig. 2
Li» Ga04SiO4 373 1.0 x 1077 [28] Fig. 2
Liz 5Ga0.5Si04 373 1.0 x 1078 [28] Fig. 2
Li-Al-Ge-O Lis 7Alg1GeOq 298 1.00 x 107° [44] Fig. 1
373 2.00x 107
573 4.00 x 1072
773 1.78 x 10™"
973 2.30x 107"
1173 2.30x 107"
303 3.16 x 10° 0.6 [45] Fig. 4
370 158 x 107
435 158 x 107
526 3.16 x 1072
573 3.50 x 1072 [45] Fig. 3
673 1.00 x 10™"
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773
873

1.70 x 10™"
210 x 107"

1073 2.30x 107"
1273 2.30x 107"

Lis 55Al0.15G€04 573 2.50 x 1072 [46] Table 4
Li-Ga-Ge-O Lis7Gao.1GeOs 333 1.58 x 107° [47] Fig. 4
473 1.26 x 107
Liz 55Ga0.15Ge04 573 3.00 x 1072 [46] Table 4
Oxides, V-IV system
Compound T(K) o(Scm™) E. (eV) Reference ML
Li-P-Si-O Li3.75P0.25Si0.7504 298 4.8 x 10_7 [41] Table 7 *
473 1.0x107° *
573 1.0 x 1072 *
Liz.05P0.05Si0.9504 714  8.83x107° 0.724 [48]
333 4.75%x10°8
Lis.01P0.09Si0.9104 625  3.19x107° 0.633 [48]
333 1.89 x 1077
Liz 8P0 2Si0 804 625  1.60x 107  0.594 [48]
333 2.38x107°
Lis.7P0.5Si0 704 625  3.19x 1072 0.590 [48]
333 4.75x10°°
Liz.6Po.4Si0.604 625  5.06 x 107 0.533 [48]
333 1.50 x 10~°
Lis.5P0.5Si0504 625 1.01 x 10™" 0.516 [48] *
333 2.38x107° *
Liz.4P0.6Si0.404 625  6.37x 1072 0.507 [48]
333 1.89 x 107°
Lis 2P0 8Si0 204 625 1.27 x 1072 0.529 [48]
333 3.00x 10
Liz.00P0.91Si0.09004 625  3.19x107° 0.546 [48]
333 599 x 1077
Lis.06P0.94Si0.0604 625 1.01x107° 0.598 [48]
333 599 x 108
Li-V-Si-O Li3.6V0.1Si0 904 333  2.00x1077 0.601 [49] Fig. 4
500 2.00x 107
Lis.8V0.2Si0 804 333 3.16x10° 0.529 [49] Fig. 4
500 1.26 x 107
Liz.6Vo0.4Si0.604 333  2.00x107° 0.497 [49] Fig. 4
500 3.98 x 107°
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Lis.4Vo.6Si040a4 333 6.31x107° 0.435 [49] Fig. 4
500 1.00 x 1072

Lis 2Vo 8Si0 204 333 2.00x107° 0.456 [49] Fig. 4
500 3.98x 107

Lis 5Vo7Si0.304 298 1.00 x 107° 0.36 [35]

(315-465 K)

Liz.8Vo.2Si0804 323 501x107 0.50 [35] Fig. 1
373 6.31x 107°
473 2.00x 107
573 2.00 x 107

Liz.6Vo0.4Si0604 323 7.94 x 107° 0.39 [35] Fig. 1
373 6.31x 107°
473 1.00 x 1072
573 7.94 x 107

Liz.5Vo.5Si0504 323 159 x 107° 0.37 [35] Fig. 1
373 1.00 x 107
473 159 x 1072
573 1.00 x 1072

Lis.4V0.6Si0404 323 2.00x10° 0.34 [35] Fig. 1
373 1.00 x 107
473 1.26 x 1072
573 1.00 x 1072

Lis 5Vo.7Si0304 323 2.00x10° 0.36 [35] Fig. 1
373 6.31 x 107°
473 7.94 x 107
573 6.31x 107

Li32V0.8Si0.204 0.32 [35] Fig. 1

Liz.1V0.9Si0.104 0.50 [35] Fig. 1

Li-As-Si-O Lis 9AS0.1Si0.904 294 7.94 x 107° 0.622 [33] Fig. 5,7

573 1.00 x 1072

Lis sAS0.2Si0.504 294  2.00x107 0.549 [33] Fig. 5,7
573 6.31x 107

Lis 6AS0.4Si0.604 294  2.00x 107 0.487 [33] Fig. 5,7 *
573 1.58 x 1072 *

Lis.4AS0.6Si0.404 294 1.58 x 10°° 0.466 [33] Fig. 5,7
573 1.26 x 1072

Lis 2AS0.8Si0.204 294 1.26 x 10™° 0.446 [33] Fig. 5,7
573 1.00 x 1072

Lis.1AS0.9Si0.104 294 1.00 x 1077 0.497 [33] Fig. 5,7
573 1.26 x 107°

Li-P-Ge-O Liz 75P0.25Ge0.7504 189 211 x107"°  0.529 [50] Fig. 4,9,14 *
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211 3.77 x 107°
227  350x107°
250  5.04x107
270  2.33x107°
300 2.00x107°
Liz.5P05Ge0504 189  1.06x107° 0513 [50] Fig. 4,9,14
211 2.38x107°
227  1.39x107°
250  2.52x1077
270 117 x107°
300 8.00x107°
Liz25P0.75G€0.2504 189  6.67x10"  0.529 [50] Fig. 4,9,14
211 9.48 x 107"°
227 697 x107°
250  7.98x107°
270  3.70x 1077
300 2.00x107°
Liz75Po25Ge€07504 573  6.92 x 107 0.425 [51] Fig. 3
(low-temp.)
623  1.20x 107" 0.290
(high-temp.)
673  2.04x 10"
723 3.24x10"
773 479%x 107
823  6.46x 107
873  8.13x 107"
923  955x 107"
973  1.10
Li-V-Ge-O Liz7sV025G€02504 300  6.00 x 107° 0.549 [50] Fig. 11,14
Liz6V0.4GeosO4 189  1.33x107° [50] Fig. 6
211 1.50 x 107°
227  8.78x107°
250  1.00 x 107°
270 586 x107°
Liz5Vo5Ge0 504 189  2.66x107° 0.425 [50] Fig. 6,11,14
211 3.77x107®
227  278x 107
250  1.59x107°
300 3.00x107°
Liz4Vo.6Geo.404 189  3.34x107° 0.415 [50] Fig. 6,11,14
211 475%107°
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227  350x% 107
250  2.00%107°
270  9.29x107°
300 4.00x107°
Liz2VosGeo204 189  8.40x107°  0.420 [50] Fig. 6,11,14
211 9.48 x 107°
227 697 x107°
250  4.00x 107
270  2.33x107°
300 1.30%x107°
Liz5V0.5Geos04 286 2.78x107° [5] Fig. 5
317 7.91x107
345  290x10
377  1.05x107°
417  3.80x107°
476  1.05x 1072
571 5.53 x 1072
Liz7sVo25G€02504 298  6.31x 107 [52] Fig. 4
373  3.16x 10"
473 1.00x 1072
573  1.00x 107"
673  3.98x 107"
773 7.94x10"
873  1.00
973  1.26
Liz.75V0.25G€0.2504 291 1.00 x 107 [53] Fig. 5
463  1.26x 1072
Liz6V0.4GeosO4 291 1.00 x 107° 0.44 [53] Fig. 5
463  1.26x 1072
Liz5Vo.5Geos04 291 6.31x10° [53] Fig. 5
463  1.26 x 1072
Liz3aVoe7Geo330s 291  3.98x107° [53] Fig. 5
463  3.16x 107
Li-As-Ge-O  Liz7As03Geo 704 300  1.60x107° 0.529 [50] Fig. 10,14
Liz 6AS0 4G€0.604 189  1.33x107° 0.472 [50] Fig. 5,10,14
211 1.89 x 107°
227  1.39x 107
250  1.26x 107°
270 586 x107°
300 4.00%107° *
Liz 4As0.6Ge0.404 300 2.00x107° 0.456 [50] Fig. 10,14 *
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Liz3As0.7Geo 304 300  1.30%x107° 0.456 [50] Fig. 10,14
Liz 2As0.8Ge0204 300  4.00x107° 0.456 [50] Fig. 10,14
Li-V-Ti-O Liz.75Vo.25Tio 7504 300 3.00x10° 0.456 [50] Fig. 13,14
Liz.6Vo.4Tio.604 300 1.60x%107° 0.461 [50] Fig. 13,14
Liz5Vo.5Tio504 189  4.21x107° 0.435 [50] Fig. 8,13,14
211 475%x107°
227  278x107
250  2.00%107°
270 117 x107°
300  4.00x107°
Liz.4Vo6Ti04Ox4 300 1.60x107° 0.430 [50] Fig. 13,14
Liz 25V0.75Tio 2504 300  1.00%107° 0.415 [50] Fig. 13,14
Li-As-Ti-O Liz 75AS0.25Tio.7504 211 9.48x 107° 0.461 [50] Fig. 3,12,14
227  6.97x10°®
250  5.04x 107’
270  3.70x 107°
300  2.00x 107°
Liz.6AS0.4Ti0.604 189  1.68x 107° 0.461 [50] Fig. 7,12,14
211 2.38x 107
227  1.39x 1077
250  1.00x 107°
270  5.86x 107°
300  3.00x 107°
Liz.4As0.6Ti0.4O4 300  3.00x107° 0.461 [50] Fig. 12,14
Liz 25AS0.75Tio 2504 300  5.00x 107° 0.440 [50] Fig. 12,14
Sulfides
Compound T(K) o(S cm'1) E; (eV) Reference ML
Li-Al-S LisAlIS, 298  3.16x107° [74] Fig. 9
Li-Ga-S LisGaS, 373 5.10x10° [18] Table 1
Li-Si-S LisSiS4 298 1.26x107® [74] Fig. 9
Li-Ge-S LisGeS, 298  2.00x107 0529 [18]
323 1.00x107° Table 1, Fig. 5
345  3.98x107°
400  5.01x107°
476  5.01x10™
526 1.58 x 107
588  3.98 x 107
Li-P-S LisPS, 298  3.16x 107 [74] Fig. 9
373 1.00x10°  0.49 [75] Fig. 5
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400 251x107° (T < 463 K)
444 1.00x 107 0.46

473 7.94x10™ (T > 463 K)
573  5.01x107°

298  3.00x 107 [76] Fig. 3
357 1.00 x 107°
417 1.26 x 107°
465  5.01x107°
556  1.58 x 107
667  5.01x107°

Liz.325P0.93554 300 150 x 10 0.228 [74] Fig. 6
373 251 %107
473 1.00 x 1072

LisPo.sS4 298 1.26 x 107° [74] Fig. 9

Li-Zn-Ge-S  LissZno2GeSs 298  6.31x10°® [74] Fig. 9
Lis.Zno.1GeSs4 298  1.00x 1077 [74] Fig. 9

Lis.eZNo.0sGeS4 298  2.51x1077 [74] Fig. 9

373  2.00x107° [18] Fig. 5

473 7.94x 107
573 316 x 107

Li»ZnGeSs 323 1.40x107° [18] Table 1
Li-Al-Si-S Lis 2Alo 2Si0.6S4 208 2.00x107° [74] Fig. 9
Lis 4Alo.4Sio 64 298 3.16x107° [74] Fig. 9
Lis 6Alo.6Si0.4S4 208  1.26x107° [74] Fig. 9
Lis.sAlo Si0.2S4 208 251x107 [74] Fig. 9
208 230x107  0.521 [19] Fig. 11

373 7.94 x 1078
473 316 x 107

Li-Ga-Ge-S Li4_2Gao_2Geo,8S4 298 6.31 x 10_5 [74] Fig. 9
Li42568025G€0_75S4 298 7.94 x 10_5 [74] Fig. 9
Lis3Ga0.3Geo7Ss 298  3.16x107° [74] Fig. 9
Li4_4Gao_4Geo,GS4 298 5.01 x 10_6 [74] Fig. 9
Li4A5GaoAseeo_5S4 298 5.01 x 10_7 [74] Fig. 9
Lis 25Ga025G€0.7554 298  6.31x107° [18] Fig. 5

373 1.00 x 10°
473 5.01x 107
573 1.00 x 1072

Li-P-Si-S Liz 2P0 Si0.2S4 298 3.16x10°° [74] Fig. 9
Lis.sPo.7Si0.sS4 298  1.00x107° [74] Fig. 9

Lis.4P0.6Si04S4 208 631x107" [74] Fig. 9

300 6.40x10°  0.29 [19] Fig. 8
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373 6.31x107°
473 3.16x107°
Liz 5Po 5Si0.554 298  1.26x10™ [74] Fig. 9
Liz6P0.4Si0.6S4 298  6.31x107° [74] Fig. 9
Liz 8P 2Si0.8S4 208  7.94x107 [74] Fig. 9
Li-P-Ge-S Liz2Po.sGeo2S4 298  5.01x10™  0.269 [8] Fig. 4
323 1.26 x 107
364  3.98x107°
423 1.26x107°
473  3.16x107°
573  1.00x 107"
Liz 25P0 75G€0.2554 298  2.00x107° 0207 [8] Fig. 4
323 5.01x107°
364 1.00 x 1072
423 3.16x107°
473 6.31x107°
573 1.26 x 107"
Liz3Po7Geo3S4 208  158x107° 0218 [8] Fig. 4
323 3.98x107
364  7.94x107°
423 251x107°
473  5.01x107°
573  1.00x 10"
Liz 35P0.65G€0.3554 298  126x107° 0228 [8] Fig. 4
323 3.98x107°
364  7.94x107°
423 251x107°
473 5.01x107°
573  1.00x 10"
Liz 4Po6Ge04Ss 298 6.31x10  0.269 [8] Fig. 4
323 1.26x107°
364  3.98x107°
423 1.26 x 1072
473 3.16x107°
573  1.00x 107"
Liz 6Po.4Geo sS4 208  158x10™  0.342 [8] Fig. 4
323 5.01x10™"
364 1.58 x 107
423 7.94x107°
473 2.00x107°
573  7.94x 107
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Liz.sPo.2Geo sS4

208
323
364
423
473
573

251x10°  0.466
1.00 x 107°
6.31x107°
3.98 x 107
1.58 x 107
1.26 x 1072

8] Fig. 4
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Table 1.2. Crystallographic data for LISICON-type compounds.

Oxides
Compound Structure Z Crystal Space group Temperature Reference
system (S.G.number)
LisZnO4 AF 2  tetragonal P4y/nmc (137) [54]
LisAlO4 AF 2 orthorhombic Pmmn (59) [55]
LisGaOg4 AF 8 orthorhombic Pbca (61) low temp. [56]
LisGeO4 o 4 orthorhombic Bmmb (63) [57]
LisSiO4 o 2 monoclinic P21/m (11) [58]
LisTiO4 o 4  orthorhombic Cmcm (63) [59]
LizPO4 B 2  orthorhombic Pmn24 (31) T<775K [60]
Y 4  orthorhombic Pmnb (62) T>775K [61]
LizAsO4 B 2 orthorhombic Pmn2, (31) low temp. [62]
Li2ZnGeOy4 B 2 monoclinic Pn (7) [63]
Liz5Zn0.25Ge04 Y 4  orthorhombic Pnma (62) [4]
Y 4  orthorhombic Pnma (62) [24]
LizZno 5GeOg4 Y 4  orthorhombic Pnma (62) [64]
Y 4  orthorhombic Pnma (62) [25]
Liz.05P0.69Ge0.3104 Y 4  orthorhombic Pnma (62) [65]
Liz.75V0.25G€0.7504 Y 4  orthorhombic Pnma (62) 298 K [52]
Liz5Vo.5Geo.504 Y 4  orthorhombic Pnma (62) 298 K [66]
Liz26Ga0.2SiO4 o 2 monoclinic P24/m (11) [67]
Liz 82Gap 338104 o 4  orthorhombic C2224 (20) [68]
Li3 75P0.25Si0.7504 o 2 monoclinic P24/m (11) [69]
Sulfides
Compound Structure Z Crystal Space group Temperature Reference
system (S.G.number)
LisGeS4 Y 4  orthorhombic Pnma (62) [18]
Y 4 orthorhombic Pnma (62) [77]
LisSiS4 o 2 monoclinic P21/m (11) [19]
LisPSs4 B 2 orthorhombic Pmn2; (31) 297K [76]
Y 4  orthorhombic Pnma (62) 637 K [76]
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1.3. Overview of Each Chapter

This thesis consists of five chapters. The overview of each chapter is described as follows.

In Chapter 2, a series of cation spatial configurations in a y-unit cell size for classical
Li-ion conductors LiyGeO4 and Li;ZngsGeO, were systematically evaluated using first-principles
calculations. Based on these calculations, energy stability of Li-ion sites is discussed. Energy of a
Li-ion site depends heavily on its chemical environments. The most stable configurations of LiyGeO,
and LizZny 5GeO, were obtained from the structural patterns based on o and y structures, respectively.
They were consistent with experimental diffraction data. In Li;GeO,, the most stable configuration
has extremely lower energy than other ones, while in Li;Zngs5GeQy, there are many configurations
energetically close to the most stable one. These energy distributions imply that Li;Zny sGeO4 prefers
a Li-ion disordered structure than Li;GeO,4 does.

In Chapter 3, ionic behaviors in Liyy,Zn;—,GeOy, Liz,Ge,P;-,O4 and Liz Ge, PS4 with
y-LISICON structure were simulated using the first-principles molecular dynamics (FPMD) method.
The FPMD simulations were performed only at the temperatures over 800 K because of the limit of
computational time, but extrapolation of calculated diffusion coefficients to lower temperatures
approximately fit with the experimental ones. Sulfides exhibit higher calculated diffusion
coefficients by about one order of magnitude than oxides. Moreover, the FPMD simulations as well
as the transition state search simulations showed that Li ions in oxides mainly diffuse by the
cooperative mechanism involving a pair of two Li ions at an octahedral site and a neighboring
tetrahedral site. On the other hand, in the case of sulfides, a single Li ion can move between a
tetrahedral site and a neighboring octahedral site by itself in addition to the cooperative mechanism.
We infer that occurrence of both mechanisms leads to higher conductivities in sulfides.

In Chapter 4, we aimed to establish the method to design superior ionic conductor at
operating temperatures. Some ionic conductors show a deflection point in ionic conductivity
corresponding to phase transition. In such cases, the above-mentioned simple extrapolation of the
calculated data is inappropriate. We first estimated the phase transition temperature using
first-principles calculations based on the cluster expansion method. However, the theoretical data

alone are not sufficient to estimate low-temperature ionic conductivity. We proposed a
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machine-learning technique to use the theoretical data and the experimental conductivity data in
combination. This technique was used to predict ionic conductivities at 373 K for 72 compositions of
LISICON-type oxides.

In Chapter 5, important conclusions obtained through our investigations are summarized.
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Chapter 2
Variation of Cation Configurations in LISICON-Type Oxides

by First-Principles Calculations

2.1. Introduction

Toward development of next-generation all-solid-state Li-ion rechargeable batteries, it is
essential to further improve ionic conductivities of inorganic solid electrolytes. According to the
previous experimental researches, ionic conductivities depend markedly on their composition,
constituent elements and crystal structure. We focused on LISICON-type oxides as a typical case.

LISICON is the formula Li;sZng,5GeO, and a member of a solid solution system of
Liz42,Zn;-,GeO4 (0 < x < 1). The ionic conductivity of Li,ZnGeO4 (x = 0) is very low. With
increasing Li content, the conductivity increases. Li; sZng75GeOy4 (x = 0.25), Li3Zng5GeO4 (x = 0.5),
and Liz 5Zng25GeO4 (x = 0.75) show ionic conductivities of 0.009, 0.059, and 0.210 S cm ! at 400 °C,
respectively [1]. In contrast, the conductivity of Li;GeOy4 (x = 1) is lower than 1 x 10 S cm ™" at
400 °C [2]. The reason of the maximal conductivity at x = 0.75 cannot be simply explained only by
the Li content. As shown in Figure 1.2, the ground state structures change from 3 to y and then o
phase with increasing x from O to 1. Differences between those structures are characterized by
Ge-ion configurations. It was reported that Li;Zn,5GeO4 and Li; 5Zng,5GeO4 have y structure and a
part of the Li-ion sites exhibits partial occupancy at room temperatures [3,4]. On the other hand,
LisGeO4 shows a structure [5]. Li-ion sites are fully occupied at room temperatures. Partial
occupancy has not been reported in Li4GeO4. Based on those trends, the structure and the partial
occupation as well as the Li content are expected to have great influence on the ionic conductivities.
However, relationship between those factors and ionic conductivities about Liy+,Zn;—,GeO,4 has not
been studied theoretically so far.

As mentioned in Section 1.1, one of the necessary conditions for high ionic conductivity is
assumed to be mobile-ion disordering. This leads to partial occupation on mobile-ion sites. In other

words, mobile ions can have many sites in similar energy states. Therefore, in order to evaluate
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mobile-ion disordering, it is important to calculate energy states of the mobile-ion sites. In this study,
total energies of various cation configurations with o, B and y structures for Li;GeO, and
Li3ZngsGeO4 were systematically calculated. From the result, first, stable configurations were
identified and local environments of the cations were analyzed. Then, based on the energy
distribution dependence on those configurations, ionic conduction properties of LisGeO, and

LizZnsGeO,4 were quantitatively discussed.

2.2. Structures and Computational Models

According to reported diffraction data, the structure of a-Li,GeQy is orthorhombic with a
space group Bmmb (No.63) [5]. Although LisGeO,4 has excess Li ions based on the ratio of the
number of cations to that of oxide ions, all Li ions have tetrahedral coordination and interstitial sites
with octahedral coordination are not occupied. Volume of a conventional cell of a-LisGeOy is about
twice as large as that of a primitive cell of a structure as shown in Figure 1.3(a) [6]. The structure of
v-Li3Zny sGeQy is orthorhombic with a space group Pmnb (No.62) [4]. Li and Zn ions are disorderly
located at the same tetrahedral sites. Zn ions preferentially occupy 8d of tetrahedral sites. Excess Li
ions partially occupy two interstitial octahedral sites, 4c and 4b. The Li occupancies of 4c and 4b are
0.420 and 0.081 respectively.

Computational models containing four formula units with o, B and y structures in LisGeO4
were constructed for geometry relaxation. Fractional coordinates in a primitive cell of B and y
structures were provided as shown in Table 2.1 and 2.2. The initial structures were borrowed from
B-LizPO4 [7] and y-LizPOy [8], respectively. Fractional coordinates of o structure were determined
according to those of B structure. The computational model of o and 3 structures corresponds to a 1
x 2 x 1 supercell, while the model of y structure corresponds to the unit cell. Four Ge ions are
located at tetrahedral sites. The coordinates of two Ge ions in a structure are translated —1/4 along
the ¢ axis from those of B structure. Twelve Li ions occupy residual tetrahedral sites, Li(1) and Li(2).
The directions of [LiO4] apexes in a, B and y structures were set the same as those of a-LiyGeOy,

B-LizPO4 and y-Li;POy, respectively. Four excess Li ions partially occupy interstitial octahedral sites.
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As shown in Table 2.1 and 2.2, the distinct octahedral sites of B and y structures have different
positional relationship with [GeQy] tetrahedra. In o structure, coordination polyhedra of Li(3) sites
have one edge sharing with [GeOy], those of Li(4) sites have two edges sharing with [GeOy,], those
of Li(5) sites have one face sharing with [GeQO,], and those of Li(6) sites have two faces sharing with
[GeOy]. A variety of cation configurations as initial structures for total energy calculations can be set.
Since four excess Li ions partially occupy sixteen octahedral sites, the number of structural patterns
is 16C4 = 1820. It is possible to reduce the number of structural patterns of a, B and y structures to
292, 272 and 292 by using symmetric operations in each space group, respectively. Although site
symmetry is reduced from the original one depending on cation configuration, we keep the site label
unchanged as in Table 2.1 and 2.2.

Computational models with a, B and y structures in LizZngsGeO, were constructed in the
same way as the models for Li4GeO4. Four Ge ions are located at tetrahedral sites. In the cell of y
structure, Zn ions were set to be located at only Zn(1) sites based on the measurement by Abrahams
et al [4]. In the cell of a and [ structures, Zn ions were set at only Zn(1) sites in consistent with that
of y structure. Moreover, two Zn ions are put at farthest sites in the cell because we assume that Zn
ions prefer to be separated due to Coulomb repulsion forces between them. Ten Li ions occupy
residual tetrahedral sites, Li(1) and Li(2). Since there are two excess Li ions in the cell, the number
of structural patterns is ;4C, = 120. Adopting symmetric operation, the number of structural patterns
can be reduced to 64 for a, 3 and y structures.

In this study, the initial directions of [LiO4] apexes for geometry relaxation were fixed the
same as those of structures reported experimentally. This means that only one of two face-sharing
tetrahedral sites of a trigonal bipyramid was taken into account. However, Li-ion can move to the
opposite site of a bipyramid, namely Li-ion disordering in a bipyramid. The fractional coordinate of
this opposite site is shown in the parentheses of Table 2.1 and 2.2. We found that energy distribution
against cation configurations without Li-ion disordering in the bipyramids is almost the same as that
with the disordering by calculating energies of configurations for B-LisGeO,4. Therefore, Li-ion
disordering in a bipyramid can be neglected in order to understand the relationship between cation

configurations and energies. This verification is described in detail in Appendix (Section 2.6).

31



Table 2.1. Fractional coordinates in a primitive cell of B structure with a space group Pmn2;. Ge,
Li(1)/Zn(1) and Li(2)/Zn(2) are regular tetrahedral sites. Li(3), Li(4) and Li(5) are interstitial

octahedral sites partially occupied by excess Li ions.

Site W. L. X y z w. [GeOy]**
o(1) 4b 0.20777 0.68676 0.8961 -
0(2) 2a 0 0.1052 0.9004 -
0(3) 2a 0.5 0.1814 0.8172 -

Ge 2a 0 0.82430 0 -
Li(1)/Zn(1) 4b 0.2481 0.3277 0.9860 (0.7360)* -
Li(2)/Zn(2) 2a 0.5 0.8428 0.9893 (0.7393)* -

Li(3) 2a 0 0.5 0.625 es x 1
Li(4) 2a 0 0.5 0.125 fsx1
Li(5) 4b 0.25 0 0.125 esx 1, fsx1

* The fractional coordinates of Li ions which tetrahedra have the opposite direction relative to the ¢
axis according to B-Li;POy4 are shown in parentheses.
** “es” means the number of edges sharing the Li-ion octahedra with [GeO,] tetrahedra. “fs” means

the number of faces sharing the Li-ion octahedra with [GeO4] tetrahedra.

Table 2.2. Fractional coordinates in a primitive cell of y structure with a space group Pmnb. Ge,
Li(1)/Zn(1) and Li(2)/Zn(2) are regular tetrahedral sites. Li(3), Li(4), Li(5) and Li(6) are interstitial

octahedral sites partially occupied by excess Li ions.

Site W.L. x Y z w. [GeOy]
o(1) 8d 0.042 0.342 0.205 -
0(2) 4¢ 0.250 0.052 0.295 -
0(3) 4¢ 0.750 0.090 0.125 -
Ge 4c 0.250 0.4115 0.308 -
Li(1y/Zn(l)  8d 0.495 0.162 0.304 (0.054)* -
Li2)/Zn(2)  4c 0.750 0.422 0.196 (0.446)* -
Li(3) 4¢ 0.25 0.25 0 es x 1
Li(4) 4b 0 0 0.5 es x 2
Li(5) 4a 0 0 0 fs x 2
Li(6) 4¢ 0.25 0.25 0.5 fs x 1

* The fractional coordinates of Li ions which tetrahedra have the opposite direction relative to the ¢

axis according to y-Li3;PO, are shown in parentheses.
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2.3. Computational Methods

First-principles calculations were performed using density functional theory [9,10] with
the projector augmented wave (PAW) method [11] as implemented in the VASP code [12-14]. The
form of the exchange-correlation term was taken to be the generalized gradient approximation
(GGA) [15]. The plane-wave cutoff energies of 400 eV were employed. Computational models
discussed in Section 2.2 in detail were adopted. Total energies of a series of Li-ion configurations
were evaluated. The configurations of valence electrons are 1s* 2s' for Li, 3d" 45” for Zn, 3d'" 45°
4p2 for Ge, 2s° 2p4 for O. The radial cutoffs of the PAW potentials of Li, Zn, Ge and O are 2.05, 2.30,
2.30 and 1.85 A, respectively. Numerical integration over the Brillouin zone was carried out by 4 x 2
x 4 k-point meshes. All internal positions and lattice constants were relaxed. The optimization
procedure was truncated when the residual forces on the relaxed atoms became smaller than 0.02 eV

/ A. The software VESTA [16] was used to visualize crystal structures.

2.4. Results and Discussion
2.4.1. Cation Configurations for Li;GeOy,

Total energies of 292, 272 and 292 cation configurations with o, B and y structures for
LisGeO,4 were evaluated using first-principles calculations. Relationship between volume and total
energy is shown in Figure 2.3. Configurations are different among data points in the figure. Total
energies are plotted as energy difference from the lowest energy configuration. The lowest energy
configuration shows o structure. 50 of 292 initial configurations with a structure result in the lowest
energy one. This most stable configuration in the present calculations is consistent with the
experimental report on LiyGeO,4 by Vollenkle et al. [5]. Energy difference between the most stable
configuration and the second stable one is large, 0.56 eV per the computational cell (Li;sGesO1s).
The lowest energy configurations of 3 and y structures have 1.46 and 0.87 eV per Li;sGesO 6 higher
than that of a structure. The energy distribution width for o, B and y structures is 4.36, 1.76 and 3.27
eV per LijsGesOp6, respectively. There is a rough tendency that total energy increases with

increasing volume. In an unfavorable configuration, cations repel each other, which may result in the
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volume expansion.

In order to analyze the local environments of cations in the model, bond lengths between
the cations and oxide ions of the lowest energy configuration were investigated. This result is
summarized in Table 2.3. Four bond lengths for a cation at a regular tetrahedral site and six bond
lengths for a cation at an interstitial octahedral site are shown. As shown in Table 2.3, cations in the
three structures have similar local coordinations. Basically, Li and Ge ions at regular sites are
tetrahedrally coordinated with oxide ions. Only Li(2) of B structure can be regarded as not 4-fold but
3-fold coordination. The bond lengths of Ge-O and Li-O are about 1.8 A and 2.0 A, respectively.
Difference in the bond length is attributed to ionic radii of Li" (0.59 A) and Ge** (0.39 A) [17].
Initially all of excess Li ions are located at ideal octahedral sites. In relaxed structures, distances
between the excess Li ions and oxide ions can be divided into two types, shorter or longer than 2.2 A.
Coordination environment of the excess Li ions in the lowest energy configuration changes from
octahedral to three or four-fold coordination through geometry optimization. Such coordination
changes around excess Li ions are commonly found in all the three structures.

Excess Li ions in the lowest configuration of B and y structures occupy the Li(3) sites
which have an edge sharing with [GeO,]. The reason is supposed to be that the repulsion between
the Li ion and adjacent Ge ions are smaller. While, excess Li ions in the lowest configuration of o
structure occupy the Li(5) sites which have a face sharing with [GeOy4]. In a structure, the
relationship between excess Li ions and other adjacent Li ions are probably dominant. Local

environments of excess Li ions are discussed in more detail for LizZnysGeO, in Section 2.4.2.
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Figure 2.3. Relationship between volume and total energy of 292, 272 and 292 cation configurations

with o, B and y structures for Li;GeO4 evaluated using first-principles calculations.
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Table 2.3. Bond lengths between cations and oxide ions of the lowest energy configuration with a, 8
and y structures in LigGeQy,. 1, denotes the number of atoms in the computational cell.

a structure
Atom 1, Bond length (A)
Ge 4 1.784, 1.784, 1.796, 1.796

Li(l) 8 1,927, 1.927, 1.978, 1.978

Li(2) 4 2.003, 2.026, 2.026, 2.138

2.007,2.027,2.027,2.141,

Li5) 4
3.148, 3.148
j structure
Atom 1, Bond length (A)
Ge 4 1.781, 1.781, 1.788, 1.808
Li(1) 4 1.995, 2.023, 2.052, 2.120
1.907, 1.972, 2.024, 2.139
. 1.877,1.925,1.957,
Li(2)
(2.934), (3.136), 3.213
. 1.980, 1.983, 2.024, 2.075,
Li(3)

2.993, 3.018

A parenthesis means a distance to oxide ions those are not located at apexes of the nearest neighbor

coordination polyhedron.

y structure
Atom n, Bond length (A)
Ge 4 1.768, 1.791, 1.801, 1.808
Li(1) 2 1.892, 1.908, 2.007, 2.055
2 1.896, 1.912, 1.996, 2.077
2 1.925, 1.969, 1.993, 2.048
2 1.927,1.970, 1.987, 2.066
Li(2) 2 1.921, 1.977,2.061, 2.166
2 1.926, 1.985, 2.060, 2.096
Li3) 5 1.914,1.973,2.017,

2.626,2.887,3.100
1.920, 1.982, 2.020,
2.701, 2.796, 3.088
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2.4.2. Cation Configurations for Liz;ZnsGeO,

Relationship between volume and total energy for Li;ZngsGeQ, is shown in Figure 2.4.
Unlike LisGeQ,, the lowest energy configuration was obtained from the structural patterns based on
y structure. This agrees with the experimental report [4]. The lowest energy configurations of o and
B structures have 0.33 and 0.39 eV per Li;3Zn,GesOy6 higher than that of y structure. The energy
distribution widths of the three structures are similar. They are 1.48, 1.24 and 1.59 eV per
Li;5Zn,GesO46 for o, B and y structures, respectively. B structure has the smallest volume, followed
by y and o. Turn to the opposite direction of [GeOy] tetrahedra with reference to  phase results in
increase of volume. Total energy tends to increase with increasing volume in all the three structures.

Bond lengths between cations and oxide ions of the lowest energy configuration with o, B
and v structures in Li;ZnysGeO,4 are summarized in Table 2.4. Bond lengths of Li-O and Ge-O in
Li3ZnysGeO4 are almost the same as those in LiyGeO4. Excess Li ions of LizZngsZnOy4 prefer to
have tetrahedral coordination in all the three structures. Bond lengths of Zn-O are nearly similar to
those of Li-O. This is probably due to that ionic radius of Zn>" (0.60 A) is close to that of Li" (0.59
A). Interstitial sites occupied by excess Li ions in the lowest energy configuration for LizZngsGeOy
is also the same as those of Li;GeO,. Li(3) sites are occupied in B and y structures, while Li(5) sites
are occupied in o structure.

Based on initial structural patterns, energy difference between cation configurations is
supposed to be attributed to chemical environments of excess Li ions at interstitial octahedral sites.
The chemical environments include the geometrical relation between the excess Li ions and the
neighboring Ge or Zn or Li ions. Figure 2.5 shows the interstitial sites occupied by excess Li ions of
all configurations with y,  and a structures. The vertical axis is total energy. The horizontal axis is
average distance between excess Li ions and the neighboring Ge ions under the assumption that
Coulomb repulsive force from high-valence Ge ions is predominant. In several cases, a Li ion at a
regular tetrahedral site moves away to adjacent interstitial sites during optimization. Those
configurations are not plotted.

In vy structure, the most stable site is Li(3) and the next stable one is Li(4). In contrast to

a-LiyGeOy, there are a lot of configurations energetically close to the lowest energy one. Total
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energy clearly increases when excess Li ions are located at Li(5) or Li(6) sites. In the neutron
diffraction data of y-Li3ZngsGeQy4 [4], Li-ion occupancies of Li(3) and Li(4) sites are 0.420 and
0.081, respectively. This experimental result suggests that Li(3) is energetically favorable site.
Occupation at Li(5) and Li(6) sites have not been experimentally identified because they are unstable.
Our calculations agree to experimental tendency of site occupation. On the other hand, the stable
interstitial sites in B structure are in order of Li(3), Li(4) and Li(5). The stable interstitial sites in o
structure are Li(5), Li(4), Li(3) and Li(6), in this order.

As shown in Figure 2.5(a), in the case of y structure, energies of cation configurations are
strongly correlated with distances between excess Li ions and the neighboring Ge ions. Distances
between Li ions at the most stable site Li(3) and Ge ions are the longest, followed by Li(4), Li(6)
and Li(5). This implies that Li ions diffuse via the sites relatively far from surrounding Ge ions in
v-Li3Zny5GeO4. The correlation between Li-Ge distance and energy in B structure is smaller than
that in y structure. Moreover, the correlation in o structure is not clearly found. Therefore, it is
difficult to attribute stability of interstitial sites to Li-Ge distance only in o structure. Spatial
relationships with surrounding other cations are supposed to determine stability of interstitial sites.
We found that Li(5) sites occupied by excess Li ions in the lowest energy configuration with o
structure have four edges sharing with [Li0O,] tetrahedra and the distance between the excess Li ion
and four adjacent Li ions is 2.550 A. On the other hand, Li(3) sites occupied by excess Li ions in the
highest energy configuration with o structure have four faces sharing with [LiO,] tetrahedra. The
distance between the excess Li ion and four adjacent Li ions is 2.230 A. Longer distances between
neighboring Li ions suppress repulsive Coulomb interaction and result in stable energy states in o

structure.
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Figure 2.4. Relationship between volume and total energy of 64 cation configurations with a, § and

y structures for LizZng sGeO, evaluated using first-principles calculations.
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Table 2.4. Bond lengths between cations and oxide ions of the lowest energy configuration with vy, 8

and a structures in Li3Zng 5GeQy. n, denotes the number of atoms in the computational cell.

Y structure
Atom 1, Bond length (A)
Ge 2 1.774, 1.777, 1.801, 1.807
2 1.754,1.786, 1.793, 1.817
Zn 2 1.948, 1.967, 1.972, 2.057
Li(1) 2 1.941, 1.980, 2.048, 2.111
2 1.917,2.010, 2.016, 2.026
2 1.887, 1.964, 1.976,2.117
Li(2) 2 1.932,2.001, 2.088, 2.098
2 1.957, 1.975,2.021, 2.034
LiG3) 5 1.923, 2.003, 2.023,
2.422,2.761,3.183
B structure
Atom 1q Bond length (A)
Ge 2 1.756, 1.789, 1.802, 1.811
2 1.772, 1.778, 1.805, 1.806
Zn 2 1.969, 1.974, 1.991, 2.018
Li() 2 1.924,1.971,2.052,2.109
2 1.910, 2.010, 2.038, 2.042
2 1.920, 1.953, 2.020, 2.064
Li2) 2 1.960,1.976, 1.981,2.021
2 1.957,2.074, 2.086, 2.119
LiG3) 5 1.884, 1.983, 2.010,

2.453,2.821,3.073
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o structure

Atom N, Bond length (A)
Ge 2 1.755,1.789, 1.792, 1.803
2 1.769, 1.781, 1.787, 1.815
Zn 2 1.952, 1.972, 1.976, 2.065
Li(1) 2 1.924,1.938, 2.010, 2.020
2 1.924,1.991,2.010, 2.089
2 1.909, 1.979, 1.994, 2.067
Li(2) 2 1.999, 2.023,2.031, 2.041
2 1.931, 1.991, 2.005, 2.184
Li(s) ) 1.915, 1.981,2.072,

2.569,2.977,3.002
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in cation configurations with (a) v, (b) B, (c) a structures for Li;ZngsGeO,4. Each configuration is

classified according to the interstitial octahedral sites occupied by two excess Li ions.
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2.4.3. Energy Change due to Ionic Jump
As mentioned in Section 2.4.1 and 2.4.2, energy distributions of cation configurations
were determined using first-principles calculations. However, those data is unsatisfactory for the

purpose of predicting ionic conductivity. Assuming that the ionic conductivity ¢ obey the Arrhenius

equation ol = Aexp(— E, / RT ), where 4, E,, R and T are the pre-exponential factor, the

activation energy, the gas constant and the absolute temperature, low E, is required in order to
exhibit high c. The straight forward procedures to quantitatively estimate E, are as follows: (i) A
mobile-ion configuration as an initial state for an ionic jump is determined and its energy E;,; is
calculated. (ii) Another mobile-ion configuration as an final state for the ionic jump is determined

and its energy FEjp, is calculated. Energy change AE due to the ionic jump is written as

AE=E, —E,,. (iii) The minimum energy path for the ionic jump is determined by a transition

state search algorithm such as the nudged elastic band (NEB) method [18]. E, corresponds to the
energy barrier of this path. This approach is a heavy task and thereby the detailed study will be
discussed in Chapter 3. However, based on the energy distribution dependence on cation
configurations, each configuration can be regarded as an initial or final state for ionic jump within
the limit of the y-unit cell size. Since low AE is essential to low E,, it is possible to estimate the
potential to exhibit good ionic conductivity to even compare AE.

The stable phases of Li;GeO,4 and LizZng;GeO,4 show o and y structures, respectively. In
a-LiyGeOy4, AE between the most stable configuration and the second stable one is 0.56 eV per
Li;6Ge4Oy6. This value is quite larger than activation energies of typical superionic conductors. This
large AE implies that Li4GeO, has an ordered structure as the most stable configuration even at high
temperatures. This is consistent with the experimental result that the conductivity of an end member
Li;GeOy is very low [2]. On the other hand, in y-Li3ZnysGeQy, there are a lot of configurations
energetically close to the lowest energy one. In the six configurations within a higher energy range
of 0.35 eV per Li;2Zn,Ge4O 6 from the lowest energy one, two excess Li ions partially occupy a half
of four Li(3) sites. The positions of excess Li ions or the directions of apexes of [LiO4] tetrahedra are

different among these six configurations. This result implies that Li;ZnysGeO4 can have a disordered
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structure. We infer that this is the reason that the conductivity of Li3ZnysGeO, is higher among
Liy.Zn;,GeOy solid solution systems.

Next, the structures other than the most stable one are discussed. In order to estimate
possibility of synthesis for these structures, free energies at high temperatures must be compared
between different phases. This attempt is beyond our purpose of this study. However, we can
estimate the potential of conductive property from the energy distribution. Regarding B-LisGeOy,
energy difference between the lowest configuration and the second lowest one is 0.11 eV per
Li;6GesO16. The energy difference is approximately a quarter of that of a-Li,GeO4. Regarding
v-Li4GeOy, in the lowest energy configuration, four excess Li ions occupy Li(3) sites. While, in the
fifth lowest energy configuration, four excess Li ions occupy Li(4) sites. The energy difference
between the lowest configuration and the fifth lowest one is small, 0.046 eV per Li;¢GesO ¢ in spite
of different excess Li-ion configurations. These results imply that y-Li4GeO, can have more
disordered structures including a variety of cation configurations compared with o- and B-LiyGeOs,.
o and B structures of LizZngsGeO4 can be discussed in the same way. In particular, in the case of
a-Li3Zny sGeO4 shown in Figure 2.5(c), two excess Li ions occupy Li(5) sites in the lowest energy
configuration. There are twelve configurations within a higher energy range of 0.21 eV per
Li1,Zn,Ge, Oy from the lowest energy one. In twelve configurations, excess Li ions can occupy not
only Li(5) but also Li(4). Therefore, a-Li;ZnysGeO,4 has a potential to change Li-ion positions as
high as y-LizZng 5GeOy.

As discussed above, it is possible to evaluate energy change due to ionic jump
semiquantitatively from energy distribution of cation configurations. In order to precisely estimate
ionic conduction property such as diffusion coefficient, we have to take into account the motion of
surrounding ions associated with Li-ion movement. Therefore, in the next stage, we combined
calculations of energy barrier heights using transition state search method and molecular dynamics

simulation at finite temperatures. They will be discussed in Chapter 3.
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2.5. Conclusions
Total energies of diverse cation configurations in a y-unit cell size with o, B and vy
structures for LisGeOs and LizZngsGeO, were systematically estimated by first-principles

calculations. Major results are as follows:

1. Total energy of cation configuration tends to increase with increasing its volume. It is surmised
that in an energetic unfavorable configuration, cations repel each other, resulting in the volume

expansion.

2. The lowest energy configurations of LisGeO, and Li3Zngs;GeO4 were obtained from the
structural patterns of o and y structures, respectively. Those structures are consistent with

reported diffraction data.

3. Excess Li ions at interstitial sites as well as at Li ions at regular tetrahedral sites are tetrahedrally
coordinated with oxide ions. Such coordination is common in the lowest energy configurations

with o, B and y structures for Li;GeO4 and Li3Zng sGeOs.

4. 1In y-Li3ZngsGeQy, excess Li ions prefer the interstitial Li(3) and Li(4) sites which have edges
sharing with [GeQy]. Energy stability of an interstitial site is strongly correlated with distances

between an excess Li ion at the interstitial site and the neighboring Ge ions.

5. In a-LisGeO,, energy difference, AE, between the most stable configuration and the second
stable one is large, 0.56 eV per Li;(GesOy6. This large AE implies that Li4GeO, has an ordered
structure even at high temperatures. This is consistent with experimental data that the

conductivity of LisGeQy, is very low.

6. On the other hand, in y-Li3Zn,5GeQy, there are a lot of configurations energetically close to the
lowest energy one. Those configurations have different Li-ion spatial arrangements. This implies

that y-Li3Zng 5GeO,4 has a more disordered structure than a-LisGeOs,.

7. Tt was suggested that y-LisGeO4 and a-LizZngsGeO4 have the possibilities of exhibiting ionic
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conductivities higher than that of the most stable phase based on the energy distributions of their

cation configurations.

2.6. Appendix: Li-Ion Disordering in a Bipyramid

Initial cation configurations in this study were chosen based on two following assumptions.
(1) Excess Li ions partially occupy interstitial octahedral sites. (2) [LiO4] apexes can have the
opposite direction relative to the ¢ axis according to a basis model (B-Li;PO4 for B phase). This
corresponds to Li-ion disordering in a trigonal bipyramid.

We constructed initial configurations according to only assumption (1) in the main text. In
the Appendix, we show the effect of assumption (2) by using B-structure model of Li4GeO,. The
number of structural patterns for Li;¢GesO 6 cell according to assumption (1) + (2) is enormous, over
seven million. Therefore, we adopted LigGe,Og cell corresponding to B primitive cell. According to
assumption (1), the number of structural patterns is gC, = 28 since excess two Li ions partially
occupy eight interstitial octahedral sites. Moreover, according to assumption (1) + (2), the number is
§C> X 2% = 1792 since six Li ions are located at either up site or down site in each bipyramid. By
using symmetric operation of space group Pmn2,, it is possible to reduce the number of structural
patterns to 11 for assumption (1), and to 496 for assumption (1) + (2), respectively.

Figure 2.6 shows the relationship between volume and total energy of the configuration
patterns for [ structures. Total energies are plotted as energy difference from the lowest energy
configuration for a structure. Results based on assumption (1) and assumption (1) + (2) are plotted
with different marks. Configuration A and B have the lowest energy and the second lowest one,
respectively. Configuration B is obtained from assumption (1) and corresponds to the lowest energy
one for Li;4GesO4 cell. Total energy of B is +1.457 eV per LijsGesO16. Configuration A is obtained
from only assumption (1) + (2). Total energy of A is +1.441 eV per Li;GesO6. Although Li
positions are different between A and B, total energies of A and B are very close. With respect to
higher energy side than configuration B, although there are many configurations obtained from

assumption (1) + (2), the energy distribution width calculated from only assumption (1) is nearly
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equal to that of assumption (1) + (2). From above-mentioned discussions, the results obtained from
assumption (1) are sufficient in order to understand the relationship between cation configurations

and energy distribution.

4.0 I I I I I I
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Figure 2.6. Relationship between volume and total energy of cation configurations calculated from

assumption (1) (red triangle) and assumption (1) + (2) (black open circle) for B-Li,GeOs.
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Chapter 3
First-Principles Study of Oxide and Sulfide-Based Li-Ion

Conducting Solid Electrolytes

3.1. Introduction

Ceramic lithium-ion conductors are expected as solid electrolytes in next-generation
rechargeable all-solid-state batteries [1-3]. Oxide-based Li-ion solid electrolytes have been
energetically studied from 1970s. Those representative compounds are LISICON-type [4,5],
NASICON-type [6,7], perovskite-type [8,9] and garnet-type [10]. In about a last decade, various
sulfide-based Li-ion conductors exhibiting better ionic conductivities over oxides have been
discovered [11-16]. And, in 2011, Kamaya et al. reported Li;(GeP,S;, which exhibits the ionic
conductivity of 12 mS cm' at room temperature [17]. This conductivity exceeds those of organic
liquid electrolytes. A sulfide ion has larger ionic radius and larger ionic polarizability than an oxide
ion. It has been qualitatively understood that this difference is why sulfides have wider Li-ion
migration paths than oxides. However, theoretical understanding about Li-ion diffusion mechanisms
of oxides and sulfides is not still sufficient. In order to design novel solid electrolytes exhibiting high
ionic conductivity, it is important to elucidate those Li-ion diffusion mechanisms.

Among crystalline inorganic Li-ion conductors, LISICON-based compounds are most
common. Li;sZng,5GeQy is the original LISICON composition and exhibits high ionic conductivity,
0.125 S cm ! at 573 K. LISICON is a member of a solid solution system of Lir4p,Zn;—,GeO, (0 <x <
1) [4]. Thereafter a lot of solid solutions which replace zinc or germanium with diverse elements
have been investigated [18-23] and are called LISICONS in this study. Sulfide systems found by
Kanno et al. also have the LISICON structure and are known as thio-LISICON family [11-13].

Figure 3.1 shows a unit cell of y-Liy+»,Zn;—GeOy. Its structure is orthorhombic with a
space group Pmnb (No.62). Oxide ions are arrayed as distorted hexagonal close packing. Cations
fully occupy tetrahedral sites according to structure refinements using neutron diffraction [24].

Tetrahedral sites are categorized into Li(1) and Li(2). Excess Li ions partially occupy interstitial
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octahedral sites. Octahedral sites are categorized into Li(3), Li(4), Li(5) and Li(6). The distinct
octahedral sites have different positional relationship with [GeOy] tetrahedra. A bipyramid shown in
Figure 3.1(a) is composed of two tetrahedra. Only one cation can be located in one bipyramid due to
electrostatic repulsion between cations. LISICONs have three crystalline polymorphs which are
labeled y as well as a and B [25,26]. The difference between three polymorphs depends on position
of a cation in a bipyramid as shown in Figure 1.3. On the other hand, the structural data of Li;PS, at
673 K shows that the occupancy of tetrahedral sites is much less than unity [26]. This means that
sulfides have more Li-ion disordered configurations than oxides.

In order to analyze ionic jumps, first-principles calculations based on density functional
theory (DFT) have been widely used. LISICONs have low symmetric and disordered structures. If
we evaluate ionic jumps in LISICONS, a lot of Li-ion configurations should be taken account. As
discussed in Chapter 2, we qualitatively estimated Li-ion migration energies for LisGeO, and
Li3ZngsGeO4 from DFT energy distribution of diverse cation configurations. In order to evaluate
ionic jumps more quantitatively, the nudged elastic band (NEB) method [27] is suitable to calculate
energy barrier associated with an ionic migration path for a given atomic configuration [28,29].
Effective frequency for the ionic jump can also be computed from first-principles [30]. However, it
is complicated and heavy task to cover all migration paths for enormous varieties of chemical
environments using the above ways. In such cases, the first-principles molecular dynamics (FPMD)
simulation is an attractive alternative and has been recently used [31,32], since it does not require an
a priori specification of the migration path or mechanism for the ionic self-diffusion to be probed.

The LISICON structure is suitable for comparison between oxides and sulfides because a
wide range of oxides and sulfides with the LISICON structure have been reported so far. We adopted
Liz4,Zn;-,GeOy4 (0 < x < 1) as well as Liz,Ge,P1,04 (0 <x < 1) and Liz,Ge,P1.S4 (0<x < 1) as
solid solution candidates to compute Li-ion diffusion. First, energy barriers of Li-ion migration paths
were evaluated using the NEB method. Based on this result, the relation between the assumed
migration mechanisms and the energy barriers is discussed. Next, Li-ion diffusion behavior at finite
temperatures was computed using the FPMD simulations. As a result, diffusion coefficients,

activation energies and Li-ion density distributions are statistically estimated and possible migration
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mechanisms are discussed.

(a)

[ZI'IO4] or [Li04]

—>
A bipyramid
composed of ——
two tetrahedra
c
R
b
(b) [ZnOy4] or [LiO4]
r'd

Figure 3.1. (a) perspective view and (b) projection view down the ¢ axis of a unit cell of
v-Liz2:Zn,,GeOy. The red, orange, purple and gray balls denote four crystallographically distinct
interstitial octahedral sites, Li(3); (0.25, 0.25, 0.5), Li(4); (0, 0, 0.5), Li(5); (0, 0, 0) and Li(6); (0.25,
0.25, 0). Li(3), Li(4), Li(5) and Li(6) correspond to Wyckoff positions, 4c, 4b, 4a and 4c,
respectively. Coordination octahedra of Li(3) sites have one edge sharing with [GeOy], those of Li(4)
sites have two edges sharing with [GeOy], those of Li(5) sites have two faces sharing with [GeOy],

and those of Li(6) sites have one face sharing with [GeQy].
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3.2. Computational Methods

All calculations in this study were performed using DFT [33,34] with the projector
augmented wave (PAW) method [35] as implemented in the VASP code [36-38]. The form of the
exchange-correlation term was taken to be the generalized gradient approximation (GGA) [39]. The
configurations of valence electrons were 1s” 2s' for Li, 3d'° 4s* for Zn, 3d'° 4s* 4p” for Ge, 3s” 3p°
for P, 25 2p4 for O, 35 3»p4 for S. The radial cutoffs of the PAW potentials of Li, Zn Ge, P, O and S
are 2.05, 2.30, 2.30, 1.90, 1.85 and 1.90 A, respectively. The y-Li;POy structure [40] was adopted as
a computational model since most LISICONs exhibiting high ionic conductivity are known to have
this structure. Details on the migration path search simulations, the FPMD simulations and
computational models used in those simulations are expressed in Section 3.2.1 and 3.2.2. The total
energy convergence was better than 107> meV per cell. The software VESTA [41] was used to

visualize crystal structures.

3.2.1. The Migration Path Search Simulations

In this study, Li-ion migration paths in Li3;ZngsGeOs, Liz sGegsPosO4 and Liz 5GegsPo5S4
were investigated. These compounds have two excess Li ions in a y-unit cell. It is considered that
excess Li ions contribute to ionic diffusion assuming that those ions partially occupy interstitial
octahedral sites. We propose two kinds of migration mechanisms, “the interstitial mechanism” and
“the cooperative mechanism”. Figure 3.2 demonstrates the schematic view of each mechanism. In
the interstitial mechanism, an excess Li ion at an octahedral site moves to another octahedral site. In
the cooperative mechanism, an excess Li ion at an octahedral site moves to a neighboring tetrahedral
site and the Li ion at the tetrahedral site simultaneously moves to another neighboring octahedral
site.

Energy barriers of migration paths are calculated using the NEB method. This is a method
to find a saddle point and a minimum energy path for ionic hopping to a neighboring site. First,
potential energies of two atomic configurations corresponding to an initial state and a final state for

ionic hopping are calculated. Next, a series of intermediate images corresponding to a trajectory of
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ionic motion between two obtained potential minima is generated. Then, those images are relaxed to
minimize the total energies under the constraint that each image remains on a plane perpendicular to
the hypertangent between two neighboring images.

In order to precisely evaluate energy barriers for Li-ion disordered compounds like
LISICON:S, ionic jumps for enormous varieties of atomic configurations must be taken into account.
Moreover, for a given atomic configuration, multiple hoppings from the initial position to the same
symmetric one must be covered. However, we adopted only a Li-ion migration to a neighboring site
for a particular initial state from a viewpoint of computational task. This initial state was set to be the
lowest energy configuration among diverse ones. Even this restricted way is expected to be useful to
compare different migration mechanisms.

In order to determine an initial state, spatial atomic configurations for a y-unit cell
containing four formula units were constructed according to the y-Li;PO, structure as mentioned in
Chapter 2. In the case of LizZngsGeQ,, Ge ions occupy P sites in the y-Li;POy structure, two Zn ions
are located at the farthest Li(1) sites each other and ten Li ions are located at the residual tetrahedral
sites. In the case of Li; sGey 5P 504 and Liz sGeg sPy.5S4, two Ge ions are located at the farthest P sites
each other in the y-Li;PO, structure, two P ions are located in the same way and twelve Li ions are
located at the residual tetrahedral sites. Two excess Li ions partially occupy 16 octahedral sites and
thereafter DFT energies were estimated for 14C, = 120 configurations. In these calculations, all
internal positions, lattice constants and lattice shapes were relaxed. Numerical integration over the
Brillouin zone was carried out by 4 x 2 x 4 k-point meshes. The plane-wave cutoff energies of 400
eV were employed. The relaxation procedure was truncated when the residual forces on the relaxed
atoms became smaller than 0.02 eV/A.

The cell with the lowest energy configuration was magnified to 2 x 1 x 2 y-unit cells as an
initial state to enable relaxation of surrounding environment associated with Li-ion migration. Then,
total energy of a final state was calculated. Before the NEB calculation, the internal position of the

i-th atom for the j-th image was set to be

_ J ( )
ri,j - ri,im' + n+l ri,ﬁn - ri,im’ >
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where 7 is the number of intermediate images. r; ;,; and r; 4, are the internal positions of the i-th atom
for the initial state and the final state, respectively. Each image is placed at even distances under a
usual way as shown in the above equation. However, the number of images and the distance between
images should be changed flexibly depending on complexity of migration path. In the NEB

calculation, all internal atomic positions are allowed to relax without change of lattice constants.

(a) Octahedral site (b)

Tetrahedral site

Octahedral site

Figure 3.2. Proposed migration mechanisms: (a) the interstitial mechanism and (b) the cooperative
mechanism. The red and white balls denote Li ions at the initial and final state, respectively. The
black ball denotes a Li ion at a tetrahedral site which does not contribute to the interstitial

mechanism.

3.2.2. The FPMD Simulations

We adopted Liy15Zn;—,GeOy4 (x = 0, 0.25, 0.50, 0.75 and 1), Liz,Ge,P;—,O4 (x = 0, 0.25,
0.50, 0.75 and 1) and Liz,GeP1—.S4 (x = 0, 0.25, 0.50, 0.75 and 1) for candidates of the FPMD
simulations. Computational cells were constructed from 2 x 1 x 2 y-unit cells containing 16 formula
units. In the case of Liy»,Zn;—.GeOy4, Ge ions occupy P sites of the y-LizPOy structure. In order to
model disordered solid solutions, Zn and Li ions are randomly distributed over residual tetrahedral

sites and excess Li ions (x per formula unit) are randomly distributed over octahedral sites. In the
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case of Li3+,Ge,P1-,O4 and Li3.,Ge, PS4, Ge and P ions are randomly distributed over P sites of the
v-Li3PO4 structure. Li ions occupy residual tetrahedral sites and excess Li ions are randomly
distributed over octahedral sites. Before the FPMD simulations, all internal positions, lattice
constants and lattice shapes were relaxed. In this relaxation, the plane-wave cutoff energies of 400
eV were employed. Integration in reciprocal space was performed at the I'-point only.

The FPMD simulations were performed within the NV7T ensemble using Nosé thermostat
[42] for the relaxed computational cells. Volume and shape of the cell were fixed during the FPMD
simulations and thereby any contributions from thermal expansion were neglected. The plane-wave
cutoff energy was reduced to 300 eV to keep the computational cost at an acceptable level. The
initial temperature was set to the value according to Boltzmann distribution. The time step was
chosen to be 2 fs which is sufficient to reproduce vibration frequencies for typical ionic conductors.
The first 2500 steps, corresponding to 5 ps, were treated as a thermal equilibrium stage and

discarded before analyzing diffusivity.
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3.3. Results and Discussion
3.3.1. The Migration Path Search Simulations

In order to construct an initial state of ionic migration, total energies of a variety of cation
configurations for a y-unit cell were calculated. Energy stability of each octahedral site can be
understood based on these calculations. In the lowest energy cation configuration of LizZngsGeOy4
and Li;sGeysPys04, two excess Li ions occupy Li(3) sites. The most stable site is Li(3) and the
second most stable site is Li(4). While, in the lowest energy configuration of Liz5Geg 5Py 5S4, two
excess Li ions occupy Li(4) sites. The most stable site is Li(4) and the second most stable site is
Li(3). If an excess Li ion moves to Li(5) or Li(6) in all the three compounds, energy states become
higher. The cell with the lowest energy configuration was magnified to 2 x 1 X 2 y-unit cells as an
initial state.

Migration paths in Li;ZngsGeO4 are discussed. Excess Li-ion movements from the
octahedral Li(3) site to neighboring octahedral sites were investigated. Assuming that neighboring
octahedral sites are restricted to Li(3) and Li(4), a total of eight kinds of migration paths are
enumerated. The final states for two of those eight paths are not energetically stable and Li ions
return to the original position. For one of the residual six paths, energy profiles of the interstitial
mechanism and the cooperative one are shown in Figure 3.3(a). A cubic spline curve interpolates
between images. In the interstitial mechanism of this path, a Li ion at a Li(3) site moves to another
Li(3) site. The Li ion passes through an octahedral Li(6) site on the path. The position corresponds to
the normalized migration distance d,, = 0.4. In the cooperative mechanism, a Li ion at a Li(3) site
moves to a neighboring Li(1) site and the Li ion at the Li(1) site moves to another neighboring Li(3)
site. The interstitial mechanism has more complicated profile than the cooperative one. Energy
barrier of the interstitial mechanism is 1.26 eV and considerably higher than that of the cooperative
one, 0.38 eV. Therefore, Li-ion migration by the interstitial mechanism is expected to be rare
extremely.

Energy profiles of the six paths with the cooperative mechanism in Li;ZngsGeO,4 are
shown in Figure 3.3(b). Sites where two Li ions jump through and the energy barriers are listed in

Table 3.1. The above discussed path corresponds to the path 2. All energy profiles have only one
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maximal value except the path 4. Energy barriers of the paths 1-6 are different from 0.38 to 1.10 eV.
This quite difference is attributed to the sites where mobile Li ions jump through. Moreover, it was
found that Li ions surrounding the mobile Li ions can move in a bipyramid from up to down and
vice versa. Position change of surrounding Li ions leads to decrease of energy barrier. In this study,
an initial state was restricted to only the lowest energy cation configuration. If the number of initial
state patterns increases including position change of surrounding Li ions, paths exhibiting smaller

energy barriers may be found.

T I I I I O Path 1
@ O Path?2
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1.0 - . O Path5
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Figure 3.3. Energy profiles of Li-ion migration in Li;ZnysGeQOy. (a) the path 2 with the interstitial

mechanism and the cooperative mechanism. (b) the paths 1-6 with the cooperative mechanism.

Table 3.1. Sites where two Li ions jump through and the energy barriers for the six paths with
cooperative mechanism in Liz;Zns;GeO,. Since positions of one tetrahedral site and the other
tetrahedral site in a bipyramid correspond to up and down along the ¢ axis, each tetrahedral site is
indicated by a subscript “up” or “down”.

Path Sites where one Li ion Sites where the other Li ion jump Energy barrier

jump through through (eV)
1 Li(3) => Li(1)down => Li(1)yp Li(1),, => Li(3) 0.64
2 Li(3) => Li(1)yp Li(1)yp => Li(1)down => Li(3) 0.38
3 Li(3) => Li(1)down => Li(1)yp Li(1)y, => Li(4) 0.58
4 Li(3) => Li(2)yp => Li(2)down Li(2)gown => Li(4) 0.54
5 Li(3) => Li(2)up => Li(2)down Li(2)gown => Li(4) 0.59
6 Li(3) => Li(1)y Li(1),, => Li(4) 1.10
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In the case of Li;sGegsPo 504, five migration paths are enumerated in the same way as
Li3Zng sGeOy4. Energy profiles for these paths with the cooperative mechanism via a tetrahedral site
are shown in Figure 3.4. All energy profiles have only one maximal value except the path 3. Shapes
of energy profiles of Li;sGesPysO4 are similar to those of LizZngsGeO,4. The energy barriers are
from 0.35 to 0.61 eV.

In the case of Li;sGegsPysSs, seven migration paths are enumerated in the same way.
Energy profile for one of these paths with the interstitial mechanism and the cooperative one are
shown in Figure 3.5(a). In the interstitial mechanism, a Li ion at a Li(4) site moves to another Li(4)
site. The Li ion moves especially in the normalized migration distance range of 0.36 < d,, < 0.65 of
the energy profile. The energy changes in the other distance range are attributed to the movement of
other surrounding Li ions in the bipyramids. In the cooperative mechanism, a Li ion at a Li(4) site
moves to a neighboring Li(2) site and the Li ion at the Li(2) site moves to another neighboring Li(4)
site. Energy barriers of the interstitial mechanism and the cooperative one are 0.59 eV and 0.21 eV,
respectively. Similarly to Li;ZngsGeQy, it is predicted that the cooperative mechanism is more
frequent than the interstitial one. Energy profiles of the seven paths with the cooperative mechanism
are shown in Figure 3.5(b). The above discussed path corresponds to the path 1. Energy barriers are
from 0.21 to 0.64 eV.

As discussed above, even if an initial state is restricted to a particular atomic configuration,
it is possible to compare different mechanisms qualitatively. However, since energy barrier strongly
depends on Li-ion migration path, it is difficult to precisely evaluate an average activation energy for
the solid solution. Li-ion migration mechanisms were investigated by not only the migration path
search simulations but also the FPMD simulations. The detailed results are discussed in Section

3.3.2.
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3.3.2. The FPMD Simulations
3.3.2.1. Lattice Volume

Lattice volumes per formula unit for Liy+2,Zn;-,GeOy, Liz+Ge,P;—,O4 and Li;+,Ge, PS4
with the y structure after geometry relaxation expressed in Section 3.2.2 are shown in Figure 3.6.
Since the structure analysis of end member (x = 0 and 1) for each solid solution have been reported
by using X-ray diffraction or neutron diffraction, the experimental and calculated values with
ordered structure at the end member are also plotted. The B structure is most stable at x = 0 for all
solid solutions [43,44,26]. The o structure is most stable at x = 1 for Liy:+»Zn;—,GeO, and
Liz1,Ge,P1_, Oy, i.e. LiyGeOy4 [45]. The y structure is most stable at x = 1 for Liz+,Ge,P1_,S,, i.e.
LisGeS4[13]. Moreover, the experimental values at the intermediate member are plotted. x = 0.5 and
0.75 for Liz+,Zn;—,GeOy4 have the y structure [24]. Structures of the intermediate member for
Liz+,Ge,P1-,O4 and Li;,Ge,P,-,S4 are unknown in detail [21,12]. However, it is supposed that x =
0.4, 0.6 and 0.8 of Lis.,Ge,P,-,S4 have the y structure because those lattice volumes are similar to
that of x = 1. The lattice volumes of Li;.,Ge,P;-.S; are about twice as large as those of
Liz4,Zn;-,GeOy4 and Liz.,Ge,P1-,04. The slight overestimation comparing to the experiment falls
within a general error based on GGA. The calculation results could reproduce the relationship that
volume decreases with increasing x in Liy+,Zn;_,GeO4 and volume increases with increasing x in

Li3+xGexP1,xO4 and Li3+XGeXP17xS4.

3.3.2.2. Charge State

The electronic charge density calculated by DFT for the relaxed structure can be
decomposed into atomic contributions using the Bader analysis [46-48]. In this analysis, the dividing
surface is at a minimum in the charge density. Figure 3.7 shows the average of charge states of each
element in the computational cell. The charge states of any elements are nearly independent of x, i.e.
stoichiometry. The Li charge states of all solid solutions are almost the same, from +0.87 to +0.89.
This means that Li ions are attached to anions by ionic chemical bonds in whether oxides or sulfides.
The charge states of Ge and P in Lis,Ge,P,-,O4 are approximately +2.2 and +3.5, respectively.

While, the charge states of Ge and P in Liz.,Ge,P;_S4 are reduced to approximately +1.3 and +1.2,
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respectively. Therefore, the chemical bonding character between Ge or P and anions in sulfides is

more covalent than that in oxides.
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3.3.2.3. Convergence of Diffusion Coefficient
Diffusion coefficients for the LISICON-based compounds were estimated from the FPMD

simulations. The diffusion coefficient is defined from the Einstein relationship as

D=limM,

t—o 6t
where <[r(7)’]> is the mean square displacement (MSD) of a given species over time ¢ measured

from initial time #o. The MSD of Li ions can be written

(HOF), =5 Db +0) 50

where N is the total number of Li ions within the computational cell and r{z) is the position of the
i-th Li ion at time ¢. Therefore, D can be obtained by a linear fitting of the MSD curve over 6.

Estimated diffusion coefficient tends to converge with increasing time ¢. In order to verify
its convergence, the FPMD simulations of LizZngsGeO,4 at 1600 K were performed using 10 sample
cells under following two conditions, I and II. The condition I is that the 10 sample cells have the
same initial atomic position but the different initial atomic velocity distributions. The condition II is
that the 10 sample cells have the different initial atomic positions and the different initial atomic
velocity distributions.

Figure 3.8 summarizes the time dependence of 10 samples average of the diffusion
coefficients for the two conditions. The 95 % confidence intervals are also plotted as error bar format.
For the condition I, the average diffusion coefficient has a tendency to converge. The averages at 20,
25 and 30 ps are almost the same, 3.8 x 10~ cm?/s. The error corresponding to the difference
between sample average and confidence limit is about £9 % of the absolute value and does not really
decrease after 15 ps. On the other hand, for the condition II, the average diffusion coefficient is
between 3.8 x 107 and 3.9 x 10> cm%/s and varies only slightly from 5 ps to 30 ps. This few
changes are due to averaging of different initial atomic configurations. Since the error for the
condition II is about +9 % of the absolute value and is similar to the condition I, the contribution of
initial atomic position to diffusion coefficient is estimated to be very few. As a result, 20 ps data is

sufficient for LizZn,;GeOy4 to estimate average and error of diffusion coefficient. The MSD of Li
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ions at 20 ps is almost 40 A?. This corresponds to three jumps of a Li ion, assuming that the
migration distance to a neighboring site is about 2 A. We decided to perform the FPMD simulations
in this study for 20 ps excluding a thermal equilibrium stage. However, from the above verification,
if the MSD of Li ions is smaller than 40 A? at 20 ps, the FPMD simulations were continued until it
reaches into 40 AZ. Liy sZng75GeO,4 at 1200 K is the case of the longest simulation time

corresponding to 100 ps.
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Figure 3.8. Time dependence of diffusion coefficients for (a) the condition I and (b) the condition II.
The open circle and the error bar denote the average and the 95 % confidence interval of diffusion

coefficients for 10 sample cells.
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3.3.2.4. Li-lIon Diffusivity

The MSDs of Li ions in Li3Zn, 5GeOy at six temperatures are shown in Figure 3.9(a). The
MSD increases with increasing temperature. Ge and O ions do not jump between those sites and the
v-Li3POy structure is maintained at any temperature during the FPMD simulations. The MSD of Zn
ions is almost zero at lower than 1400 K, while it is nearly 10 % of the MSD of Li ions at higher
than 1600 K. The MSDs of Li ions in the a, b and ¢ directions are also shown in Figure 3.9(b), (c)
and (d). Anisotropic Li-ion diffusion was not significantly found except that the MSD in the b
direction is larger than other directions at 1400 K. Although anisotropic diffusion is likely since
LISICONSs are orthorhombic, these calculation results are consistent with the fact that distinct
anisotropic conductivities have not been observed for LISICONS.

We performed the FPMD simulations for Liy,Zn;—,GeOy4 (x = 0.25, 0.50, 0.75 and 1.00)
at six temperatures. Figure 3.10 shows calculated Li-ion diffusion coefficients for the four
compositions as a function of inverse temperature. For comparison, the diffusion coefficients
extracted from the experimental conductivities [4,49] according to the Nernst-Einstein equation are
also shown. The simulations were carried out at higher temperatures than the experiments to enable
to a statistically significant number of ionic jumps to occur in the short time span as mentioned in
Section 3.3.2.3. The calculated diffusion coefficient increases with increasing x from 0.25 to 1.00.
This relationship between x and D reproduced the experimental one. Extrapolation of the calculated
diffusion coefficients to lower temperature and their temperature dependence for x = 0.50 and 0.75
approximately fit with the experimental ones. However, since the conductivities measured by
different groups are sometimes inconsistent in more than one digit, calculated diffusion coefficients
should be carefully compared with experimental ones. In contrast, the experimental activation
energies are mostly independent of those groups. In order to understand temperature dependence
precisely, the activation energies E, are estimated and shown in Table 3.2. The calculated E, is close
to the experimental one for x = 0.50 and 0.75. This implies that the ionic conduction mechanism is
the same over two temperature regions, as might be expected since no phase change occurs.
Moreover, for x = 0.50, calculated E,, 0.36 eV, is close to the lowest energy barrier obtained from

the NEB method, 0.38 eV, as shown in Figure 3.3.
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Figure 3.10. Arrhenius plots of calculated Li-ion diffusion coefficients for Lis+y,Zn;-,GeO,. Blue,
red, black closed circles and green open diamonds denote diffusion coefficients for x = 0.25, 0.50,
0.75 and 1.00, respectively. Experimental data, shown as open circles [4] and open triangles [49], are
provided for comparison. Blue, red and black denote experimental diffusion coefficients for x = 0.25,

0.50 and 0.75, respectively.
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Table 3.2. Calculated and experimental activation energies E, (eV) of Liy5,Zn;—,GeO4. The number

in parenthesis is temperature range used to estimate £,,.

X Calculated Experimental
0.25 0.42 (1200-2000 K) 0.61 (573-673 K) [4]
0.31 (573-673 K) [4]
0.50 0.36 (1200-2000 K)
0.34 (5§73-773 K) [49]
0.24 (523-673 K) [4]
0.75 0.32 (1200-2000 K)
0.27 (573-773 K) [49]
1.00 0.37 (1200-2000 K) 0.84 (444-1000 K) [50]

Experimental E, increases at lower than 523 K for x = 0.75, indicative of a change in
migration mechanism. That change is also assumed to be why the experimental £,, 0.61 eV, is larger
than the calculated E,, 0.42 eV, for x = 0.25. In these cases, simple extrapolation of the high
temperature data to low temperatures is inappropriate. In order to solve this issue, we proposed a
method to predict a phase transition temperature and low temperature conductivities, assuming that a
deflection point corresponds to ordering and disordering of Li ions at interstitial octahedral sites [51].
They will be discussed in Chapter 4.

Experimental conductivity for x = 1, i.e. LiyGeO,4 with the y structure has not been reported
in the past. On the other hand, for a-Li4GeQy, since all Li ions occupy tetrahedral sites and no excess
Li ions are located at interstitial octahedral sites [45], its conductivity is very low [50] and thus is not
included in Figure 3.10. The FPMD simulation of Li;ZnGeO, (x = 0) including no excess Li ions
was also performed. The calculated MSD of Li ions in Li,ZnGeO, was nearly zero. These
discussions support that the number of excess Li ions at interstitial octahedral sites makes a
significant contribution to Li-ion conductivity.

Figure 3.11 shows the calculated Li-ion diffusion coefficients of Liz+,GeP;—O4 (x = 0.25,

0.50, 0.75 and 1.00) and Liz+,Ge,P1-,S4 (x = 0.00, 0.25, 0.50, 0.75 and 1.00) as a function of inverse
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temperature. Li;Ge,P1—Ss exhibit larger diffusivities by about one order of magnitude than
LizGe,P1—,O4. This result reproduced the relationship between experimental conductivities of
sulfides and those of oxides at low temperatures. Ge, P, O and S ions hardly jump between those
sites, while S ions in Li;PS; at 1100 and 1200 K have nearly 10 % of the MSD of Li ions. The
v-Li3POy structure is maintained during the FPMD simulations in all cases.

The calculated activation energies E, of Lis.,Ge,P;_,O4 and Lis,Ge,P;_. S, are shown in
Table 3.3. For comparison, experimental data of the activation energies and the diffusion coefficients
D extracted from the conductivities at room temperature are also shown. For Li;+,Ge,P;—,O,4, the
calculated D increases with increasing x as shown in Figure 3.11. This is consistent with the
relationship between x and experimental D at room temperature. Moreover, the calculated £, of x =
0.75 is 0.34 eV and close to the experimental one, 0.29 eV (around 973 K). It should be notice that
E, of Liz,Ge,P;_,O4 tends to increase with falling temperature as well as Liy,Zn;_,GeO4. On the
other hand, the relationship between x and calculated D of LisGeP1—Ss is opposite to
Liz,Ge,P;-,O4. This notable difference implies that the ionic conduction mechanism of
Liz4,Ge,P|-S, is distinctly different from that of Liz.,Ge,P;-,O4. It may be inappropriate to compare
the diffusion coefficients calculated by use of the y structure with the experimental ones, since in
reality the crystal structure depends on x. However, the relationship between x and D of the FPMD
simulation agrees with the experiment in the wide range except x = 0 and 0.20. The calculated E,
increases with increasing x. This trend also agrees with the experiment in the wide range except x =
0 and 0.20. The discrepancy in x = 0 and 0.20 may be attributed to the fact that the solid solutions in

this range has B structure or an ordered Li-ion configuration.
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Figure 3.11. Arrhenius plots of the calculated Li-ion diffusion coefficients. Lis,Ge,P1-,O4 and

Liz+,Ge, PS4 are shown as closed circles and open circles, respectively.
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Table 3.3. Activation energies E, and diffusion coefficients D at room temperature of Lis.,Ge,P1—,O4
and LizGe,P;S4s. The number in parenthesis is the temperature range used to estimate E,. The
experimental data of Lis+,Ge, PO, are extracted from Ref. [21] and [52]. The experimental data of
Liz+,.Ge,P -S4 with x = 0.00, 0.20 < x < 0.80, and x = 1.00 are extracted from Ref. [53], [12], and

[11], respectively.

Calculated Experimental
x E,(eV) x E,(eV) D (cm®s™) at RT
Liz.,Ge,P .04 0.25 0.55 (1200-1800 K) 0.25 0.48 (190-270 K) 8.1x107"2
0.50 0.45 (1200-1800 K) 0.50 0.51 (190-270 K) 3.1x107"
0.75 0.34 (1200-1800 K) 0.75 0.53 (190-270 K) 7.3x107"

0.43 (around 573 K)

0.29 (around 973 K)

Lis,Ge,Py .S; 0.00 0.23 (800-1200 K) 0.00 0.49 (T < 463 K) 2.5x107™2

0.46 (T> 463 K)

0.25 0.27 (800-1200 K) 0.20 0.27 (298-573 K) 4.1x107°
0.50 0.30 (800-1200 K) 0.25 0.21 (298-573 K) 1.5x107*
0.75 0.30 (800-1200 K) 0.30 0.22 (298-573 K) 1.2x107*
1.00 0.36 (800-1200 K) 0.35 0.23 (298-573 K) 9.3x10™°
0.40 0.27 (298-573 K) 5.0x107°
0.60 0.34 (298-573 K) 1.2x107°
0.80 0.47 (298-573 K) 1.8x1071
1.00 0.53 (298-573 K) 1.4x107"2
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3.3.2.5. Li-Ion Density Distribution

Li-ion density distributions within the computational cells for Li,ZnGeO4 (x = 0) and
Li3ZngsGeO4 (x = 0.5) were obtained from the 20 ps FPMD simulations at 1600 K. As shown in
Figure 3.12 (a) and (b), they were divided into four regions which have y-unit cell size and were
superposed. For Li,ZnGeQy, all Li ions are located at only teterahedral sites. No Li ions are found at
interstitial octahedral sites due to absence of excess Li ions. This means that Li ions remain at
tetrahedral sites and do not move to other sites. The Li-ion distribution shape for each tetrahedral site
is a prolate ellipsoid which is long along the ¢ axis because a Li ion moves back and forth between
two tetrahedral sites in a bipyramid. For Li;ZngsGeQy, Li ions are mainly located at tetrahedral sites
and partially occupy octahedral sites, Li(3) and Li(4). The Li-ion densities are the highest at
tetrahedral sites. Li(3) sites have larger density than Li(4) sites. No density is found at Li(5) and
Li(6) sites. That is, Li ions diffuse via octahedral sites which have edge sharing with [GeO4]. These
results are consistent with the experimental data [24] and the stability of octahedral sites mentioned
in Section 3.3.1. The same results were obtained from the FPMD simulations for x = 0.25, 0.75 and 1.
Li-ion density distributions of Liz+,Ge,P;-,O4 are comparable to those of Lij+yZn;—,GeOy.

Trajectories connecting between an octahedral site and another octahedral site could not be
found in the Li-ion distribution. While, trajectories connecting between a tetrahedral site and an
octahedral site could be clearly found. Therefore, these trajectories are mainly caused by the
cooperative mechanism. This result is consistent with the energy profiles obtained by the NEB
method.

Li-ion density distributions of Li;PS, and Liz sGey sPg 5S4 are shown in Figure 3.13 (a) and
(b). Li3PS4 has no excess Li ions as well as Li,ZnGeQy4, but many Li ions were found at Li(3) and
Li(4). This is consistent with the X-ray diffraction measurements of Li;PS4 at 637 K which have
identified Li(1) and Li(2) as well as Li(4) sites for Li ions [26]. It was also found that Li ions in

Li; 5GegsPo sS4 can be located at Li(3) and Li(4).
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- Li(4) site

Figure 3.12. Perspective view and projection view down the ¢ axis of Li-ion density distribution
during the 20 ps FPMD simulations at 1600 K for (a) Li,ZnGeQ4 and (b) Li3Zng sGeOy. Isosurface
shows 40 (1/A’ x volume of the unit cell). The blue balls denote Li or Zn ions. The green balls
denote Ge ions. The Li-ion density of the site which is denoted by a broken black circle in the panel
(a) is almost zero because only Zn ions occupy this site in the computational cell. The red and

orange broken circles denote Li(3) and Li(4) sites in the panel (b).
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Figure 3.13. Perspective view and projection view down the ¢ axis of Li-ion density distribution
during the 20 ps FPMD simulation at 900 K for (a) Li;PS, and (b) Li; sGeg sPosS4. Isosurface shows
40 (I/A3 x volume of the unit cell). The blue balls denote Li ions. The pink balls denote P or Ge ions.

The red and orange broken circles denote Li(3) and Li(4) sites.
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In order to quantitatively analyze Li-ion density distributions, we evaluated occupancy of
Li-ion site. We performed a nonlinear least squares fitting of the Li-ion density distribution to the
sum of spherical Gaussian functions centered at Li(1), Li(2), Li(3) and Li(4) [54]. Since no Li-ion
density was found at Li(5) and Li(6), Gaussian functions centered at those sites are not taken account.
Although the Li-ion distribution shape is expected to be an ellipsoid, we roughly assumed it as
spherical to improve convergence of a nonlinear fitting. The fitting function f{r) at position r is
expressed as

BRSRS r-r,
=22 e o 0|
where g; corresponds to the Li-ion occupancy of Li(7) site (0 < g; < 1), and o is the variance of the
Gaussian and was assumed to be common for every site. N; denotes the number of Li(i) site in a
y-unit cell. N; for i =1 ~4 is 8, 4, 4 and 4, respectively. Since the total number of Li ions per a y-unit
4
cell of Liyy,Zn; ,GeOy is 4(2+2x), g; satisfies the equation, ZN,»g,» = 4(2+2X). r;; denotes the
i=1
coordinate of the j-th Li(7) site. The coordinates of the representative point for Li(i) site are r; = (x,
V1, 21), T2 = (0.25, y2, 23), r3 = (0.25, y3, z3) and rq = (0, 0, 0.5), respectively. Therefore, 11 unknown
parameters, gi, g2, g3, G, X1, V1, Z1, V2, Z2, V3, Z3, are optimized.

The number of Li ions at each Li site within a unit cell was estimated from the optimized
occupancies g; and is listed in Table 3.3. For Liy,Zn;—,GeOy4, the numbers of Li ions at tetrahedral
and octahedral sites are nearly equal to 4(2+x) and 4x, respectively. The numbers of Li ions at both
Li(3) and Li(4) increase with increasing x. The number of Li ions at Li(3) is larger than that at Li(4).
The neutron diffraction data show that the occupancy of tetrahedral sites is unity at room
temperature [24]. The FPMD results also indicate that the tetrahedral sites are almost fully occupied
by cations at 1600 K, since Zn ions can be found at only tetrahedral sites and the number of Zn ions
per a unit cell is 4(1—x). Since tetrahedral sites are fully occupied, Li ions at octahedral sites mainly
contribute to ionic conduction.

For Li;4,Ge,P;-O4, the number of Li ions at each site is quite similar to Li:yZn;—,GeOy4

as shown in Table 3.3. On the other hand, for Lis.Ge,P;-,S4, the number of vacancies at tetrahedral
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sites is much larger than oxides and increases with decreasing x. The number of Li ions at octahedral
sites is approximately four and almost independent of x. The number of Li ions at Li(4) is about
three times more than that of Li(3). These results are consistent with the trend of diffraction data that

Li(4) is identified in Li;GeS4 [13] and Li;PS, [26].

Table 3.3. The number of Li ions at tetrahedral and octahedral sites per a y-unit cell containing four
formula units for Lis+»,Zn;-,GeOy4 at 1600 K, Li;;,Ge,P1-,O4 at 1600 K and Lis, Ge,P;-,S4 at 900 K.

Np; denotes the total number of Li ions per a y-unit cell.

Tetrahedral Octahedral
X Ny;

Li(1) + Li(2) Li(3) + Li(4) Li(3) Li(4)
Liys,Zn,,GeO, | 025 10 8.95 1.05 0.74 0.31
0.50 12 10.03 1.96 1.29 0.68
0.75 14 10.65 3.35 2.30 1.06
1.00 16 11.63 437 224 2.12
Liz,Ge,P;_,04 0.25 13 11.49 1.51 0.94 0.57
0.50 14 11.52 2.48 1.61 0.87
0.75 15 11.64 3.36 1.98 1.38
1.00 16 11.63 437 224 2.12
Liz,Ge,P;_,S4 0.00 12 7.67 433 1.28 3.05
0.25 13 8.73 4.26 1.14 3.13
0.50 14 10.05 3.95 0.96 2.99
0.75 15 10.58 4.42 1.03 3.38
1.00 16 11.03 4.97 1.07 3.90
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Due to absence of cations at tetrahedral sites in Liz+,Ge,P1-,S4, Li ions can diffuse by not
only the cooperative mechanism but also “the single mechanism” shown in Figure 3.14. In this
single mechanism, a Li ion at a tetrahedral site moves to a neighboring octahedral site or a Li ion at
an octahedral site moves to a neighboring tetrahedral site. If Li ions diffuse by only the cooperative
mechanism like Lip».Zn;,GeOy, the conduction carrier is a pair of Li ions. Therefore, the carrier
concentration is approximately x per formula unit. In contrast, since the conduction carrier of the
single mechanism in Li;,Ge,P;—S41s a single Li ion, the carrier concentration is approximately 3 +
x per formula unit. This difference of carrier concentration makes a significant contribution to the
difference between the ionic conductivities of sulfides and those of oxides. As shown in Figure 3.11,
the diffusion coefficient of LizGe,P1—.S4 with y-Li;PO, structure decreases with increasing x. This
trend opposite to oxides can be roughly explained by the single mechanism. For Liz,Ge,P,-,S4, the
number of vacancies at tetrahedral sites decreases with increasing x. This decreasing interferes
Li-ion migration from an octahedral site to a neighboring tetrahedral site. As a result, with increasing

x, the diffusion coefficient decreases in spite of increasing carrier concentration.

(a) Octahedral site (b)

S &

Tetrahedral site

Octahedral site

Figure 3.14. Single mechanisms proposed for Liz+,Ge,P1-,S4. The red and white balls denote Li ions
at the initial and final state, respectively. (a) a Li ion at a tetrahedral site moves to a neighboring

octahedral site. (b) a Li ion at an octahedral site moves to a neighboring tetrahedral site.
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3.4. Conclusions
First, energy barriers of Li-ion migration paths in Li;ZngsGeQy, LizsGegsPosO4 and
Li; 5GegsPosSs with the y-LisPO,4 structure were evaluated using the NEB method based on

first-principles calculations. Major results are as follows:

1. In LizZnysGeO, and LizsGegsPgsO4, the most stable interstitial site is Li(3) and the second
stable one is Li(4). In Liz 5Ge(sPosS4, the most stable one is Li(4) and the second stable one is

Li(3).

2. We proposed two kinds of migration mechanisms. In the interstitial mechanism, an excess Li ion
at an octahedral site moves to another octahedral site. In the cooperative mechanism, an excess
Li ion at an octahedral site moves to a neighboring tetrahedral site and the Li ion at the
tetrahedral site simultaneously moves to another neighboring octahedral site. Energy barrier of
the interstitial mechanism is much higher than that of the cooperative one in the oxides as well

as the sulfide. We infer that Li ions diffuse mainly by the cooperative mechanism.

Next, Li-ion diffusion behaviors at high temperatures over 800 K in Liy15,Zn;—,GeO4 (0 <
x < 1), Li3+,Ge,P1,O4 (0 < x < 1) and Liz,Ge,P;_S4 (0 < x < 1) were computed using the FPMD

simulations within the NVT ensemble. Major results are as follows:

1. The electronic charge density was decomposed into atomic contributions using the Bader
analysis. The Li charge states of all solid solution are almost the same, from +0.87 to +0.89. On
the other hand, the charge states of Ge and P in Li;Ge,P;—S4 are considerably smaller than
those in Liz,Ge,P1—,O4. This means that the chemical bonding character between Ge or P and

anions in sulfides is more covalent than that in oxides.

2. All ions except Li ions hardly move and the y-Li;PO, structure is maintained during the FPMD

simulations.

3. Extrapolation of the calculated Li-ion diffusion coefficients to lower temperatures and their

temperature dependence approximately fit with experimental ones for x = 0.50 and 0.75 in
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Liz2,Zn;—,GeO4. This implies that the Li-ion conduction mechanism is the same over two

temperatures regions.

LizGe, PS4 exhibit larger Li-ion diffusion coefficients by about one order of magnitude than

Li3+xGexP1—xO4-

The Li-ion density distribution showed that Li ions move between a tetrahedral site and an
octahedral site. This supports occurrence of the cooperative mechanism involving a pair of two

Li ions.

Tetrahedral sites are fully occupied in oxides, while vacancies form at tetrahedral sites in
sulfides. Therefore, in sulfides, Li ions can migrate by not only the cooperative mechanism but
also the single mechanism. In the single mechanism, a Li ion at a tetrahedral site moves to a
neighboring octahedral site or a Li ion at an octahedral site moves to a neighboring tetrahedral
site. Occurrence of both migration mechanisms results in an increase in the carrier concentration,

and hense an increase in the ionic conductivity.

In Liz,Ge,P;—S4, the number of vacancies at tetrahedral sites decreases with increasing Li
content. This decreasing interferes Li-ion migration from an octahedral site to a neighboring
tetrahedral site. It is surmised that this is why Li-ion diffusion coefficient decreases with

increasing Li content.
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Chapter 4
Accelerated Materials Design of Lithium Superionic
Conductors Based on First-Principles Calculations and

Machine Learning Algorithms

4.1. Introduction

Lithium-conducting oxides in the system LiO,,;-40,,,-BO,, (where m and n denote the
formal valences of cations 4 and B, respectively), known as LISICONs and corresponding to general
formula Lig .A,B,04 (Where ¢ = ma + nb) [1], have been intensively studied since the 1970s. The
original LISICON composition, Liz5Zng,;GeO,, was reported to exhibit an ionic conductivity of
over 10" S cm™' at 673 K [2], and stimulated a flurry of new research. Although the conducting
properties of many different LISICONs have since been reported by various groups, there are still
many compositions that have yet to be synthesized, let alone characterized. In some cases, results
from different groups also vary considerably [2-6]. An Arrhenius plot of Li-ion conductivity
summarizing previous experimental data is provided as Figure 4.1. Given the urgent need for
improved energy storage and power devices, a more efficient means of designing ionic conductors
based on a reproducible and systematic methodology is an imperative for future progress in this
field.

Thanks to astonishing improvements in computer performance and computational
techniques, first-principles calculations based on density functional theory (DFT) are now used
routinely for quantitative analysis of ionic conduction in crystals. Combination of DFT calculations
with high-throughput and machine-learning techniques is now also considered a viable means of
searching for novel lithium battery materials [7-9]. For compounds with simple chemistry and
structure, the saddle point associated with an ionic jump, from which the activation barrier energy
can be extracted in a straightforward manner, is readily calculated. Such methods have already been

applied to several Li-battery materials, e.g., LiCoO; [10], LiFePO4[11], TiO,-B [12], and graphite
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[13]. The nudged elastic band (NEB) method is popular for such a purpose [9,14-16]. The effective
frequency term for the ionic jump used in the calculation of ion diffusivity can also be computed
from first-principles if desired [13]. When it comes to compounds with more complicated structures,
such as are typical in LISICON solid electrolytes, the search for saddle points along convoluted
migration paths, often involving complex migration mechanisms, (e.g, cooperative mechanisms
[17,18]), becomes a non-trivial task. When the compound is a solid solution composed of multiple
elements, this becomes even more difficult because of the huge variety of chemical environments
that migrating ions encounter. LISICON represents a sobering example of both kinds of complexity.
In such cases, the first-principles molecular dynamics (FPMD) approach is an attractive alternative
[11,18-20], since it does not require an a priori specification of the migration pathway or mechanism
for the ionic self-diffusion to be probed.

In this study, we first performed the FPMD simulations for Liy+,,Zn;—,GeO4(0 < x < 1) to
calculate Li-ion conductivities at high temperatures. The phase transition point at lower temperatures
was also estimated using first-principles calculations based on the cluster expansion method. Next,
these first-principles studies were systematically applied to a diverse range of LISICON-based
compounds. Then, in order to predict their low-temperature ionic conductivities, a machine-learning

technique using theoretical and experimental datasets was proposed.
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Figure 4.1. Arrhenius plots of experimental conductivity data for Lig .4,B,04 (¢ = ma + nb, m =
charge of cation A4, and n = charge of cation B), for various combination of 4 = Zn2+, Mg2+, Al3+,

3+ pSt 5+ 4+ 4+
Ga ' ,P andAs’ ,orB=Si" orGe .
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4.2. Computational Methods
4.2.1. The DFT Calculations

The electronic structure calculations throughout this study were performed using the
projector augmented-wave method [21,22] with the generalized gradient approximation [23], as
implemented in the VASP code [24]. The plane-wave cutoff energy was 300 eV, and the total energy
convergence was better than 1072 meV per cell. Integration in reciprocal space was performed at the

I"-point only.

4.2.2. The FPMD Simulations

The FPMD simulations were systematically carried out within the NVT ensemble using the
thermostat of Nosé [25]. The volume and shape of the cell were held fixed. We used the lattice
volume at zero temperature calculated by DFT and neglected any contributions from thermal
expansion. The simulation cells were constructed from 2 x 1 X 2 unit cells of the original y structure,
and contained between 128 and 176 atoms. In order to model disordered solid solutions, Zn and Li
ions were distributed randomly over tetrahedral and octahedral sites in the initial structure. Since the
average distance between neighboring tetrahedral and octahedral Li sites is 0.2 nm, the MD time
required for the corresponding ionic jump is ¢ ~ 20 ps when the diffusivity is D ~ 10 m?¥/s using the
formula of </*> = 6Dt, where </*> is the mean square displacement of individual ions. This gives a
rough estimate of the lowest diffusivity we can calculated for a simulation time of 20 ps. The time
step was set to 2 fs and calculations were performed for 12,500 steps, i.e., 25 ps, in total, except for
the case of the 1200 K calculation, which was carried out for 45 ps. The first 2500 steps,
corresponding to 5 ps, were treated as a thermal equilibrium stage and discarded before analyzing
the diffusion coefficient. Diffusion coefficients were found to converge to within 1x10~° m%/s for

different simulation times and choice of the initial structure.

4.2.3. Estimation of Phase Transition Temperature
As we will discuss in Section 4.3.1, in the case of LISICON, the deflection point in the

Arrhenius plot of ion conductivity has been ascribed to a phase transition [5]. However, the
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structural changes associated with this transition are largely unknown. We assume that the deflection
point corresponds to ordering and disordering of Li ions on octahedral sites, since the mechanism of
Li-ion conduction via octahedral sites seems to alter at this point. To check whether this is indeed the
case, the phase transition temperature, 7., was estimated by determining the point at which the free
energies of ordered and disordered phases are equal, based on DFT calculations.

Ordered structures were investigated using a cluster-expansion-type method. Distributions
of 4 and B cations were obtained by simulated annealing (SA) with a simplified point-charge model.
Details of the SA are provided as Appendix (Section 4.5.1). Even when the framework cations are
positioned on their experimentally determined sites, a number of different Li configurations can be
constructed for a given stoichiometry. We first identified those ordered structures for which the
energy is an extremum (maximum or minimum) [26,27]. These structures have correlation functions
with large root mean squares computed within the formalism of the cluster expansion method. The
minimum energy was taken as the energy of the ground-state configuration for a given composition.
Next, the energy of a disordered structure for a given composition was estimated by averaging the
energies of 20 randomly-chosen 2 x 1 x 2 supercells with different octahedral Li ion configurations.

The entropy difference between ordered and disordered phases per octahedral site was calculated
using the point approximation TAS =—k,T [xlnx+(l—x)ln(l—x)], where kg and x are the

Boltzmann constant and Li occupancy of octahedral sites, respectively. At the transition temperature,
T., AE is equal to T.AS, where AE is the difference between the energy of the disordered structure
and the lowest energy of the ordered structures. The formation energy, E™, and free energy of
mixing at 1200 K, F" X 200, are the energy of an ordered structure and free energy of the disordered
structure, respectively, which are calculated from the energies / free energies of end-member

compositions with the y structure.
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4.3. Results and Discussion
4.3.1. LiyZny_,GeOy

We first carried out systematic FPMD simulations of compositions Liy«,Zn;—,GeOy (x =
0.25, 0.50 and 0.75) at four temperatures assuming the y structure. Figure 4.2 shows the calculated
Li-ion diffusion coefficients for the three compositions as a function of inverse temperature. For
comparison, diffusion coefficients extracted from experimental ionic conductivities [2,28] according
to the Nernst-Einstein equation are also shown. Extrapolation of the calculated diffusion coefficients
and their temperature dependence for LissZng,sGeO4 to lower temperature fits well with
experimental values measured between 523 and 673 K [2]. At temperatures lower than 523 K,
however, the experimental activation energy increases, indicative of a change in migration
mechanism. A simple extrapolation of the high temperature data to temperatures below 523 K is thus
inappropriate in this case. In order to predict the low-temperature conductivity for a wide variety of
compositions, a more rigorous (or comprehensive) methodology is required. We note in this regard
that FPMD has been used recently to predict Li-ion conductivity at high temperatures in other
structure types [29], but not the low temperature conductivity behavior.

The phase transition temperature, 7, was estimated by determining the point at which the
free energies of ordered and disordered phases are equal. Calculated T¢s for the y phase of four
compositions in the pseudobinary Li,ZnGeOy4-Li,GeO, are plotted in Figure 4.3(a). The estimated
T.s are 1150 K for LiysZng75GeQy, 750 K for LizZngsGeO,, and 380 K for Li;sZng.5GeQOy,
indicating a remarkable decrease with decreasing Zn content. Although it is overly ambitious to
expect quantitative reproduction of 7;s by such a simple method, the trend is consistent with the
experimental results in Figure 4.2.

The formation energy in the ground state, E™,, is a good measure of whether a chemical
system will form a solid solution or not. Values of Emixo for the pseudobinary Li,ZnGeO4-LisGeOy
system relative to those of the two end-members, y-Li,ZnGeO, and y-LisGeO,, are plotted in Figure
4.3(b). Relative energies of experimentally known structures B-Li,ZnGeO, [30] and a-LisGeO4 [31]
are also included for comparison. Formation energies of different solute configurations were

computed for both o and B phases. We found that the configurations reported in References [30] and
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[31] correspond to the lowest energies.

The results in Figure 4.3(b) imply a preference for phase separation of -Li,ZnGeO,4 and
a-Li,GeOy at low temperatures, which is consistent with the phase diagram in Figure 1.2. The free
energy of mixing for the disordered y phase at 1200 K, F™* 5, is also plotted in Figure 4.3(b). Here,
only the configuration entropy of Li over octahedral sites in the y phase is taken into account, which
is zero for y-Li,ZnGeQy, since Li ions only occupy tetrahedral sites in this case. While the tendency
for the disordered y phase to become more stable at elevated temperature can be understood
intuitively, a quantitative estimation of the phase diagram requires more detailed theoretical analysis,
such as phonon calculations to estimate vibrational free energies, and a cluster expansion technique

to take into account configuration terms, which are beyond the scope of the present study.
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Figure 4.2. Arrhenius plots of calculated Li-ion diffusion coefficients for Liy+s,Zn;,GeOy4 (x = 0.25,
0.50 and 0.75). Blue, red and black closed circles are for x = 0.25, 0.50 and 0.75, respectively.
Experimental data, shown as open circles [2] and open triangles [28], are provided for comparison.
Note that the extension to lower temperatures for x = 0.50 has a slope intermediate to that of x = 0.25

and x = 0.75 and is based on the reported deflection point of 550 K [6].
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Li,ZnGe04-Li4GeOy4. (b) Formation energies of structures in the ground state, £, in the
pseudobinary Li,ZnGeO4-LisGeO, relative to the two end-members y-Li,ZnGeO4 and y-LisGeOy4
(closed yellow circles). Open yellow circles show the free energy of mixing of disordered y phases at

1200 K, Fmi"lzoo. Relative energies of experimentally known structures of B-Li,ZnGeO, and

a-LiyGeOy are indicated by a blue square and red triangle, respectively, for comparison.
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4.3.2. Systematic Evaluation of Lig_.4,B8,04

Since most LISICON oxides exhibiting high ionic conductivity are known to have the y
structure, we performed an extensive set of calculations of the system y-Lis_.4,B,04 (Where ¢ = ma
+ nb) for A corresponding to divalent Zn and Mg, trivalent Al and Ga, or pentavalent P and As, and B
to tetravalent Si and Ge. Phase relationships between Lis-.4,B04, Lig-.AO4, and LiyBO4 are
illustrated in the phase diagrams at the top of Figure 4.4. Calculations were performed for two kinds
of solid solutions: the pseudobinary Lig_.A4,804-Li4BO; (tie line 1) in which element A4 is substituted
for Li in Li4BO,, and pseudobinary LiyBO4-Lig-.AO4 (tie line 2), in which A4 is substituted for B in
Li4B0,. These permutations result in three different solid solution types, which we label II-1V, ITI-IV
and V-1V based on the valence states of the corresponding 4 and B ions. FPMD simulations at 1600
K were performed for a total of 92 different compositions, and the results summarised in Figure 4.4.
For Lig_.4,B,O4 with pentavalent 4 (V-IV), only Li3404-Li4B0, solid solutions were considered,
since substitution of Li by a pentavalent ion is energetically prohibitive. In addition to the FPMD
simulations to determine the diffusivity at 1600 K, Digp, first-principles calculations were
performed systematically to determine 7., the formation free energy of the solid solution at 1600 K,
AFS 1600, and the average volume of the disordered structures, V. Note that the reference states for
AFS 1600 are those of the end-members x =0, y = 1 and x = 1, y = 0 with the lowest energy, in contrast
to those in Figure 4.3(b). T, AFS 1600 and Vg were calculated for 72 compositions, based on the
number of permutations possible given the size of the simulation cell used. The total number of
first-principles calculations required to estimate 7., and AFS 1600 Was 2684.

Figure 4.4 shows that Do does not depend strongly on the choice of 4 and B. Djgpo
appears largely independent of Vs, despite the widely held view that diffusivity increases with
lattice volume. In y-Lig-.A4,B,04, the average occupancy of Li ions on octahedral sites, po., can be
calculated from poe = [(8 — ¢ + a + b) — 4] / 4. poc: seems to be the principal factor determining the
magnitude of the diffusivity for both tie line 1 and tie line 2 compositions when 4 is pentavalent.

However, this does not appear to be the case for tie line 2 when 4 is divalent or trivalent.

91



BO, AO BO, AOy, BO, AOsp
n-v
440 tie line 1 tie line 2 tie line 2
= O Al Ge O P,Ge
] 420 ® Ga, Ge ® As, Ge
= 400 A ALSI A P, Si
2 3804 A GaSi o é § A As,Si
< 360 8 A 8 ° ¢
8 A 2
340 A A R
320 —t— ——t— » ———
]
= 04 o X
=
= ‘ (@]
I 00 S B S — --g--’---g--
® 2 A
= A
g -04 - —+ g -
o A
w
08 —t— ——t— ——t—
1500 - + . .
< 1000 - T A 1
X ] . i o
L 1 o |
500 8 s ¢ & % a 2
0 —— ——t —t
7 | L laitill.
£
@ 6 A - A l _
) A A& A 4 0 9 A Q
— 4r ® e + 4 F A 8 + 4 F 2 ﬁ E
s 2 R T 148 6 T 17 »
oR——t— — ——t ——t —
0.75 - + 1+ E
0.25 + - . .
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 025050075 0 025050075 10 025050075 0 025050075 10 025050075 1

X in Lig4,A1.,BO4

yin Lig.pA,B1.,04

Xin Ligs41 51405054804 ¥ in LigsyA,B1,04
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T., formation free

energies of solid solutions at 1600 K, AFS 1600, and average volume of disordered structures, Vy;s as a

function of chemical composition. D¢y Was calculated from FPMD simulations, and T, AFS 1600 and

V4is from energy minimization calculations. The compositions are taken from tie lines 1 and 2 in the

pseudobinary phase diagrams atop each plot for II-1V, ITII-IV and V-1V type systems. Elements 4 and

B for each composition and their corresponding data markers are shown in the legends at the top of

the Vs plots. The change in pos with composition is shown in the bottom panel.
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4.3.3. Prediction of Low-Temperature Ionic Conductivities

High Djgp0 and low T, are important factors for predicting good ionic conductivity.
However, the DFT data alone are not yet sufficient for estimating the ionic conductivity reliably at
low temperatures. Assuming that the theoretical data are complementary to and consistent with the
experimental data, we applied a machine-learning technique to use both datasets in combination to
predict low-temperature conductivities of the various compositions. As experimental data we used
95 conductivity measurements at different temperatures, which are plotted in Figure 4.1. The
theoretical dataset was composed of the D19, T, and Vg5 values reported in Figure 4.4. These served
as a training dataset in order to predict the ionic conductivity at 373 K, G373, using the support-vector
regression (SVR) method with a Gaussian kernel [32]. The logarithm of ionic conductivity ¢ was
taken as the dependent variable. For the independent variables, Djgp0, Tc, Vais and experimental
temperature 7 were used. The significance values of the variables are given as Appendix (Section
4.5.2). The variance of the Gaussian kernel, the regularization constant and forms of independent
variables were optimized by minimizing the prediction error estimated by the bootstrapping method
[33]. The prediction error of the optimized SVR for log & is 0.373. Variation of bootstrapping errors
as a function of the independent variables is plotted in Figure 4.6 of Appendix.

Figure 4.5 shows the predicted o373 for 72 compositions in which 7, and Vg are available
from Figure 4.4. Even though the theoretical datasets do not contain information about the activation
energies explicitly, systems with high Djg and low 7, tend to have high o373 as expected. The
conductivity of compounds with low Zn content such as Lij+2,Zn;-,GeOy4 (x = 0.75) with high D60
and low T are greater than those with high Zn content, such as Li;+»,Zn;-,GeO4 (x = 0.25), and high
T.. This result explains the trend observed by experimentalists, namely that the original LISICON
composition Liz 5Zng,5GeO, has one of the highest Li-ion conductivities. In this study, Li;GeOy is
predicted to have the highest o373 of all 72 compounds. However, it has not yet been synthesized
because it generally crystallizes in the o structure rather than y structure. As seen in Figure 4.3(b),
however, the difference in F™ ixlzoo for LiyGeO4 between o and y is not expected to be large. If
v-Li4GeOy4 can be successfully synthesised, our calculations predict it to exhibit an ionic conductivity

at 373 K a few times higher than LISICON LissZng,5GeO4. Besides LisGeO,, several other
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compounds exhibit higher 6373 than the traditional LISICON with negative AFS 1600 Values predicted.
These are Li4SiO4, Li2+2xZn1_xSiO4 (for X = 05, 075), Li3,5Mg0‘25SiO4, Li3‘25A10‘25SiO4,
Lis254025S10.7504 (A4 = Al or Ga), Li3 540580504 (4 = P, and B = Si) and Lis 754025807504 (4 = P or

As, and B = Ge or Si).

10 m Zn,Ge m AlLGe m P,Ge
m Mg,Ge m Ga,Ge m As,Ge
= Zn,Si m ALSI m P,Si
10° H = Mg,Si —+ 1 F H @ Ga,Si 4 H B AsSi E

Predicted o375 (S/cm)
S

0.25 0.50 0.75 1.00 0.25 0.50 0.75 1.00 0.50 1.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75
X in Lizs,A1,BO4 yin Ligip)A,By.,04 _ xin yin Lig, A,By,04 yinLig,A,B;,0,
Liz 5+1.5x40.5.0.5¢B04

Figure 4.5. Predicted ionic conductivities at 373 K, o373, for 72 compositions in the system
Lig .A,B;04, where A™" = Zn, Mg, Al, Ga, P or As, and B"" = Ge or Si, and ¢ = ma + nb. Values of

G373 were obtained by iterative analysis of calculated datasets and experimental datasets.
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4.4. Conclusions

We aimed to establish a comprehensive method to predict low-temperature ionic

conductivities for a diverse range of Li superionic conductors. Major results are as follows:

1.

A deflection point, T, in the Arrhenius plot of ionic conductivity were estimated using
first-principles calculations based on the cluster expansion method, assuming that the deflection
point corresponds to ordering and disordering of excess Li ions on octahedral sites. Calculated
T. for y-Liz«,Zn;—,GeO4 noticeably decreases with decreasing Zn content. This trend is

consistent with the experimental results.

We proposed a machine-learning technique using theoretical data and experimental data in

combination to predict low-temperature ionic conductivities of various compositions.

In order to obtain the theoretical data, an extensive set of first-principles calculations were
carried out for LISICON-type oxide systems y-Lig-.A4,B,04 (Where ¢ = ma + nb). Diffusion
coefficient at 1600 K, D;¢pp does not depend strongly on the choice of cation 4 and B. D¢ has
a correlation with the average Li occupancy on octahedral sites in the solid solutions in which Li

content is smaller than four per formula unit.

In the machine-learning technique, the values of D9, 7. and average volume of the disordered
structures were used as the theoretical dataset. 95 conductivity measurements were used as the

experimental data.

LisGeOQy is predicted to have the highest ionic conductivity at 373 K, o373, of all 72 compounds.
If it crystallizes y structure, our calculations predict it to exhibit 6373 a few times higher than the

traditional LISICON Li3<5Zn0,25GeO4.
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4.5. Appendix
4.5.1. Simulated Annealing for Determining Configurations of Cations 4 and B

We considered various atomic configurations of cations A4 and B on tetrahedral sites using
simplified point charge models. In order to model a perfectly disordered Li configuration over
octahedral sites, we placed equivalent point charges ¢ on all octahedral sites, where ¢ is the number
of Li ions on the octahedral sites divided by the number of octahedral sites. For example, in the case
of Lijz 5Zng5GeOy, g = +3/16. The placement of point charges of +4 (for Ge) and +2 (for Zn) over
tetrahedral sites were then optimized using a simulated annealing procedure for all Lig-.4,8,04.
After determining the optimum cation configurations over the tetrahedral sites, we examined
possible Li configurations over the octahedral sites. The number of independent Li configurations
over octahedral sites in the unit cell of the y structure was 933 and 12486 for the pseudobinary

systems Li,ZnGe04-Li4GeO,4 and LisGeOy4-LigZnOy, respectively. (See Table 4.1 for details.)

Table 4.1. Number of independent Li configurations over octahedral sites within the unit cell of the y
structure.

(a) I - IV systems, tie line 1

x in Liz42,A41:BO4 0.00 0.25 0.50 0.75 1.00 Total

Number of independent Li configurations 1 16 64 560 292 933

(b) II - IV systems, tie line 2

v in Ligi,4,B1,04 0.00 0.25 0.50 0.75 1.00 Total

Number of independent Li configurations 292 4244 3414 4244 292 12486

(c) IIT - IV systems, tie line 1

xin Liz'5+1'5xA()'5,0'5xBO4 0.00 0.25 0.50 0.75 1.00 Total

Number of independent Li configurations 1 - 120 - 292 413

(d) III - IV systems, tie line 2

v in Lig+,4,B1,04 0.00 0.25 0.50 0.75 1.00 Total

Number of independent Li configurations 292 2348 2150 6020 1814 12624

(e) V - 1V systems, tie line 2

v in Lig4,B1,04 0.00 0.25 0.50 0.75 1.00 Total

Number of independent Li configurations 292 324 42 12 1 671
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4.5.2. Prediction of Ionic Conductivity by Support Vector Regression (SVR)

In this study, in addition to D¢y and the experimental temperature, 7, 7, and Vs were
considered as candidate independent variables for SVR. Figure 4.6 shows the prediction errors for
SVR for four sets of independent variables, as estimated by the bootstrapping method. When both T,
and Vg are included, the bootstrapping prediction error for log o decreases slightly compared with
the SVR performed only with Dygo9 and 7. However, it is essential to include 7 and Vs because
without them the SVR cannot represent the deflection in the ionic conductivity curves seen in Figure
4.2. Figure 4.6, in which o373 values predicted by two kinds of SVRs for Lig .Zn,Ge,O4 are plotted
as a function of composition, illustrates this situation. In the SVR using only Dgpo and 7, the
composition dependence of G373 is similar to that of Djgg in Figure 4.4 since information relating to
the deflection comes from limited experimental data. The SVR with Djgg9, T, T, and Vg can
reproduce the ionic conductivity much better at low temperatures. Since 7¢ is much higher than 373
K for tie line 2, o373 predicted by SVR using D100, T, T, and Vs is lower than that predicted by SVR

using only Djgg0 and 7.
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Figure 4.6. (a) Variation in bootstrapping errors for different choices of independent variables used
in SVR: (1) D1600 and T, (2) D1600, T, and TC; (3) D1600, T, and Vdis; and (4) D]600, T, TC and Vdis- (b)
Predicted composition dependence of ionic conductivity at 373K, o373, for two sets of independent

variable.
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Chapter 5

General Conclusion

This study is concerned with properties of inorganic solid electrolytes, especially their
ionic conductivities. Li-ion diffusivity and migration mechanism in LISICON-type solid electrolytes
were investigated using first-principles calculations. We constructed a comprehensive and efficient
method to achieve high ionic conductivity using an extensive set of first-principles calculations.

In Chapter 2, total energies of diverse cation configurations in a y-unit cell size with a,
and vy structures for Li;GeO, and LizZngsGeO, were systematically evaluated by first-principles
calculations. Especially in y-LizZng sGeQ,, energy stability of an interstitial site is strongly correlated
with distances between an excess Li ion at the interstitial site and the neighboring Ge ions. This
implies that Li ions diffuse via the sites relatively far from surrounding Ge ions. The lowest energy
configurations of Li;GeO4 and Li;ZnysGeO4 were obtained from o and y structures, respectively.
Those structures agree to low-temperature phases experimentally confirmed. In a-LiyGeO,, energy
difference between the most stable configuration and the second stable one is large, 0.56 eV per
Li;6GesOy6. This wide energy gap results in an ordered structure even at higher temperatures and
thereby low ionic conductivity. On the other hand, in y-LizZny sGeQs, there are many configurations
energetically similar to the lowest energy one but those Li-ion spatial arrangements are definitely
different from each other. Therefore, Li;Znys;GeO4 can have a disordered structure including a
variety of cation configurations. It is surmised that this is why the ionic conductivity of LizZngsGeOq4
is much higher than that of Li4GeO,. It is possible to evaluate metastable phases from the energy
distributions. Our results suggest that y-Li4GeO, and oa-Li;ZngsGeO4 have the possibilities of
exhibiting ionic conductivities higher than that of the most stable phase.

In Chapter 3, we evaluated Li-ion diffusion in ionic conductors with the y-LISICON
structure using the migration path search simulations and the FPMD simulations at high
temperatures over 800 K. The activation energies statistically estimated by the FPMD are close to

the low-temperature experimental ones. This implies that the ionic conduction mechanism is the
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same over two temperature regions. In the case of oxides such as Liyy,Zn;-,GeOs and
Liz1Ge, POy, tetrahedral sites are fully occupied and excess Li ions corresponding to x per formula
unit partially occupy octahedral sites which have edge sharing with [GeO,]. We found that Li ions
mainly diffuse by the cooperative mechanism in which an excess Li ion at an octahedral site moves
to a neighboring tetrahedral site and the Li ion at the tetrahedral site simultaneously moves to
another neighboring octahedral site. Thus, the conduction carrier is a pair of two neighboring Li ions.
On the other hand, in the case of Li;;,Ge,P;_,S4, more considerable vacancies are formed at
tetrahedral sites. This implies that Li ion diffuse by not only the cooperative mechanism but also the
single mechanism in which a Li ion at a tetrahedral site moves to a neighboring octahedral site or a
Li ion at an octahedral site moves to a neighboring tetrahedral site. Since the conduction carrier of
the single mechanism is a single Li ion, the carrier concentration of Liz,Ge PS4 is much larger
than that of oxides. This probably leads to the difference of conductivities between sulfides and
oxides.

As has been discussed in Chapter 2 and 3, partial occupation on Li sites significantly
affects the Li-ion migration mechanism. Namely, Li-ion arrangements associated with disordering
are important for high ionic conductivity. In the future it is strongly suggested that we will be able to
design more Li-ion disordered solid electrolytes by properly selecting constituent elements and
crystal structure.

In Chapter 4, the FPMD simulations for a diverse range of LISICON-based oxides were
performed to calculate Li-ion conductivities at high temperature. We also estimated the deflection
point in the Arrhenius plot using first-principles calculations based on the cluster expansion method
assuming that the point corresponds to ordering and disordering of Li ions on octahedral sites.
Moreover, we applied a machine-learning technique to use theoretical and experimental datasets in
combination to predict conductivities at 373 K, o373, of various compositions. The conductivity of
v-Li4GeOy is predicted to be highest and a few times higher than that of the traditional LISICON
(Li35Zng25Ge0y). Besides LisGeOy, the following compounds are predicted to exhibit higher o373
than the traditional LISICON with negative formation free energy at 1600 K. These are LisSiOs,

Liy1,Zn ;- Si04 (for x = 0.5, 0.75), Liz sMgg 258104, Li3 25Alg 258104, Lis 2540.25519.7504 (4 = Al or Ga),
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Liz5405B9504 (A = P, and B = Si) and Li; 754025807504 (A = P or As, and B = Ge or Si). Focused
experiments based on these predictions should be performed and are currently being planned.

The present study considered pseudobinary solid solutions with y-LISICON structure only.
However, our methodology is not limited to such systems. Materials with more complex chemistries
and structures can be analyzed efficiently in the same way once a database of systematic
first-principles calculations is constructed. This method illustrates the potential for rational design of
superior Li-ion conductors based on optimization of materials compositions through
machine-learning techniques. We believe that this study will accelerate the materials design process

for safer and more environmentally friendly energy storage devices.
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