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Guidelines for designing high-deformability materials for all-solid-
state lithium-ion batteries†
Naoto Tanibata,*a Shin Aizu,a Misato Koga,a Hayami Takeda,a Ryo Kobayashi b and Masanobu 
Nakayamaa 

Weak contact and high resistance between ceramic powder particles limit their applicability in all-solid-state Li-ion batteries, 
particularly those assembled via powder moulding. To overcome these limitations, sulfide and chloride materials have been 
extensively studied because their deformability and Li diffusivity are typically greater than those of oxide materials. 
However, not all sulfide and chloride materials exhibit the high Li diffusivity and deformability necessary for all-solid-state 
batteries. This study focused on determining the suitability of the shear modulus as an index of deformability, in addition to 
a Li diffusivity index. These indices were calculated for all the Li-containing chloride compounds in a structural database. Six 
chloride materials (Li2CoCl4, Li2CrCl4, Li10Mg7Cl24, Li4Mn3Cl10, Li2FeCl4, and LiAlCl4) with different shear moduli were 
experimentally evaluated. The Li diffusion coefficients of most of these chlorides were found to be higher than those of the 
oxide and sulfide electrode materials typically employed in Li-ion batteries. Moreover, deformability, which for compressed 
pellets includes contributions from the relative density and grain boundary resistance, was observed to vary among these 
chlorides. The shear modulus, as determined by first-principles calculations, was confirmed to be a suitable screening index 
for deformability. The utilisation of the design guidelines for deformability is expected to facilitate significant advancements 
in all-solid-state battery material research.

Introduction
Energy-storage batteries can help address energy and 
environmental challenges.1 All-solid-state lithium-ion batteries 
are promising next-generation batteries because they offer a 
combination of safety, high energy density, and high rate 
performance.2–4 The use of solid electrolytes instead of 
conventional liquid electrolytes can reduce the risk of leakage 
and ignition in these batteries5. In addition, high energy density 
can be achieved using electrode materials (e.g. sulfur 6–8 and 
chloride electrodes 9,10) that can be leached into liquid 
electrolytes. Moreover, a dense electrolyte layer can suppress 
short circuits due to dendrite deposition, which is a problem in 
lithium metal electrodes with an ultimate energy density.11,12 
However, weak contact between the particles and large 
interfacial resistance are major issues limiting the applicability 
of solid electrolytes.13–17 In general, contact between oxide 
material particles is established during sintering.18,19 However, 
high-temperature sintering processes may lead to the 
volatilisation of lithium elements20,21 and result in side reactions 
between different materials (e.g. electrode–electrolyte 

reactions), which limits the selection of materials and 
processes.22,23

Sulfide and chloride materials,8,24–27 which contain highly 
polarisable anions, have been widely studied because some of 
them can be densified simply via powder compression. 
However, not all sulfide and chloride materials exhibit high 
deformability in addition to high Li diffusivity, which are both 
important physical properties for the materials used in all-solid-
state batteries.28 Computational approaches are one of the 
solutions used to identify compounds that satisfy the 
requirements for Li+ conductivity and deformability. High-
throughput computational approaches have been extensively 
utilised to reveal novel Li+ ionic conductors with high Li+ 
conductivity.29–31 Similarly, material design guidelines for 
deformability can facilitate the search for effective all-solid-
state battery materials. The bulk and Young’s moduli are 
commonly used indicators of deformability.32–35 However, to 
the best of our knowledge, the correlation between calculated 
screening values (such as these moduli) and deformability, 
which should facilitate the discovery of materials with high 
deformability, has not been reported. 
Plastic deformation occurs during the fabrication of all-solid-
state batteries. The stress required for this type of deformation, 
i.e. dislocation migration, is known as the Peierls stress (τp) and 
can be expressed using the Taylor model as follows:36

𝜏𝑝 = 𝐺𝑏
2𝜋𝑠

.  (1)
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Here, the spacing s between the slip planes and Burgers vector 
b, corresponding to the direction and distance of dislocation 
migration, respectively, are the parameters that define the 
dislocation structure. Calculating the s and b values requires the 
relevant dislocation structure to be reproduced. In contrast, the 
shear modulus G can be obtained from the crystal structure 
through first-principles calculations.37 Fig. 1 shows the average 
shear moduli comprehensively calculated for the Li–Cl 
compounds in the structural database of the Materials 
Project.38 Considering the compaction of a powder sample, we 
hypothesise that the average value of shear modulus is related 
to the stress required for deformation. In this study, the inverse 
of the shear modulus was used as an index of deformability. The 
Li diffusion coefficients were calculated using molecular 
dynamics simulations with a force field,39 and the phase 

stabilities, i.e., the energy-above-hull values, were extracted 
from the database (Fig. 1). These values are presented in Table 
S1 (Electronic Supplementary Information, ESI†). We selected 
six chloride compounds with various calculated shear moduli, 
i.e., Li2CoCl4, Li2CrCl4, Li10Mg7Cl24, Li4Mn3Cl10,39 Li2FeCl4,40 and 
LiAlCl4.41 These materials are considered promising for all-solid-
state batteries owing to their high thermodynamic stabilities 
(low energy-above-hull value of <0.10 eV/atom42 and/or high 
calculated Li diffusion coefficients; some of them contain 3d 
transition metal ions). In this study, we experimentally 
evaluated the deformability (relative density and grain 
boundary resistance) of these materials and analysed the 
correlation between the calculated shear moduli and 
experimental deformability values. 　 

Fig. 1  Relationships among the calculated Li diffusion coefficients (DLi+,RT), shear moduli (G), and energies above the hull for 122 Li–Cl-containing compounds. The Li diffusion 
coefficients of these 122 compounds among the 233 Li–Cl-containing compounds listed in a crystal structure database (Materials Project38) were calculated via molecular dynamics 
simulations using high-throughput force fields.43 The shear moduli were calculated from the elastic tensor obtained from ab initio calculations.44 The energies above the hull were 
extracted from the values listed in the Materials Project database. This study focused on the materials indicated in the overlaid text in the figure, with various shear moduli and low 
energies above the hull and/or a high Li diffusion coefficient and/or 3d transition metal content.

Experimental
Procedures

Li2CoCl4, Li10Mg7Cl24, Li4Mn3Cl10, Li2FeCl4, and LiAlCl4 were 
synthesised via mechanochemical methods using LiCl (99.9%, 

Kishida Chemical Co., Ltd., Japan), MgCl2 (99.99%; Sigma–
Aldrich Co., LLC, America), MnCl2 (99.99%; Kojundo Chemical 
Laboratory Co., Ltd., Japan), FeCl2 (99.99%; Kishida Chemical 
Co., Ltd., Japan), and AlCl3 (99.99%; Wako Chemicals, Japan). 
The corresponding stoichiometric mixtures were placed in a 
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45 mL ZrO2 pot with 10 ZrO2 balls having a diameter of 10 mm 
and ball-milled at 500 rpm for 24 h using a planetary ball mill (P-
7 classic-line, Fritsch Japan K.K. LLC, Japan). Li2CrCl4 was 
synthesised by milling LiCl (99.9%, Kishida Chemical Co., Ltd., 
Japan) and CrCl2 (99.99%, Sigma–Aldrich Co., LLC); it was 
subsequently vacuum-sealed in a Pyrex tube and heat-treated 
at 400 °C for 1 week. The obtained samples were identified via 
X-ray diffraction (XRD) with Cu Kα radiation using a 
diffractometer (MiniFlex 600, Rigaku Corp., Japan). The Li+ 
diffusivity was determined via alternating-current (AC) 
impedance measurement. The powders were sandwiched 
between stainless steel and compressed at a pressure of 382 
MPa to prepare the pellets (Φ10 mm). A voltage of 100 mV was 
applied at 25 °C using an electrochemical analyser (VSP, 
BioLogic, France). Distribution of relaxation time (DRT) analysis 
was performed using the Z-Assist software package (TOYO Co., 
Japan) to distinguish the grain boundary resistance from the 
total resistance. The individual resistance values were obtained 
by fixing the time constants obtained from the DRT analysis and 
fitting them to the experimentally obtained data using the 
complex nonlinear least squares method. The cross-sections of 
the pellets were examined via scanning electron microscopy 
(SEM; JSM-6360LV, JEOL, Japan). All procedures were 
performed in a dry Ar-filled atmosphere.

Calculations

A total of 233 Li–Cl-containing compounds listed in a crystal 
structure database (Materials Project)38 were examined.38 The 
Li diffusion coefficients were calculated via molecular dynamics 
simulations using the high-throughput force field (FF-MD) 
described in a previous study.43

Force-field parameters were determined using the 
metaheuristic algorithm (Cuckoo search45 with density 
functional theory–molecular dynamics (DFT-MD) datasets. The 
DFT-MD simulations were performed at 25 °C for 50 ps (1 fs per 
step). The kinetic energy cutoff was 350 eV. Because of limited 
computational resources, 1 × 1 × 1 k-point sampling was 
performed. The energy convergence criterion was set to 10−3 
eV. 
Because the chloride compounds melt at elevated 
temperatures, the positions of the chloride ions were not 

allowed to change from those in the relaxed configurations 
during the FF-MD simulation at >500 K (Fig. S8, ESI†). The Li 
diffusion coefficients at 300 K were determined, assuming 
Arrhenius behaviour, from the diffusion coefficients at 500, 750, 
1000, 1250, and 1500 K. In addition, the bulk and shear moduli 
were calculated using the elastic tensors obtained from DFT 
calculations.46

Results and Discussion
In addition to the materials reported in our previous studies 
(Li4Mn3Cl10, Li2FeCl4, and LiAlCl4),38,39,44 three newly synthesised 
materials—Li10Mg7Cl24, Li2CrCl4, and Li2CoCl4—were subjected 
to XRD. The obtained XRD patterns only contained peaks that 
could be assigned to the target compound (Fig. S1, ESI†). AC 
impedance measurements were performed for green compacts 
of the six chlorides, and diffusion coefficients were calculated 
using the total resistance Rtotal values obtained from Nyquist 
plots (Fig. 2(a) and Fig. S2, ESI†) and the Nernst–Einstein 
equation. Rtotal is considered to include the bulk resistance and 
the grain boundary resistance, which cannot easily be 
distinguished through visual observation. The diffusion 
coefficient values are presented in Table S2 (ESI†). The 
conductivity diffusion coefficient was calculated assuming a 
thermodynamic factor of unity in the chemical diffusion 
coefficient and is often underestimated in relation to the 
chemical diffusion coefficient.47,48 Nevertheless, the 
conductivity diffusion coefficients of chloride materials are 
generally higher than the chemical diffusion coefficients of 
typical oxide and sulfide cathode materials (Fig. S4). These 
results confirm that the chloride materials have high Li+ 
diffusivity and validate the computational screening method. 
The powders and cross-sections of the pellets were examined 
via SEM (Fig. 2(c) and Figs. S2(c) and S3, ESI†). The relative 
densities of the materials were calculated using the true density 
values listed in the inorganic crystal structure database (ICSD). 
The relative densities vary considerably, even among the 
chlorides. For Li2CoCl4, the relative density (78%) is as low as 
that of the compact of an oxide (Li0.33La0.55TiO3).41 
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Fig. 2  Characterisation of compressed pellets of the chlorides Li2CoCl4, Li2CrCl4, and Li10Mg7Cl24. (a) Nyquist plots. The Li diffusion coefficients were calculated from the Rtotal values 
using the Nernst–Einstein equation. (b) DRT spectra. The pie chart shows the relative magnitudes of the crystalline grain boundary (Rcgb) and particle grain boundary (Rpgb) resistance 
components calculated using DRT analysis. (c) Cross-sectional SEM images of the pellets; the relative densities are indicated.

Next, through DRT analysis,49,50 we could distinguish the 
different components of the resistances obtained via AC 
impedance measurements (Fig. 2(b) and Fig. S2(b), ESI†). The 
DRT-analysis results suggest the presence of two resistance 
components (DE1 and DE2). Furthermore, fitting was 
performed using an equivalent circuit (Fig. S2(d)), where the 
ion-blocking electrode-derived rise is represented by CPE1. To 
determine the origin of each resistance component, the 
capacitance C was calculated from the fitted values using the 
following equation:49

　C = DE-T/DE-R, (2)

where DE-T and DE-R represent the relaxation time and 
resistance of the DE component, respectively. The obtained 
capacitances are presented in Table S3 (ESI†), where DE1 and 
DE2 have capacitances of 10−11–10−10 and 10−8–10−7 F, 
respectively. The capacitance of the crystallite bulk is known to 
be approximately 10−12 F, according to the dielectric constant 
values of common materials.51 It is also known from the 

brickwork model that the magnitude of the capacitance of the 
grain boundary is proportional to the grain size; it increases, 
from the capacitance of the crystallite bulk, in proportion to the 
ratio of the grain size magnitude to the thickness of the grain 
boundary (~10−10 m)51. Table S3 (ESI†) also presents the 
crystallite size d calculated from the XRD pattern using the 
Halder–Wagner method52 for each chloride along with the 
capacitance of the crystallite grain boundary Ccb, which was 
obtained via a brickwork model approximation (the thickness of 
the grain boundary was simply calculated as 10−10 m). The 
capacitance of the first resistance component is on the same 
order of magnitude as the capacitance of the approximated 
crystallite grain boundary, indicating that the origin of the first 
resistance component (DE1) is the crystallite grain boundary. 
This suggests that the resistance of the crystallite bulk may be 
beyond the frequency range of AC impedance measurements 
and hence that the ionic conductivities of the crystallite bulk are 
higher than the measured values. Similar considerations 
suggest that the capacitance of the particle grain boundary is 
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likely to be larger, by a factor of the ratio of the particle size to 
the thickness of the grain boundary, than that of the crystallite 
bulk. The grain boundary capacitance estimated from the 
particle size observed in the SEM image of the powder of each 
material (Fig. S3, ESI†) matches the capacitance of the second 
resistance component within an order of magnitude (~10−7 F), 
suggesting that the principal origin of the second resistance 
component (DE2) is the particle grain boundary. The ratio Q of 
the particle grain boundary resistance to the total grain 
boundary resistance (where the latter is defined as the sum of 
the crystallite grain boundary resistance and the particle grain 
boundary resistance) is also presented in Table S3 (ESI†) for 
each compound as an index of deformability.　
The low particle grain boundary resistance for the Li2CoCl4 
pellet, despite its low relative density of 76%, is probably a 
result of necking between the Makibishi-type particles 
observed in the SEM image in Fig. 2(c). The shear modulus 
calculation, AC impedance measurement, DRT analysis, SEM, 
and relative density calculation results are summarised in Fig. 3. 

The correlation apparent in the figure demonstrates that the 
shear modulus G is a useful index of deformability, which is 
indicated by the experimentally obtained relative density values 
and ratio of the particle grain boundary resistance Q. Although 
these results pertain to chloride materials, the correlations 
among the analysed factors are expected to be applicable to 
oxide and sulfide materials, which are typical all-solid-state 
battery materials. Therefore, in this study, the same analyses 
(shear modulus calculation, AC impedance measurement, DRT 
analysis, SEM, and relative density calculation) were performed 
for representative oxide (Li3BO3, Li2CO3, and Li2SO4) and sulfide 
(Li3PS4) materials (Figs. S5 and S6 and Table S4, ESI†).53 The AC 
impedance measurements for Li3BO3 and Li2SO4 were 
conducted at 100 °C owing to the high resistance of these 
compounds. A large resistive component with a capacitance of 
~10-12 F was observed in the oxide; therefore, a fitting analysis 
was performed by adding DE0 as a bulk resistance to the 
equivalent circuit.

Fig. 3  Relationship between shear modulus G and deformability (as indicated by the experiment-derived relative density and ratio between the particle grain boundary resistance 
and total grain boundary resistance Q) for the compressed pellets of 10 materials that can be used in all-solid-state lithium-ion batteries. In addition to the data for the six chloride 
materials under study, those for representative oxide materials (Li3BO3, Li2CO3, and Li2SO4) and a sulfide material (Li3PS4) are shown. LiAlCl4, which has a low melting point (146 °C), 
has a lower elastic modulus than the other compounds; therefore, the range of G-1 from approximately 0.11 GPa-1 to 0.20 GPa-1 is omitted.

The changes in the (i) relative density and (ii) resistance ratio of 
the particle grain boundary contribution as a function of the 
inverse shear modulus G−1 can be described as follows:
(i) The relative density converges at ~74%, although with 

some deviation due to friction with the die. This 
density corresponds to the densest possible structure 
obtained by clustering uniform rigid spheres (close-
packed structure), for G−1 < ~0.055 GPa−1 (G > ~18 GPa) 

and increases linearly thereafter in the range of ~0.055 
GPa−1 < G−1 < ~0.085 GPa−1. For G−1 > ~0.085 GPa−1 (G 
< ~12 GPa), the relative density converges at ∼100%.

(ii) The particle grain boundary resistance ratio Q, which 
is almost 100% in oxide compounds with high shear 
moduli (Li3BO3) (G−1 = 0.024 GPa−1, G = 42.0 GPa), 
decreases with the shear modulus, and Q converges at 
∼10% for G−1 > ~0.055 GPa−1 (G < ~18 GPa).
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According to these results, the following design guidelines for 
the deformability of all-solid-state lithium-ion battery materials 
are proposed:
(i) A material with a shear modulus of G < 12 GPa is 

preferable for obtaining ~100% density via compaction.
(ii) A material with a shear modulus of G < 18 GPa is 

preferable for minimising the relative magnitude of the 
particle grain boundary resistance (approximately 10%) 
via compaction.

In this study, a uniaxial pressure P of 382 MPa was used for 
compaction. Note, however, that these shear modulus values 
will vary with respect to the pressure.
By adhering to these design guidelines, according to the 
calculated shear modulus (G) values, the efficiency of screening 
for materials that exhibit the deformability required for all-
solid-state batteries can be increased. Although other factors, 
such as particle size, particle size distribution, particle shape, 
crystallite size, strain, particle-tapped density, and properties 
related to mobile dislocation, may affect the relative density 
and the relative magnitude of the particle grain boundary 
resistance in the pellets, their impact on the results of this study 
is negligible. By contrast, in Fig. S7 (ESI†), the bulk modulus B32–

34 is not correlated with deformability.32–34 This result indicates 
that among the different elastic moduli, the shear modulus, 
which is related to dislocation migration, is a suitable index of 
deformability. Note that even oxides and Li2CrCl4 with relatively 
low Li diffusivity follow this correlation, suggesting that the 
deformability indicator of shear modulus can be applied not 
only to battery materials but also to other fields where 
compacts are used.

Conclusions
We investigated the correlation between the computed shear 
modulus and the experimentally evaluated deformability 
(relative density and particle grain boundary resistance) for six 
chloride materials (Li2CoCl4, Li2CrCl4, Li10Mg7Cl24, Li4Mn3Cl10, 
Li2FeCl4, and LiAlCl4), three oxide materials (Li3BO3, Li2CO3, and 
Li2SO4), and a sulfide material (Li3PS4). The deformabilities of the 
oxide, sulfide, and chloride materials (which were expected to 
be high) differed depending on the specific compound, 
suggesting that different compounds are suitable for different 
applications. The results indicated that deformability is strongly 
correlated with the shear modulus determined through first-
principles calculations. The material design guidelines for 
deformability established on the basis of this strong correlation 
are expected to significantly increase the efficiency of the 
screening of materials for all-solid-state batteries. Moreover, 
these guidelines are expected to be extended to not only other 
chloride, sulfide, and oxide materials for next-generation 
devices but also to a wider range of materials.
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