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ABSTRACT: Dense solid electrolytes in all-solid-state Li batteries are expected to suppress Li dendrite phenomena that prevent the 
application of high-energy-density Li metal electrodes. However, voids and cracks in sintered electrolytes still permit short-circuiting 
due to Li dendrites. This study aimed to investigate solid electrolytes with high formability in which green compacts can prevent Li 
dendrites. Li+ ion migration energies, bulk moduli, and energies above the hull were comprehensively investigated using first princi-
ples and classical force field calculations as the indicators for ionic conductivity, formability, and thermodynamic stability. The 231 
compounds containing Li and Cl listed in the Materials Project database were studied due to their high polarizability and weak 
Coulombic interaction with Li+ ions. Among them, monoclinic LiAlCl4 (LAC, S.G.: P121/c1) was focused on, owing to its low values 
of all three indicators. A mechanochemical synthesis was attempted to prepare the metastable phase, where Li ions occupy the inter-
stitial sites, not just the original sites, because the computation for the migration energy suggested conductive pathways between the 
original Li sites. XRD and 7Li-MAS NMR measurements indicated that the mechanochemically synthesized LAC possessed a mon-
oclinic host structure while 2.5% Li occupied interstitial tetrahedral sites. Impedance measurements showed that the LAC green 
compacts exhibited an ionic conductivity of 2.1×10-5 S cm-1, 20 times higher than the conventional solid-state synthesized LAC at 
room temperature. The conductivity was more than one order of magnitude higher than that of garnet-type Li6.6La3Zr1.6Ta0.4O12 
(LLZT), which has been attractive for the application of the sintered body for Li metal electrodes. The SEM observations and distri-
bution of relaxation times analysis indicated that dense LAC green compacts with large necking between the particles contributed 
minimal grain-boundary resistance (7.5%) to the total resistance, while the LLZT green compacts contributed almost completely 
(99%). Li metal symmetric cells using the LAC pellet showed good cycle performance without short-circuiting and an overvoltage 
increase for 70 cycles at a current density of 0.1 mA cm-2, while short circuiting occurred at the 1st cycle in the LLZT cells.  

Higher energy density and safety are required for Li ion batter-
ies, especially those utilized for large-scale power sources such 
as in electric vehicles.1 Li metal anodes are the most attractive 
choice for application in high-energy-density batteries owing to 
their low electronegativity and large theoretical capacity.2,3 
However, Li dendrite growth during the charging process has 
hindered their application, which causes short-circuiting and 
even leads to explosion of the cells in the worst-case scenario.4,5 
The application in large-scale power sources also introduces 
further risks accompanied with flammability and fluidity of the 
organic electrolyte solution in conventional Li ion batteries.6 
All-solid-state Li ion batteries, where non-flammable solid 
electrolytes are substituted for the electrolyte solutions, have 
become attractive owing to their reliability and the possibility 
of Li dendrite suppression.7–9 Such batteries are called bulk-
type all-solid-state batteries in contrast to the thin-film types 
with limited energy density. However, high resistances of the 
Li ion transfer in solid electrolytes and/or at insufficient contact 

between solid particles often deteriorate the battery’s perfor-
mance.10–12 Good connection of solid-solid particles between 
solid electrolyte particles and/or between solid electrolyte/elec-
trode particles in the batteries is generally formed by high-tem-
perature sintering.13,14 However, the process largely limits ma-
terials selection due to the element volatilization15,16 and/or un-
desired side reaction at the solid electrolyte/electrode inter-
face17,18. Moreover, curves and cracks of the multilayer batteries 
are produced due to the different thermal expansion coefficient 
of each material.19,20 The cracks, in addition to small pores and 
weak grain boundaries in the solid electrolyte layer, contribute 
to short-circuit phenomena.21–23 Therefore, non-sintered bulk-
type all-solid-state batteries are desired, especially for the ap-
plication of Li metal anodes.  
In this study, chloride materials, rather than conventional oxide 
materials, are focused on to reveal a material with high forma-
bility, where only cold pressing forms a dense pellet inhibiting 
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Li dendrites by strong particle connections with fast ionic trans-
fer. The host structure of the chloride ion with a larger ionic 
radius and more electrons than the oxide ion generally contrib-
ute to higher polarizability and formability of the powder.24 
Moreover, the lower electronegative charge density of the chlo-
ride ion, rather than the oxide ion, is expected to lead to high Li 
conductivity due to the weak Coulombic interaction of Li+ ions 
with the host structure.25 However, not all compounds contain-
ing Li and Cl elements can be thermodynamically stable and 
show high Li+ ionic conductivity and formability. Hence, indi-
cators of these properties were calculated comprehensively for 

the Li-Cl compounds listed in the Materials Project database26. 
Migration energy27–29, bulk modulus30, and energy above the 
convex hull31 were assessed for ionic conductivity, formability, 
and thermodynamic stability, respectively. The details of the 
calculation method are explained in the Computational Meth-
ods section. Figure 1(a) shows these calculated indicators for 
the 231 Li-Cl compounds. Monoclinic LiAlCl4 (LAC, mp-
22983) was focused on due to its low value of all three indica-
tors among the 231 compounds.  

 

 
Figure 1. Results of computations to reveal battery materials suitable for non-sintered all-solid-state Li metal batteries. (a) Relation-
ship among bulk modulus, energy above hull, and migration energy for 231 Li-Cl containing materials listed in the Materials Project 
database26. The crystal structures and energies above the hull were referred from the database. The bulk moduli were calculated by 
first-principles density functional theory (DFT) calculations. The migration energies were calculated based on bond valence force 
field32 and automated pathway analyses based on percolation theory27. (b) Crystal structure of the monoclinic LiAlCl4 (LAC) with 
low values of all three indicators among the 231 compounds. The yellow-colored iso-surfaces correspond to Li+ ion chemical potential 
calculated by a force-field calculation.
 
Ionic conductivity of the monoclinic LAC synthesized by the 
solid-state reaction has been reported only by Weppner et al..33 
The material is a thermodynamically stable compound up to the 
melting point of 146 °C.34 Considering that the conductivity at 
room temperature is relatively low at 1×10-6 S cm-1, the activa-
tion energy for ionic conductivity is not very high, at just 0.47 
eV. For example, garnet-type Li7La3Zr2O12 (LLZO), which is a 
promising material due to its high Li+ ion conductivity and com-
patibility with Li metal,15,35 shows a conductivity one order of 
magnitude higher even the comparable activation energy of 
0.47 eV by substituting Bi for Zr.36 The ionic conduction in the 
LAC is supposed to be limited by some parameters except for 
the migration energy. The crystal structure and calculated con-
ductive pathway shown in Figure 1(b) indicate that the com-
pound has large space in the Li+ ion conductive pathway. Li+ 
ion delocalization between the original site and sites in the 
space would increase the Li+ ion conductivity. Therefore, syn-
thesis of the metastable LAC was attempted by a mechano-
chemical method for improving the Li+ ion conductivity. In this 
study, the conductivity, formability, and dendrite inhibition 

ability of the powder-compressed pellet (green compact) were 
investigated.  
 
The XRD pattern of the mechanochemically synthesized LAC 

is shown in Figure 2(a). The peak positions agree with those of 
the monoclinic LAC structure (S.G.: P121/c1) reported in the 
ICSD database37. The 7Li-MAS NMR spectra of the mechano-
chemically synthesized LAC in Figure 2(c) show a peak with a 
chemical shift of approximately 0 ppm, which is herein as-
signed as signal 1. A weak peak of signal 2 is also observed at 
approximately 1.6 ppm, which disappears as a result of anneal-
ing at 80 °C. The change by annealing indicates the mechano-
chemically synthesized LAC has a metastable phase. Signal 1 
is attributed to Li+ ions at the octahedral site shown in Figure 
2(b) according to the former NMR study on Li containing spinel 
chlorides38. Since peak of signal 1 is only observed for annealed 
LAC, all of the Li ions are positioned at octahedral sites as re-
ported Rietveld analysis for LAC37. The peaks at a slightly 
lower magnetic field have also been attributed to the tetrahedral 
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site Li+ ions. In addition, tetrahedral sites are suggested as sec-
ond-stable sites simulated by a force-field calculation, as shown 
in Figure 2(b). Signal 2 is therefore attributed to the Li+ ions at 
the metastable tetrahedral site. The integrated intensity ratio of 

signal 2 to signal 1 is 2.5%, calculated by using the Voigt func-
tion, shown in Figure 2(d). These results indicate that a few 
percentages of Li+ ions in the mechanochemically synthesized 
LAC are delocalized in the host structure of the room-tempera-
ture phase.  

Figure 2. Characterization of LiAlCl4 (LAC) powder. (a) XRD pattern of the mechanochemically synthesized LAC and simulated 
pattern of the monoclinic LAC reported in the ICSD database37. (b) Crystal structure of monoclinic LAC and second-stable Li site of 
tetrahedral site next to the octahedral site suggested by the bond valence force field (BVFF) approach23. (c) NMR spectra of the milled 
LAC and annealed LAC. (d) Peak fitting results for the spectrum of the milled LAC.   

The cross-sectional SEM images and relative densities of the 
LAC and Li6.6La3Zr1.6Ta0.4O12 (LLZT)39 green compacts are 
shown in Figure 3(a) and (b). The comparison LLZT is a rep-
resentative oxide electrolyte for Li metal batteries, where the 
partial substitution of Ta for Zr has further improved the ionic 
conductivity of LLZO. The relative densities were calculated by 
using the apparent densities of the pellets, and crystal densities 

of monoclinic LAC and cubic LLZT. The LAC green compact 
shows a much higher relative density (94%) than the LLZT 
green compact (63%). Particles are connected by necking in the 
LAC green compact, although clear grain boundaries were ob-
served in the LLZT green compact as expected for conventional 
oxides.  
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Figure 3. Characterization of the green compacts of LiAlCl4 (LAC) and Li6.6La3Zr1.6Ta0.4O12 (LLZT) powders. Cross-sectional SEM 
images and relative densities of the (a) LAC and (b) LLZT pellets. The LAC particles were more deformed than the LLZT particles. 
Impedance plots of the (c) LAC and (d) LLZT pellets at 25 °C normalized by the thickness and area of the pellets for comparison. 
The conductivities were calculated from the Rtotal values in the figures. Distribution of relaxation times (DRT) spectra were calculated 
from the impedance plots of the green compacts of (e) LAC and (f) LLZT. Insets: pie charts representing the contributions of the bulk 
and grain boundaries to the total resistance. The grain boundary resistance in the LAC green compact is negligible, in contrast with 
its major contribution to the resistance of the LLZT green compact.     

Impedance plots for the green compact of LAC and LLZT at 
room temperature are shown in Figure 3(c) and (d). A distorted 
semicircle and a spike were observed in both plots. This spike 

stems from Li+ blocking behavior at the electrolyte/electrode 
interfaces40, and thus the semicircles correspond to the ionic 
transport in the green compacts. The polarization test shown in 
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Supporting Figure S1 also indicates the small contribution of 
the electrical conductivity in the material. The total resistance 
of the semicircles, Rtotal, in the figures contains the components 
of bulk and grain-boundary resistances in the green compacts. 
Total ionic conductivity calculated by Rtotal is 2.1×10-5 S cm-1 for 
the LAC green compact, which is twenty times higher than the 
bulk conductivity of the reported monoclinic LAC (σ25 = 
1.0×10-6 S cm-1)33. The activation energy of 0.50(6) eV, calcu-
lated from the Arrhenius plots shown in Supporting Figure S2, 
is almost the same as that reported for monoclinic LAC (0.47 
eV)33. The number of Li ion carriers is limited in conventional 
LAC due to the fully occupied Li sites. The Li ions at metastable 
sites indicated by NMR measurements (Figure 2(c)) reveal the 
delocalization of Li+ ions in the conduction pathway, which 
generates Li+ ion carriers with adjacent vacancy and signifi-
cantly contributes to the increase in ionic conductivity. Addi-
tionally, the total ionic conductivity for the LAC green compact 
is much higher than that of the LLZT green compact (5.5×10-7 

S cm-1). Resistance components were analyzed based on the dis-
tribution of relaxation times (DRT)41,42 to investigate the reason 
for the conductivity difference. The DRT spectra in both sam-
ples shown in Figure 3(e) and (f) indicate two resistance peaks. 
Considering the ionic transport in the green compact of the sin-
gle-phase material, the major peak components at the higher 
and lower frequency were attributed to resistance in the bulk 
and grain boundary, respectively. As revealed by the pie charts 
in the insets of Figure 3(e) and (f), the grain boundary re-
sistance in the LAC sample has a small contribution of 7.5% to 
the total resistance, while the majority of total resistance (> 
99%) for the LLZT green compact is attributed to the grain 
boundary contribution. Thus, the almost negligibly small grain 
boundary resistance is confirmed for the LAC green compact 
with good contact among particles, which is one reason for the 
high conductivity.  
Galvanostatic cycle performance of the Li symmetric cells us-
ing the solid electrolyte of the mechanochemical synthesized 
LAC or LLZT green compact are compared in Figure 4. The 
cell using the LAC green compact shows good cycle perfor-
mance, i.e., almost no increase of the overvoltage and no short-
circuiting during 70 charge-discharge cycles at a current density 
of 0.1 mA cm-2. The over-voltage profile of the LAC cell was 
constant for more than 160 h, which indicates the inhibition of 
Li dendrites and possible chemical compatibility with Li metal.  
Indeed, the impedance plots of the LAC electrolyte sandwiched 
between stainless steel or Li metal electrodes are compared in 
Supporting Figure S3, indicating the low interfacial resistance 
between the electrolyte and Li metal electrodes. On the other 
hand, a large overvoltage is indicated at the same current den-
sity condition in the LLZT cell as shown in Supporting Figure 
S4. Moreover, short-circuiting occurred during the 1st cycle in 
the LLZT cell even at the one tenth current density (0.01 mA 
cm-2). The impedance plots after the first cycle (Supporting 
Figure S5) show the cell resistance considerably decreases to 
~20 Ω, which also indicates Li dendrite growth in the LLZT cell. 
Therefore, the formability and conductivity of the LAC particle 
allows for preparation of dense pellets and prevents Li dendrites.  
 

 

 
Figure 4. Galvanostatic cycle performance of the Li symmetric 
cells with solid electrolyte of (a) LiAlCl4 and (b) 
Li6.6La3Zr1.6Ta0.4O12 green compacts at 25 °C. 
 
In this study, a solid electrolyte material was sought, in which a 
high-energy-density Li metal electrode can be utilized by 
simply compressing the electrolyte powders, without sintering 
processes that lead to problems in electrode/electrolyte materi-
als selection and Li dendrite inhibition. Monoclinic LAC was 
focused on based on the comprehensive computation results of 
Li+ ion migration energy, bulk modulus, and energy above the 
hull, in addition to consideration of the polarizability and Cou-
lombic interaction. Mechanochemically synthesized mono-
clinic LAC, in which a few percentages of Li ions are delocal-
ized in the conductive pathway, showed an ionic conductivity 
20 times higher than the conventional solid-state synthesized 
LAC. Moreover, the simple green compacts exhibited much 
higher performance of Li dendrite inhibition owing to the much 
higher relative density and stronger grain boundaries than 
LLZT oxide green compacts. Therefore, this LAC material has 
revealed the possibility of a Li metal electrode in all-solid-state 
Li batteries without sintering limits by simply compressing it. 
 

EXPERIMENTAL METHODS 
Mechanochemical synthesis and characterization of LiAlCl4 
LiCl (99.9%, Kojundo Chemical Laboratory Co., Ltd.) and 
AlCl3 (99.9%, Wako Chemicals) were mixed at the chemical 
stoichiometry and placed into a 45 mL ZrO2 pot with 16 ZrO2 
balls with a diameter of 10 mm. The mixture was ball-milled 
for 24 hours using a planetary ball mill apparatus (P-7 classic-
line, Fritsch Japan Co., Ltd.) using a revolution speed of 510 
rpm.  
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The obtained LAC sample was characterized by XRD 
measurements using a diffractometer (MiniFlex 600, Rigaku) 
with Cu Kα radiation, and by ７Li MAS-NMR measurements 
using a spectrometer (JNM-ECA600Ⅱ, JEOL RESONANCE 
Co., Ltd.). The MAS spinning speed was 10 kHz in a Φ3.5 mm 
ZrO2 rotor. The 90° pulse width and relaxation delay were 5 μs 
and 1 s, respectively. The sample in the probe was subsequently 
annealed at 80 °C for 1 h. The entire procedure was conducted 
in a dry Ar-filled atmosphere. 
 
Preparation and characterization of green compacts 
The LAC powder was sandwiched with stainless steel, and 
uniaxially compressed at a pressure of 382 MPa to form a green 
compact. Garnet-type LLZT powder (99.9%, Toshima) was 
used for the comparison. The thickness of the pellets was almost 
the same at ca. 0.5 mm. The morphology of the cross-sections 
was investigated using a scanning electron microscope (SEM; 
JSM-6360LV, JEOL).  
The ionic conductivities of the green compacts were measured 
by the AC impedance method using stainless steel ion-blocking 
electrodes. A voltage of 300 mV was applied at 25 °C using an 
electrochemical analyzer (VSP, BioLogic Co.), and the meas-
urement frequency range was set to 102 Hz to 106 Hz. DRT anal-
ysis was performed using Z-Assist software (Toyo Co.) to sep-
arate the bulk and grain boundary resistances.41,42 An inverse-
Fourier transformation was applied to the semicircle compo-
nents of the impedance plots. The resistances were calculated 
from the complex non-linear least-squares method, fixing the 
time constant obtained by the DRT analysis.  
Li metal electrodes were prepared by pressing Li film (d = 0.25 
mm, Furuuchi Chemical Co.) on a Cu substrate (d = 0.02 mm) 
at 4 MPa and cutting to a diameter of Ф8 mm. Li metal 
symmetric cells were prepared by putting the electrodes into 
both sides of the LAC or LLZT pellet. Galvanostatic charge-
discharge cycle tests of the cells were conducted at 25 °C using 
an electrochemical analyzer (VSP, BioLogic Co.). The current 
density was 0.1 mA cm-2 for the LAC cell and 0.01 mA cm-2 for 
the LLZT cell. Open-circuit voltage (OCV) was set between the 
charge and discharge process for 10 min. The entire procedure 
was conducted in a dry Ar-filled glovebox. 

COMPUTATIONAL METHODS 
Computation of energy above hull, bulk modulus, and 
migration energy for Li-Cl compounds 
The Li-Cl compound crystal structures and thermodynamic sta-
bility, i.e., energy convex hull,31 were referred from the Materi-
als Project database26. The bulk moduli were investigated by 
first-principles DFT calculations using the Vienna ab initio 
simulation package (VASP)43 with the projector augmented-
wave (PAW) method44,45 and plane-wave basis set. A general-
ized gradient approximation (GGA)-type exchange-correlation 
functional developed by Perdew, Burke, and Ernzernhof and 
modified for solid materials (PBEsol)46,47 was used. For crystal 
structure relaxation and evaluation of the total electron energy, 
an on-site Coulomb correction (GGA + U) was included to de-
scribe the localized electronic states in 3d orbitals. U was set for 
3d states according to the literature48. The bulk modulus was 
obtained by preparing eleven models with the lattice constant 

from 0.93 to 1.03 times for each structural model, and calculat-
ing each total energy using the Murnaghan equation of state30. 
Figure 5 shows the relationship between the volume and energy 
of the LiAlCl4 structure as an example. The migration energies 
were calculated by using the BVFF approach based on a perco-
lation theory23. 
 

Figure 5. Relationship between the volume and energy calcu-
lated by first-principles calculations for the structure of LiAlCl4 
in the Materials Project database26. Bulk moduli were 
calculated based on the Murnaghan equation of state. 

 

ASSOCIATED CONTENT 

Supporting information contains other results of electrochemical 
measurement for the LiAlCl4 powder-compressed pellet and Li 
symmetric cells with solid electrolyte of Li6.6La3Zr1.6Ta0.4O12 pow-
der-compressed pellet.  
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