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Outline

Why all-solid-state batteries?
Why boracites and related materials?
Computational methods
Static lattice internal energies to study/predict 

structures
Phonons and dynamic stabilities
Qualitative ionic conductivities
Summary and conclusions
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Idealized all-solid-state batteries

Materials components of a Li or Na ion  battery

+ -

Li+ 
or
Na+

Illustrating 
the discharge 
mode

Role of the ideal 
solid electrolyte is 
to allow for the 
transport of Li+ or 
Na+ ions, excluding 
electrons from the 
battery and forcing 
them through the 
external circuit.
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Research on LiPON electrolyte films at Oak Ridge National Laboratory

Historical development all-solid-state batteries

with 2 3 5
x y z

x y z= + −

≡L O Li PO NiP N
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Advantages
 Compatible and stable with high 

voltage cathodes
 Compatible and stable with Li metal 

anodes
 Can be effective in thin formats

Disadvantages
 Relatively low ionic conductivity
 Lower total capacity compared 

with liquid electrolytes
 Possible physical and chemical 

interface issues

Demonstrated for LiNi0.5Mn1.5O4/LiPON/Li  
 10-6 m LiPON electrolyte layer achieved adequate conductivity 
 10,000 cycles* with 90% capacity retention

*1 cycle per day for 27 years

ORNL

A case for all-solid-state batteries
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More details on LiPON/Li interface

Schematic view of steady-state LiPON/Li 
interface based on microscopic analysis, 
showing thin, relatively stable interface layer
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Search for highly conductive 
solid electrolytes

LiPON
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Introducing boracite

More details available in recent publication:
Physical Review Materials 8 , 065401 (2024) 
and in previous work:
Physical Review Materials 6 , 025401 (2022) 
 

https://link.aps.org/doi/10.1103/PhysRevMaterials.8.065401
https://link.aps.org/doi/10.1103/PhysRevMaterials.6.025401
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Boracite gem stones – face centered cubic structure

Mg
Cl
BO4

Mg3B7O13Cl  (F-43c)
https://www.gemrockauctions.com/learn/a-z-of-gemstones/boracite
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Li modified boracite
Li (100%)

Li (25%)

Cl

BO4

BO3

Li4B7O12Cl  (F-43c)
Experimental structure:W. Jeitschko, et al. 
Acta Crystallogr. Sect. B 33, 2767 (1977),
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Summarizing the (thio)boracite family known from experiment: SG  F-43c (No. 219)

Li4B7O12Cl – Jeitschko (1977)
DOI: 10.1107/S0567740877009443

Li4Al3B4O12Cl – Kajihara (2017)
DOI: 10.1246/bcsj.20170242

Li6B7S13I – Kaup (2021)
DOI: 10.1021/jacs.1c00941

Framework 
components:

BO4+BO3

AlO4+BO3

BS4

Ions:
Cl or I Li

100% 25% 67%
σRT = 5 x 10-4 S/cm
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Computational methods
• Born-Oppenheimer approximation + Density functional theory using the 

PBESOL exchange-correlation functional Perdew (2008) DOI: 10.1103/PhysRevLett.100.136406

/https://www.quantum-espresso.org/ https://www.abinit.org/

• Projector Augmented Wave formalism Blöchl (1994) DOI: 10.1103/PhysRevB.50.17953 

with datasets using the ATOMPAW code  http://pwpaw.wfu.edu/
• Phonons calculated with the help of  Phonopy   https://phonopy.github.io/phonopy/

Many analysis tools –
• Visualization: VESTA: http://jp-minerals.org/vesta/en/
• Symmetry: Findsym: https://stokes.byu.edu/iso/
                        SeeK-path: https://www.materialscloud.org/work/tools/seekpath

https://www.quantum-espresso.org/
https://www.abinit.org/
http://pwpaw.wfu.edu/
https://phonopy.github.io/phonopy/
https://stokes.byu.edu/iso/
https://stokes.byu.edu/iso/
https://www.materialscloud.org/work/tools/seekpath
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Stability approximated in terms of the Helmholtz free energy
as a function of temperature :
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Li modified Boracite
Li (100%)

Li (25%)

Cl

BO4

BO3

Li4B7O12Cl  (disordered F-43c)
Experimental structure:W. Jeitschko, et al. Acta 
Crystallogr. Sect. B 33, 2767 (1977)

Li4B7O12Cl  (ordered R3c)
Computationally optimized structure

a=12.141 Å
α=90.0 deg

Exp

a=12.1 Å
α=90.1 deg

Comp
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Li modified Boracite with Al substitution
Li (100%)

Li (25%)

Cl

AlO4

BO3

Li4Al3B4O12Cl  (disordered F-43c)
Experimental structure:K. Kajihara, et al. Bull. 
Chem. Soc. Jpn. 90, 1279 (2017).

Li4Al3B4O12Cl  (ordered R3c)
Computationally optimized structure

Exp
a=12.9687 Å
α=90.0 deg

Comp
a=13.0 Å
α=91.1 deg
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“Stuffed” Li thioboracite
Li (100%)

Li (67%)

I/Cl

BS4

Li6B7S13I  (disordered F-43c)
Experimental structure:K. Kaup, et al. 
J. Am. Chem. Soc. 143, 6952 (2021).

Li6B7S13Cl  (ordered R3c)
Computationally optimized structure

Exp
a=15.245 Å
α=90.0 deg

Comp
a=15.1 Å
α=89.2 deg
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“Stuffed” Li thioboracite – computed monoclinic ground state
Li (100%)

I/Cl

BS4

Li6B7S13Cl  (ordered R3c)
Computationally optimized structure; 
conventional cell parameters:

Li6B7S13Cl  (ordered Cc)
Computationally optimized structure; conventional cell
parameters :

a=15.1 Å  α=89.2 deg a=18.5  b=10.5   c=10.8 Å
α= γ= 90.0  β=124.6 deg
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Focus of this talk:
Computational investigation of the ordered structures and energetics of an 
extended family of Li (thio)boracites.

Compounds:

Li4B7O12Cl
Li4Al3B4O12Cl
Li6B7O13Cl
Li6Al3B4O13Cl

Li4B7S12Cl
Li4Al3B4S12Cl
Li6B7S13Cl
Li6Al3B4S13Cl

Ordered structures

R3c  (No. 161)   
F-43c  (No. 219)
Cc  (No. 9)

Questions concerning the Li (thio)boracite family of materials:
• What are the most stable ordered structures?
• What are their dynamical and  chemical stabilities?
• Explorations of Li ion mobility properties.
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Summary of static lattice optimization results for ordered structures
Li4B7O12Cl+Li2O Li4Al3B4O12Cl+Li2O Li4B7S12Cl+Li2S Li4Al3B4S12Cl+Li2S

SG: R3c 0.00 eV/FU 0.00 eV/FU 0.00 eV/FU 0.00 eV/FU

SG: F-43c +0.21 eV/FU +1.19 eV/FU -0.05 eV/FU +0.85 eV/FU

Li6B7O13Cl Li6Al3B4O13Cl Li6B7S13Cl Li6Al3B4S13Cl
SG: R3c -1.58 eV/FU -0.22 eV/FU -0.96 eV/FU -0.34 eV/FU

SG: Cc -1.26 eV/FU -0.40 eV/FU -1.05 eV/FU -0.65 eV/FU

For all 4 families, the Li6 (thio)boracite compound is stable with respect to 
decomposition into Li6 (thio)boracite  Li4 (thio)boracite + Li2S/O

(ref.)
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Li (100%)

Cl

BS4

BS3

Computed ordered structures of  Li4B7S12Cl

R3c F-43c

USL= 0.00 eV/FU  (ref.) USL= -0.05 eV/FU
a=14.9 Å  α=89.9 deg a=14.9 Å  α=90.0 deg
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Some phonon band structures and densities of states

Li
Cl

O

B
BO3

BO4

Li4B7O12Cl   R3c
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Some phonon band structures and densities of states

Li
Cl

O

B

Al

Li4Al3B4O12Cl   R3c

BO3

AlO4
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Some phonon band structures and densities of states Li4B7S12Cl   F-43c

Li
Cl

S

B BS3

BS4
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Some phonon band structures and densities of states Li6B7S13Cl   Cc

Li
Cl

S

B BS4
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Helmholtz free energies with phonon contributions  ( )

( )
 ( )

    ) ( ( )ref

SL vibF T
F T

U F T
F T F T= −

≈ +
∆
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What about the ion conductivities of these materials

Preliminary results --
Qualitative indications of Li ion conductivity from 
molecular dynamics simulations – superposed 
images of Li positions at multiple time steps
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Qualitative indications of Li ion conductivity from molecular dynamics simulations

Li4B7O12Cl (R3c)                   Li4B7S12Cl (R3c)

MD simulations at <T>=900K; approximately 200 images of Li ion 
positions within a 24 ps simulation, sampled each 0.12 ps.



28June 2024

Qualitative indications of Li ion conductivity from molecular dynamics simulations

Li4Al3B4O12Cl (R3c)                    Li4Al3B4S12Cl (R3c)

MD simulations at <T>=900K; approximately 200 images of Li ion 
positions within a 24 ps simulation, sampled each 0.12 ps.
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Qualitative indications of Li ion conductivity from molecular dynamics simulations
Li6B7O13Cl (R3c                       Li6B7S13Cl (R3c)                        Li6B7S13Cl (Cc)

MD simulations at <T>=900K; approximately 100 images of Li ion 
positions within a 5.4 ps simulation, sampled each 0.05 ps.
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Ideas for consideration  --
 There is a case for keeping all-solid-state batteries on the “table”

 Value in studying materials derived from natural minerals

 There is a lot to learn from studying the Li (thio)boracite family of materials 

 Framework + void structure; notion of “natural” interstitial sites

 Some new materials have been predicted

 To do –
 Realistic computation of Li ion conductivity
 Model interfaces with Li metal anode
 Opportunities for collaboration between theory and experiment
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Thank you!

Acknowledge: NSF – DMR-1940324 and 2242959
                                  -- WFU High Performance Computers
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