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Abstract
In developing battery technology toward Li anode systems rather than Li ion, it has become 

necessary to discover superior ionic conductors for solid-state electrolyte batteries. Li3BS3 is 
among these candidate superior ionic conductors.1 We report here Molecular Dynamics (MD) 
simulations to predict the diffusivity, conductivity, and activation energy for Li+ transport in 
Lithium Orthothioborate (Li3BS3) as a function of temperatures using the Universal Force Field 
(UFF) force field retrained with Quantum Mechanics (QM). This leads to an ionic conductivity of 
~2.1 mS/cm with an activation energy of ~+0.19 eV (+18.2 kJ)  at 300 K and 1 atm, based on 20 
ns of MD.2 These results are in good agreement with experiments (0.1 to 10 mS/cm) on -PS4 based 
argyrodite electrolytes with similar activation energies (0.15 to 0.5 eV). Our calculations indicate 
that Li3BS3 is a superior ionic conductor, with potential as a future electrolyte for solid-state Li 
anode batteries. 

Introduction
Lithium-ion batteries play an important role in energy and climate sustainability to enable new 

strategies for clean energy production and storage. Li metal anodes have the potential to 
dramatically reduce the power per weight ratio (by a factor of >4), which would be highly desirable 
to meet electric vehicle goals of 2030.  In particular, superionic electrolytic solid-state materials, 
such as Li3BS3, would by desirable for enhanced battery performance. Li3BS3 and associated 
derivatives demonstrate superionic Li+ conductivity, and as solid-state electrolytics they are safer 
for practical applications as compared to traditional liquid-based electrolytes.3

Lithium Orthothioborate, Li3BS3 and associated Li3MX6 and Li3MX3 derivatives have received 
attention due to their high temperature conductivity and stability.4, 5 In particular, cationic stability 
due to increased anionic packing during synthesis results in novel migration pathways as a result 
of its disordered trigonal lattice parameters. This results in low thermal activation energies. This, 
alongside the high temperature conductivity and oxidative stability of the Li3MX3 crystal makes it 
particularly appealing as an ionic conductor. In this paper, we predict the conductivity properties 
of Lithium Orthothioborate using Molecular Dynamics (MD) with a force field trained using QM 
to calculate activation barriers for migration of Li+ (and the other) ions as a function of temperature. 
To predict accurate diffusivities, we use the Einstein relation, which requires MD simulations for 
~10 nanoseconds to achieve the Fickian regime of random walk diffusion in which log (RMSD) 
is proportional to Log (time), where RMSD is root mean squared displacement. Such nanosecond 
MD are practical for FF but not for quantum mechanical (QM) MD such as AIMD, which is 
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practical for systems with <300 atoms for timescales <100ps. Consequently, we use a QM trained 
FF to study diffusivity and conductivity. 

Computational Methods
To assess the feasibility of Li3BS3 for ionic conductivity, we started with Periodic Density 

Functional Theory (DFT) calculations using the Vienna Ab-Initio Simulation Package (VASP)  
with the PBE-D36 DFT functional.7 First, we minimized the structure to serve as the starting point 
for the MD. 

Then, to calculate diffusion on a large unit cell for 20 ns, we adjusted the parameters of the 
Universal Force Field (UFF)8 to match B-S bond distances from DFT, and we adjusted the UFF 
nonbond and electrostatic parameters match the experimental bond lengths and density at room 
temperature (293 K) to within 5% accuracy. We also induced a 2% vacancy to mimic cell 
imperfections and defects commonly seen in experimental conditions.

To setup the initial conditions for MD simulations, the following steps were taken:

1. Scaled charges were assigned using the DDEC69 method to each individual atom in the 
minimized structure obtained from initial QM VASP calculations. These charges were used as 
point charges throughout all remaining steps.10

2. Constant volume temperature thermostat (NVT) simulations at 10K for 10ps were used to 
generate initial velocities. 

3. Heating of the periodic box from 10K to 300K over 100ps using NVT conditions. 

4. Constant pressure and temperature (NPT) simulations for 20 ns at 293 K for 20 ns, followed 
by NVT-MD simulations at ~ 1 atm pressure at various temperatures between 200K and 600K. A 
Berendsen thermostat damping time of 0.1 ps was used to describe temperature fluctuations in the 
system. 

We performed 20 ns NVT-MD simulations to reach Fickian behavior [log (MSD) proportional 
to log (time)] to extract diffusion coefficients for ionic conduction of Li+ and other ions . The 
diffusion was predicted as a function of temperature to obtain activation energies. We report the 
results of anion and cation diffusion in Li3BS3 over the range from 200K to 600K, where we 
observed superionic conductivity for Li3BS3, as expected.

Following completion of MD at each temperature, ion diffusion coefficients (D) were derived 
from a mean square displacement (MSD) using the Nernst-Einstein diffusion equation. 

MSD(𝑡) ≡ ⟨(𝑟(𝑡) ― 𝑟(𝑡0))2⟩ = 6𝐷𝑡

where MSD for time t is the average MSD for that time increment averaged over the whole 20 ns 
trajectory. To obtain D we plot log MSD vs Log t to find the point at which the slope is unity (Fick 
condition). The intercept then gives 6D. 

Based on the diffusivity constant, D, from MD, we  used the Nernst-Einstein equation (2) to predict 
the conductivity .

σ = 𝐷𝑁𝑞2

RT (2)
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Here, N is the number of charge carriers per unit cell, q is the charge of the ion, , R is the gas 
constant, and T is temperature. In these calculations we assume q = +1 for the Li+ ion. 

The activation energy (Ea) is computed following the modified Arrhenius equation for 
conductivity (3). For solid-state diffusion, the pre-factor is temperature-dependent due to 
variations in jump frequency and jump distance The standard Arrhenius equation is more 
suitable for the kinetic theory of gasses.11 Therefore, we must use the modified Arrhenius 
equation:

𝜎𝑇 = 𝜎𝑜𝑒𝑥𝑝 Ea

𝑘𝑏𝑇
(3)

Results and Discussion 

Table 1. Diffusivity and conductivity values for Li3BS3 as a function of temperature. 
Temperatures from 200K to 600K. 

We calculate the ion migration number to be 0.94. Previous computational analyses predict 
the electrochemical stability window to be +0.45 V.12 As shown in Table 1 there is a sharp 
increase in conductivity between 400K to 500K, with significantly increased disorder in B and S 
at 500K. As a result, secondary effects from increased lattice disorder in the Li3BS3 supercell 
dramatically increase Li+ diffusion rate and conductivity above 400K. Increases in secondary 
diffusion in B and S would allow for increased diffusion for Li, as vacancy sites present in the 
lattice as a result of B and S movement would increase Li hopping. This would be similar to AgI, 
where a structural phase transition from the β-phase hexagonal close-packed (HCP) structure to 
the t α-phase body-centered cub (BCC) structure increases conductivity by a factor of 100.13 In 
the Li3PS4 electrolyte, there is also a structural phase transition from the β to α-phase due to 
increased disorder as temperature increases. This phase transition occurs from 573 to 758K. 

Temperature Diffusivity (cm2/s) Conductivity 
(S/cm)

200K 3.62E-09 7.60E-04

300K 1.60E-08 2.21E-03

400K 3.41E-08 3.47E-03

425K 1.14E-07 1.12E-02

450K 9.87E-08 9.64E-03

475K 1.45E-07 1.29E-02

500K 6.74E-06 5.63E-01

600K 2.89E-05 1.95E-00
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Although we have not characterized the nature of the phase transition in Li3BS3, the behavior is 
similar to that found in Li3PS4, in which a first-order transition occurs.14 

Figure 1. Mean Square Displacement versus time at 300K (left), 400K(middle) and 500K (right). 
The grey lines show each Li while the average over all Li is in turquoise. The plots for other T are 
in the SI. We see a big change in B and S diffusion between 400 and 500K. S is depicted in yellow, 
Li in turquoise, and B in purple.

Fig. 2 shows that the predicted conductivity increases dramatically between 400K and 500K. 
We find that this elevated diffusion arises from increase vacancies present in the crystal lattice 
above 400K. This, alongside elevated thermal energy and entropy in Li+ as a result of increased 
temperature, increases overall conductivity values drastically, by 1.6E+04 % at 425 K, with drastic 
changes also occurring from 450 to 475K.  

Figure 2. Log-plot of ion conductivity times temperature (T) for Li3BS3 from 200-400K and 
400-600K. Unit cell structures were optimized using NPT. Other studies on Li3BS3 and similar 
derivatives are also shown. 
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Previous experimental analyses of Li3BS3 glass, formed by melt-quenching the Li3BS3 
crystal by heating the system to 1000K then cooling to 300K to form the glass, found ionic 
conductivities on the order of magnitude of 0.336 mS/cm at 298K with an activation barrier of 
0.33 eV over the range of 200 to 600K.15 Our simulations find activation energy of +0.08 eV 
from 200-400K, but an activation energy is +0.74 eV from the temperature range of 400-600K. 
Deviation of our MD-predicted diffusivity and conductivity values from experimental values 
may arise from inhomogeneities in the experimental samples and defects present in a Li3BS3 
glass.16 Here, we use the term “defect” to include impurities, phase separation, clustering, 
coordination defects, substitutional defects, vacancies, etc.

Ab-Initio Molecular Dynamics using DFT of the plane-wave (PAW) implementation of the 
Vienna Ab-Initio simulation package (VASP) found ionic conductivities ranging from 10-6 to 10-

3 mS/cm at 300K with barriers ranging from 0.08 eV to 0.25 eV, depending on the direction of 
Li+ diffusion in the lattice. Movement along the c-direction led to an activation barrier of 0.08 
eV, whereas movement along the path connecting the (a,c) layers found activation barriers of 
0.25 eV. However, these time scales of <100 ps were too short for reliable conductivities.17 

These results indicate potential application of Li3BS3 and its derivatives as superionic 
electrolytes. 

Conclusion
Li3BS3 is predicted to display superionic conductivity of 2.1 mS/cm at 300K. This, and its low 

activation energy for Li+ migration through the lattice (~ +0.19 eV), make Li3BS3 a good candidate 
electrolyte for the development of advanced solid-state batteries. 

In addition, doping of Li3BS3 holds promise to further enhance its conductivity.17 Thus 
introducing 1-12% Si or Ge based dopants into the system may increasing its conductivity past 10-

3 S/cm, making Li3BS3 quite promising for battery application developments. 
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