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ABSTRACT 

 

ATOMISTIC INVESTIGATION OF PHASE STABILITY AND SODIUM ION 

CONDUCTION IN SULFIDE ELECTROLYTES 

 

Sabina Zakhidovna Chertmanova 

December 1, 2021 

In this thesis, we employ a combination of density functional theory (DFT) calculations, 

and ab initio molecular dynamics (AIMD) simulations to identify the effect of chemical 

doping on (a) thermodynamic phase stability, and (b) Na-ion conduction in 

Na3SbS4 (NSS) solid-state electrolytes. We found that (a) Se doped electrolytes, namely, 

Na3SbSexS4-x undergo a tetragonal-to-cubic structural phase transition at x > 3 (Se-rich), 

and (b) the size, valence, and electronegativity of chemical dopants that substitute Na in 

Na3SbS4 have a cumulative profound impact on Na-ion conductivity. Specifically, 

substituting Na with higher valence dopant (e.g., In3+) that are similar in size to Na can 

result in substantial improvement in Na-ion conduction (~2-2.5 times that in undoped 

case) owing to the increased Na-vacancy concentration in the doped electrolytes. AIMD 

trajectories also elucidate the effect of dopant on the atomic-scale pathways underlying 

Na-conduction.
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CHAPTER I 

INTRODUCTION 

 

 

As environmental issues increase due to conventional methods of energy supply, 

society is at search for alternative methods of energy, such as wind and solar power. This 

in turn, raises the need for alternative energy storage solutions. For decades Lithium-ion 

batteries (LIBs) have been the main player as an energy storage solution from consumer 

electronics, such as kid’s toys, phones, and laptops, to electric vehicles, aerospace industry, 

and grid storage. This is thanks to large efforts in battery research developments that have 

led to improved performance and reduced production costs. However, with increasing 

market price of lithium (Li) and safety hazards, such as battery fires and explosions, that 

come with batteries containing liquid organic electrolytes like LIBs, efforts are being made 

to find an efficient, safe, and abundant replacement. 

 Consequently, one of the attractive alternatives to energy storage has been all-

solid-state batteries (ASSBs) due to the elimination of liquid electrolytes from batteries 

altogether and thus, relies on the use of inorganic solid state electrolytes (SSEs). ASSBs 

are projected to be the future of batteries as they have noncombustible solid electrolytes 

(SEs), improve energy density and recyclability, can operate at room temperature, and have 

wide operating temperature range which reduces the need for cooling power requirements. 

Many of ASSBs characteristics allow for energy efficiency, consumer safety, and cost 
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reduction during manufacturing phase, consuming phase, and the afterlife of the battery. 

Sodium-ion batteries (NIBs) are favorable candidates for ASSBs as sodium (Na) based on 

its standard potential, naturally abundant – 1,180 times the available supply of Li and has 

similar battery chemistry to Li batteries. Though NIBs were first developed in the 1970s, 

in use with liquid organic electrolytes, their poor performance compared to LIBs hindered 

their utilization and limited the number of studies conducted in this area, thus, leading to 

gaps in literature of NIBs that still need to be understood. However, in combination with 

SSE, NIBs have gained interest in the battery research field. The NIBs are evaluated on 

various levels such as its ionic conductivity, mechanical strength, interfacial contact, 

electrochemical stability, thermal stability, and ease of production. 

Going more into details of NIBs, one of the first major NIB findings consist of β″-

Al2O3 which was reported to have ionic conductivity of 1 x 10-3 S/cm [1]. Only two decades 

after, Na3Zr2Si2PO12 was reported to exhibit higher conductivity than that of a popular 

lithium ion electrolyte, Li1.3Al0.3Ti1.7(PO4)3 [2]. Since lithium ion batteries took primary 

stance in electrochemical storage systems, there was sort of a pause is NIB research that 

resumed around 2010’s one of which, Wang et al. conducted on solid Na3PS4 (NPS), 

discovering conductivity of 2 x 10-4 S/cm at room temperature [3]. This study jumpstarted 

many studies to be centered around solid sodium ion electrolytes. The following studies 

consisted of variations of the NPS compound such as Na4SiS4, Na3PSe4, Na3SbSe4, 

Na11Sn2PS12, Na2.730Ca0.135PS4, t-Na2.9375PS3.9375Cl0.0625, Na3SbS4, Na2.88Sb0.88W0.12S4, 

reporting comparable room temperature ionic conductivities in the ranges of 7.4 x 10-4 - 

3.2 x 10-2 S/cm [4, 13]. 
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Furthermore, sulfide-based SEs, though said to have low air stability, have also 

attracted attention due to their mechanical properties and chemical stability. This includes 

benefits of wide electrochemical window, high conductivity, and desired mechanical 

properties in ASSBs such as a high elastic modulus [14]. Thus, exploration of sodium-

sulfur solid electrolytes such as Na3SbS4, has taken front row seat in NIBs research as NSS 

has been used as a base compound for various interfacial and ionic conductivity studies. 

As the search for a composition that contains the desirable traits mentioned above 

continues, areas of research use various methods to increase ionic conductivity of NSS 

electrolytes.  

For the first portion of this thesis, DFT will be used to look into phase stability of 

Selenium-doped sulfur in NSS since often, the cubic crystal structure of NSS is found to 

have desirable conduction traits. While the lack of studies and understanding found for 

NIBs and effects of different temperature ranges, dopant elements’ ionic radius an 

electronegativity is a motivator for the second portion of this thesis where DFT and AIMD, 

will be used to study Na6Sb2S8, in its cubic and tetragonal polymorphs and the effects 

various doping elements via substitutional doping, of differing ionic radii, number of 

valence electrons, electronegativity, and high temperatures have on Na+ diffusivity, Na+ 

ion activation energy barrier, formation energy and ionic conductivity.
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CHAPTER II 

BACKGROUND 

 

 

Firstly, there are many advantages in using chalcogenides in SSEs, as a 

comparison to oxide-based SSEs, which can have poor interfacial stability due to dendrite 

formation and is often unstable with cathode materials, chalcogenides, such as sulfides or 

selenides offer larger ionic radii and lower electronegativity, presenting a weaker bonding 

strength between the chalcogenide and cation, (Na+) element [15]. This weakened bond 

allows for better mobility within sodium-ion transport. 

Na3SbS4 is like Na3PS4 conductor, in that it also displays polymorphs that include 

tetragonal structure (F43 space group) at room temperature and cubic structure (P421c 

space group) at elevated temperatures [20-21]. For Na3SbS4-xSex conductors, the partial 

replacement of S by large anion Se only changes its crystal structure but also enhance the 

ionic conductivity by reducing grain boundary resistance [22-23]. The feasibility of 

Na3SbS4 and Na3SbSxSe4-x SSEs is demonstrated in solid-state Na batteries pairing with 

various cathodes (e.g., FeS2, TiS2, etc.) [20, 23-25].  

Since the second portion of this thesis focuses on sodium ion conduction, the 

main interest lies in characteristics of NIBs and ways to greatly improve Na diffusivity. 

There are various methods of increasing Na ion diffusion a few of which include 

interstitial doping, substitutional doping, introduction of vacancies, systematic changes 
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such as increase of temperature, and structural optimization such as micro-scaled 3D 

diffusion pathways through specific synthesis methods [18]. Substitutional doping, which 

will be implemented in this study, has numerous effects on the crystal structure, diffusion 

pathways, activation energy, formation energy, and introduction of vacancies. 

To further elaborate, the extent and type of influence that substitutional doping 

has largely relies on the dopant element itself. The ionic charge, its radii, the 

concentration of the dopant. Aliovalent substitutions is where the doping element has a 

differing charge when compared to the element that is being substituted. For example, in 

this study, the element being substituted is the cation Na+, meanwhile, dopant atoms 

include elements from Groups 2, 3, and 13 and have double or triple the ionic charge of 

the sodium ion. This results in more sodium ions being removed than the number of 

dopants being substituted in, yielding vacancies in the lattice when an Na+ ion once 

resided. This is an important byproduct of aliovalent doping as it creates a site where 

sodium ions can hop to, which in turn increases diffusion. Though vacancies can be 

induced through, they are not limited to aliovalent substitutions and can be introduced 

without any dopants.  

Some previous work which shows the impact of vacancies in doped and undoped 

cases include a computational study where increasing vacancy concentration to only 2% 

in Na3PS4 was found to enhance conductivity by one order of magnitude, while Chu et al. 

found in experimental study that t-Na3-xPS4-xClx with x=0.0625 resulted in a conductivity 

of 1.14 mS/cm at room temperature, (RT) [19,9]. Furthermore, in a study of 

Na10+xSn1+xP2-xS12, Duchardt et al. display the importance of vacancy and its effects on 

Na+ conduction by showing that due to vacancy formations, at x=1, Na11Sn2PS12 yields 
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an ionic conductivity of 3.7±0.3 mS/cm [7]. This is further confirmed in Na3SbS4 

computational study by Jalem et al. where in undoped cases, extrapolation of data to RT 

shows 8.280 mS/cm and 21.98 mS/cm at 2% and 4% Na vacancy concentration, 

respectively. Meanwhile, in cases where Antimony (Sb) was doped with Molybdenum 

(Mo) and Tungsten (W) and a 4% Na vacancy concentration was present, maximum ionic 

conductivity of 44.94 mS/cm and 80.63 mS/cm respectively, was found at RT [16].  

Furthermore, the ionic charge, or oxidation state of the dopant element, 

specifically in comparison to the element that it is substituting. This is likely due to the 

interaction that will take place between same charge species in the lattice. For example, if 

Na+ ion is being substituted with another cation of oxidation state 1+, then it is most 

likely not going to make much difference to sodium diffusion compared to if there is 

aliovalent substitution by an element with higher oxidation state. With a higher charged 

doping ion, there will likely be increased coulombic repulsion between the doping ion 

and sodium ions within nearby sites. Thus, more of an influence for sodium ions to jump 

and increase diffusivity. This will also in turn, influence activation and formation 

energies found in doped compositions. 

Lastly, an impedance to sodium diffusion can be caused by pathway bottleneck 

areas within to the crystal structure usually created by the volume SbS4 tetrahedral takes 

up in the crystal structure which tends to block the channels which Na+ ion would like to 

travel through. This consists of a pathway described by the diameter known as bottleneck 

diameter. The study by Jalem et al. also showed enhanced 3D diffusion pathways due to 

dopant ions as they tend to induce larger Na Wyckoff site cages due to smaller 

WS4/MoS4 tetrahedral volume relative to SbS4 [16].
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CHAPTER III 

COMPUTATIONAL METHODS 

 

 

To understand phase stability in selenium doped NSS, first principles calculations 

based on DFT were performed via Vienna ab initio simulation package (VASP). The 

exchange-correlation energy was treated with the generalized gradient approximation 

(GGA), using the functional of Perdew-Burke-Ernzerhof (PBE). 2 × 1 × 1 supercells of 

the unit cells c-Na3SbS4 and t-Na3SbS4 were created to obtain the model cells and 

incorporate the Se substitution, c-Na6Sb2S8-xSex and t-Na6Sb2S8-xSex, respectively. The 

simulation process for both polymorphs were the same, in the first step, the cell was 

allowed to adjust its volume and relax around the new size of the Se atom by setting ISIF 

to 7 while forces and stress tensors were calculated, next ISIF was set to 2 to allow ionic 

movement to allow energy optimization, this is also known as the utilization of the Nose-

Hoover thermostat (NVT ensemble).  

For both steps, the kinetic energy cutoff was set to 520 eV, temperature of the 

system was assumed 0 K, and the number of maximum ionic steps to be taken was 

limited to 99. The structures were optimized with the conjugate gradient method, energy 

convergence value between consecutive steps was set to 10-6 eV and lastly, Γ-centered 3 

× 3 × 3 k-point mesh was adopted. 

 



 

8 
 

For observation of the effects of various chemical doping elements in NSS for 

sodium ion conduction, first, using DFT, the first principles calculations were performed 

on the unit cells, c-Na6Sb2S8 and t-Na6Sb2S8, via VASP, in which, the exchange-

correlation energy was treated with the GGA using the functional of PBE. Relaxation of 

the unit cell was performed in the same manner as the DFT calculations of selenide 

doped NSS.  

A 2 × 2 × 1 supercell was then created to obtain c-Na24Sb8S32 and t-Na24Sb8S32 

and the dopant elements, Ca2+, Ba2+, In3+, Y3+, and Ga3+, were incorporated to create 

model supercells to be used in AIMD calculations, these compositions can be found in 

Table 1. The step size for the molecular dynamics (MD), was set to 1 fs and an energy 

cutoff of 336 eV was used for model cells containing Ba2+, In3+, Y3+, and Ga3+ dopants 

and 346 eV for those that are Ca2+ doped. A Monkhorst-pack k-point scheme of 1 × 1 × 1 

was implemented, and the pseudopotentials used for all participating elements were of 

standard forms. The target temperatures were set between 800 K and 1200 K with 

increments of 100 K. The trajectory sampling was carried out for 100,000 steps with a 

NVT ensemble. All 60 possible combinations of cell structure, compositions, and 

temperatures were generated and used in the AIMD simulations.  

The Ca-doped and Ba-doped model cell compositions shown in Table 1 results in 

single sodium ion vacancy, while the Ga-doped, In-doped, and Y-doped results in two 

Na+ ion vacancies.  

Lastly, with the goal of finding formation energies associated with each 

composition, 𝐸𝑓𝑜𝑟𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
, created, further relaxations were performed for each model 
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supercells, both cubic and tetragonal, and for each element’s most stable crystalline 

structures. These relaxations consisted of the same method utilized in the DFT 

calculations of selenide doped NSS, with the exception of utilization of ISIF 3 in this case 

for allowance of degrees of freedom such as cell shape, volume, and atom positions, in 

these relaxations. 
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Table 1 

Naming convention and associated compositions. 

Naming Convention Composition 

Base Na24Sb8S32 

Ga-doped Na21Ga1Sb8S32 

In-doped Na21In1Sb8S32 

Y-doped Na21Y1Sb8S32 

Ca-doped Na22Ca1Sb8S32 

Ba-doped Na22Ba1Sb8S32 
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CHAPTER IV 

PHASE STABILITY OF SELENIUM-DOPED SULFIDE ELECTROLYTE 

 

 

The content presented in this chapter is published as part of an article in 

ChemSusChem. [Halacoglu, Selim, Sabina Chertmanova, Yan Chen, Yang Li, Manthila 

Rajapakse, Gamini Sumanasekera, Badri Narayanan, and Hui Wang]. Studying selenide-

doped NSS and how the doping effected phase transitioning from the cubic to tetragonal 

phase in which, DFT calculations were used to understand energetic differences between 

the cubic and tetragonal polymorphs of Na3SbS4-xSex at various doping levels of selenium 

(Se). S2- and Se2- both being isovalent, anionic species allowed for selenium to occupy 

any lattice sites that sulfur (S) atoms reserved. 

After running calculations and collecting information, the configurations of Se 

atom placement(s) which had the lowest cohesive energy for the n-doped level were 

considered as the most stable lattice sites. Cohesive energy for all possible configurations

for the desired Se doping amount, x, were calculated. 510 possible atomic configurations 

were evaluated, half of which were for cubic structures and the other half for tetragonal 

structures. Figure 1 shows all cohesive energies found for doping amount x=4, and 

polymorphs.  

The correlations found between various doping levels and cohesive energies of 

the most stable doped structures found within cubic and tetragonal polymorphs along 
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with the phase transition point that was noted. It is apparent that from ranges in the 

original unit cell where x is [0,3] the most stable compositions were found in tetragonal 

polymorph, whereas unit cell ranges where x > 3 the cubic phase becomes 

thermodynamically stabilized at high Se doping levels, as seen in Figure 2. It is worthy to 

also note that the difference between the two phase’s energetic difference was relatively 

low (<40 meV/u.f.) at any given doping level, meaning that the cubic phase could be 

stabilized at high temperatures. 

 Furthermore, to confirm the findings, XRD and neutron diffraction experiments 

were performed which showed the formation of the tetragonal phase taking place at low 

Se doping and when temperatures rose above 350 °C, the characteristic diffraction peaks 

appear corresponding to the cubic structure of Na3SbS3.5Se0.5. The cubic structure showed 

stability of the composition until it transitions to molten state at 600 °C [17].  To confirm 

the experimental findings, XRD simulations were conducted via the use of Visualization 

for Electronic and Structural Analysis (VESTA) where Cu K-alpha radiation was utilized 

to retrieve 2𝜃 diffraction angles and their intensities. This information was then related to 

find d, the spacing of crystal planes and analyzed for the crystal planes which were 

present. Figure 3 shows a representation of the findings from the XRD simulations.
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Figure 1. Cohesive energy data points found in all possible combinations of sites that Se 

can substitute S atoms with x=4 in c-Na6Sb2S8-xSex and t-Na6Sb2S8-xSex.
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Figure 2. Difference in energies between cubic and tetragonal phases at various levels of 

Se doping (x).
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3. Planar differences in between undoped NSS and single Se-doped NSS in (a-b) 

Cubic, (c-d) Tetragonal phases.



 

16 
 

CHAPTER V 

EFFECT OF CHEMICAL DOPING ON SODIUM ION CONDUCTION 

 

 

Once trajectories for each composition from Table 1were gathered from AIMD 

calculations, mean square displacements (MSD) were assessed. The MSD plots, as the 

one shown in Figure 4, were then used to calculate a self-diffusion coefficient of the Na+ 

ion, D, by simplifying the Einstein-Smoluchowski equation to Equation (1). 

𝐷 =
𝑚𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑔.

6
      (1) 

Where 𝑚𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑔.is the weighted average slope of the linear regions within 

the MSD plot for a specific temperature. It is important to note that some points which 

were found to be outliers from MSD plots will not be considered in linear fittings beyond 

this point. 
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Figure 4. plot of MSD vs. simulation time of c-Ga-doped NSS from 800K-1200K 

obtained from trajectory files.  
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The MSD plot shows that with increasing temperatures sodium ions diffuse more 

over the 100 ps range. Then Arrhenius plots were developed for diffusivity and were 

fitted linearly, Figures 5-6 show the plots for both cubic and tetragonal crystal structures, 

respectively. It is apparent that at high temperatures cubic structures dopant 

compositions, especially those containing In, Ga, Y, have significantly higher 

diffusivities compared to the Base compound. The Arrhenius plots allowed for the 

Arrhenius equation to be applied to the diffusion coefficient variable resulting in 

Equation (2). 

  𝐷 = 𝐷0𝑒−
𝐸𝑎
𝑅𝑇                               (2) 

Where 𝐷0 is the pre-exponential factor, 𝐸𝑎 is the activation energy, R is the gas 

constant, and T is the temperature of the system in Kelvin. By algebraically manipulating 

Equation (2), we can obtain a slope-intercept form of the equation, as seen in Equation 

(3), which allows us to directly extract activation energies and pre-exponential factors for 

each composition studied and is presented in Figures 7-8. 

                              log(𝐷) = −2.30258509
𝐸𝑎

𝑅
(

1

𝑇
) + log(𝐷0)                 (3) 
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Figure 5. Arrhenius plot of diffusivity for cubic structures.
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Figure 6. Arrhenius plot of diffusivity for tetragonal structures.
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Figure 7. Comparison amongst each composition, polymorph, and corresponding 

activation energy.
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Figure 8.  Comparison amongst each composition, polymorph, and corresponding pre-

exponential factor.
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Though it was hypothesized that increase in diffusivity would lead to decrease of 

activation energy, we see a clear trend that most doped compounds, though present 

higher diffusivity compared to the undoped Base, also have higher 𝐸𝑎 and 𝐷0. Using the 

Nernst-Einstein equation, ionic conductivity of the sodium ion, 𝜎, was calculated as seen 

in Equation (4). 

  𝜎 =
𝑁𝑞2𝐷

𝑉𝑘𝑏𝑇
         (4) 

Where N is the number of sodium ions present in the system, 𝑞2 is the ion charge 

associated with Na+, V is the volume of the system, and 𝑘𝑏 is the Boltzmann constant. 

The results of which are shown in Table 2 for reference. 
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Furthermore, Equation (5) was used to find the formation energies of doped and 

undoped compositions. 

                  𝐸𝑓𝑜𝑟𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
=  𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 − ∑ 𝑛𝐸𝑒𝑙𝑒𝑚𝑒𝑛𝑡

𝑖
0                  (5) 

Where 𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 is the total energy associated with a composition, i is the 

number of different elements found in said composition, n is the number of a specific 

element found in the composition, and 𝐸𝑒𝑙𝑒𝑚𝑒𝑛𝑡 is the total energy associated with the 

relaxation of each element’s most stable crystalline structure. The results of which are 

shown in Figure 9. Finally, to visually observe the diffusivity of sodium ions and what 

takes place within the interactions of the doped compositions at high temperatures, an 

open visualization tool (OVITO). OVITO was utilized to aid in tracking a single Na+ ion 

and its mobility throughout the trajectory and how doping affected diffusivity of the 

sodium ion and its interaction with anionic species. 

For context, the initial state of a c-Base composition shows an arrangement of 

SbS4
3-  tetrahedrons while simultaneously, the sulfur ions are bonded to a maximum of 5 

sodium ions and one antimony. Though the initial layout of t-Base composition is almost 

the same, the only difference observed is Na ions seem to bond to a maximum of 7 

sulfurs. Representations of the Base compositions are shown in Figure 10-11. 

Furthermore, to gain insight to whether or not temperature effects diffusion pathways c-

Base trajectories were observed at 900 K and 1200 K, in which the same exactly Na+ ion 

was selected and tracked. It was noted that temperature does impact diffusion pathways 

as seen in Figure 12.
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Figure 9. Comparison amongst each composition, polymorph, and corresponding 

formation energies.

B
as

e

G
a-

do
pe

d

In
-d

op
ed

Y
-d

op
ed

C
a-

do
pe

d

B
a-

do
pe

d

-50

-40

-30

-20

-10

0

E
fo

rm
a

ti
o

n
(e

V
)  Cubic

 Tetragonal



 

26 
 

 

  

(a) 

 

 

(b) 

 

Figure 10. Ball-and-stick simulation model supercell of c-Based in (a) Top view, (b) 

Isometric view. Sodium ions, sulfur ions, and antimony ions are seen as purple, blue, and 

yellow atoms, respectively.
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(a) 

 

 

(b) 

 

Figure 11. Ball-and-stick simulation model supercell of t-Based in (a) Top view, (b) 

Isometric view. Sodium ions, sulfur ions, and antimony ions are seen as purple, blue, and 

yellow atoms, respectively.
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(a) (b) 

 

Figure 12. A small portion of sodium diffusion pathways assessed in c-Base at (a) 900 K, 

(b) 1200 K, via the selection and tracking of same Na ion.
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Figures 12-17 show panels of images that were take in OVITO in sequence over a 

timeframe, these images contain Na (purple atoms), Sb (yellow atoms), S (blue atoms), 

and the dopant (green atom) ion. In the cases of sodium ion hops, some images will 

contain red arrows to distinguish these hops. For Figures 13-17 images in these panels are 

to be read left-to-right, in sequence, as this is a representation of time progression in the 

trajectories, meanwhile for Figure 12, images in the panels provided are to be read from 

top-to-bottom. Some observations that were made during this process are included in the 

list below along with the figure number where a visual depiction of said observation can 

be seen. 

1. Location of antimony and its proximity to sodium ions is responsible for 

Na+ ion diffusivity in undoped cases, meanwhile, in doped cases, 

interaction between Sb5+ and the dopant ion greatly influences sodium ion 

diffusivity, these two observations are demonstrated in Figure 13. It is 

apparent that in the undoped case, a trend of Na+ ions bonding through a 

SbS4 and then one sodium ion tends to break its bond but still stay in the 

same site. Meanwhile, in the doped case, we see a trend of a Na+ ion and 

Ba2+ ion bonding through a SbS4 and when the bond to the sodium ion is 

broken, the sodium ion tends to jump to a different site, in turn, increasing 

diffusivity of Na. 

2. Furthermore, when comparing dopants with oxidation states of 2+ and 3+, 

c-Ba-doped and c-Ga-doped, the dopant element’s charge, and the 

number of valence sites it creates seems to have a bigger impact on 

diffusivity compared to electropositivity as seen in Figures 14-15. 
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Evidently, we see less SbS4 tetrahedrons existing throughout the 

trajectory and more Na atoms interconnected to each other through sulfur 

atoms only rather than through an antimony-sulfur bond. On a different 

note, we see in Ga-doped composition, that whenever Na ions connect to 

Ga ions through sulfur bond, when this connection is broken, the sulfur 

tends to stay with the gallium ion while the sodium jumps to a different 

site. 

3.  While comparing dopants with same oxidation states and different ionic 

sizes, in this case Ga3+ and In3+, and there is a suspicion that the interplay 

between ionic size and electropositivity is what impacts sodium ion 

diffusivity. This is depicted in Figure 14 and Figure 16. 

4. When looking at same dopant compositions with different crystal 

structure, using c-Ga-doped and t-Ga-doped at 1200 K, Figures 14 and 17 

show the two comparisons and it’s noted that the tetragonal structure 

seems to preserve the SbS4 tetrahedrons more than the cubic structure 

does. This results in the connection between antimony and sodium 

through sulfur bonds. This eventually results in sodium ion hops along 

with the already noted sodium hops we observed through the connection 

of Ga and Na ions through sulfur bonds as mentioned in observation 

number 2. 

5. Lastly, cation jumps (sodium or dopant ions) are often symmetric, in the 

sense that if a cation bonded to 3 sulfur ions will jump across the 
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simulation cell to a site that will also allow it to be bonded to 3 sulfur 

ions, most likely to locations with less positively charged ion crowding.
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(a) 

 

(b) 

 

Figure 13. Ball-and-stick visual comparison of (a) c-Base, undoped NSS and (b) c-Ba-doped NSS, and the 

interaction between SbS4 tetrahedron (Sb ions seen in yellow, S ions in blue) and Na-Na ion (purple)/Ba ion 

(green)-Na ion interactions at 1200 K. 
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(a) 

 

 (b) 

 

Figure 14. Ball-and-stick visual representation of c-Ga-doped NSS and the (a) interaction between Na+ ion and 

Ga dopant and (b) corresponding visual images of overall structure and sites that Na occupies, at 1200 K.
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(a) 

 

(b) 

 

Figure 15. Ball-and-stick visual representation of c-Ba-doped NSS and the (a) interaction between Na+ ion and 

Ba dopant and (b) corresponding visual images of overall structure and sites that Na occupies, at 1200 K.
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(a) 

 

(b) 

 

Figure 16. Ball-and-stick visual representation of c-In-doped NSS and the (a) interaction between Na+ ion and 

In dopant and (b) corresponding visual images of overall structure and sites that Na occupies, at 1200 K.
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(a) 

 

(b) 

 

Figure 17. Ball-and-stick visual representation of t-Ga-doped NSS and the (a) interaction between Na+ ion and 

Ga dopant and (b) corresponding visual images of overall structure and sites that Na occupies, at 1200 K.
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Though not much NSS related work has been done with every dopant used in this 

thesis or the high temperatures mention, there are some theoretical studies, that the 

diffusivity findings can be related to if extrapolated to room temperature with additional 

datapoints. It is important to note that the context of methodology used can greatly 

impact the results found in simulations. Also, that there is sometimes outlier data that 

maybe be scrapped leaving insufficient quantities of datapoints to work with which can 

also have a big impact on findings. With these points in mind, further research needs to 

be conducted to further confirm the trends found in this thesis. 

For reference, Table 2 consists of information about dopant type, charge, 

electronegativity, and the found sodium diffusivity at 1100 K and the associated 

conductivity. 



   

 
   

3
8
 

Table 2 

Dopant/ion information and resulting diffusivity and ionic conductivity at 1100 K. 

Name 
Dopant 

Ion 

Ionic radius 

(Angstrom) 

Electro-

negativity 

D1100K 

(cm2/s) 

σ1100K 

(mS cm-1) 

c-Base N/A 1.16 (Na+) 0.93 (Na+) 6.12E-06 162.52 

c-Ga-doped Ga3+ 0.76 1.81 1.68E-05 391.01 

c-In-doped In3+ 0.94 1.78 1.80E-05 418.78 

c-Y-doped Y3+ 1.04 1.22 6.79E-06 157.86 

c-Ca-doped Ca2+ 1.14 1.00 1.02E-05 248.53 

c-Ba-doped Ba2+ 1.49 0.89 6.98E-06 170.06 
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Furthermore, the findings in Table 2 are consistent with the observations made at 

high temperatures through the utilization of trajectories. This includes doped 

compositions resulting in higher diffusivity and ionic conductivity, an increase in 

oxidation state in the dopant ion tends to result in increase of D and σ, there seems to be 

an interplay between ionic size and electropositivity as we see in the case of c-In-doped 

and c-Ga-doped. 
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CHAPTER VI 

CONCLUSIONS 

 

 

In conclusion, we see Na3SbSexS4-x undergo a tetragonal-to-cubic structural phase 

transition at x > 3, meanwhile in the second part of this thesis we note that pure NSS’s 

sodium ion conductivity at high temperatures can benefit through the use of dopants with 

ionic radii smaller than that of sodium ion, lower electropositivity, higher ionic charges, 

and through utilization of Na vacancies and understanding how increase in higher 

concentrations of dopants will affect sodium diffusivity. The ion transport pathways play 

an important role in this study and the interaction of dopant elements and tetrahedron 

SbS4 should be carefully considered. 

Though the study was successful it would be of interest for more studies to be 

done in this area of research to further confirm findings.
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