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ABSTRACT 

SUPERHALOGEN-BASED LI-RICH ANTI-PEROVSKITE SUPERIONIC CONDUCTORS 

MD MOMINUL ISLAM 

2022 

Solid-state batteries are being widely explored to meet next-generation energy storage 

demand with a great potentiality of achieving high energy and power densities at All-solid-

state Lithium-ion batteries (LIBs). In recent years, electronically inverted lithium-rich anti-

perovskite (LiRAP) solid electrolytes with the formula Li3OX, where X is a halogen or 

mixture of halogens have appeared as a prospective alternative of the commercially 

available flammable and corrosive organic liquid electrolytes because of their high ionic 

conductivity, structural variety, and wide electrochemical window.  Here, For the first time, 

we have successfully formulated and synthesized a completely new class of super halogen 

based double anti-perovskite named Li6OS(BH4)2 using thin film methodology. As the 

earliest step, using density functional theory (DFT), the formation energy approach has 

been employed to determine the thermodynamically stability of Li6OS(BH4)2. The 

objective of this research is to find stable solid electrolyte that would be compatible for 

new lithium-ion battery. Experimental characterization supported the theoretical prediction 

that super halogen substitution of X (X= Cl, Br etc.) leads to stabilization of the double 

anti-perovskite structure with a low activation barrier for Li+ diffusion. 
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We have found that the novel anti-perovskite provides a systematically larger band gap 

that can serve to inhibit bulk conductivity, and large spin–orbit coupling for band inversion. 

The performance of the symmetrical Li/ Li6OS(BH4)2 /Li cell was steady and lasted around 

3000 hours without a short circuit. At 0.02 C, the steady specific capacity of the solid-state 

LiFePO4/ Li6OS(BH4)2 /Li battery is 132 mAhg-1. The advantages and disadvantages of 

designing and using the reported material in cutting-edge solid-state batteries are also 

explored. This new class of super-halogen based double anti-perovskite is a promising way 

to develop the compact solid electrolyte at low temperature for solid-state lithium-ion 

batteries.  
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CHAPTER 1 - INTRODUCTION 

  

1.1  Background 

Electrochemical energy storage in the form of rechargeable batteries, especially 

lithium-ion batteries with the highest gravimetric and volumetric energy densities, low-self 

discharge, longer life cycles at an affordable cost, have become ubiquitous in portable 

electronics[1] and electric vehicles [2][3]. Notably, Sony Corporation introduced the 

world's first commercial lithium-ion batteries (LIBs) in 1991 based on Li1–xCoO2 cell of 

Yoshino from the Asahi Kasei Corporation [4][5]. Identical to other electrochemical 

appliances, batteries are also comprised of an electrolyte that enables the exchange of ions 

from the anode (negative) to the cathode (positive) during discharge. Li-ions are eliminated 

from the cathode during charging and move through electrolytes into the anode. Because 

of the applied electric force, electrons move from cathode to anode through an external 

circuit [6].  

Nonetheless, the commercial lithium batteries with carbonaceous materials [7] 

(graphite, carbon nanotubes, nanofibers, and graphene) as anodes [8], transition metal 

oxides (LiTi2O4, LiV2O4, and LiMn2O4) as cathodes [9] as well as ethylene carbonate-

based electrolytes [10] can produce an energy density of 100-265 Whkg-1 [11] that limits 

the further deployment of LIBs on emerging applications in electric vehicles. Moreover, 

the usage of graphite anode (theoretical specific capacity of 372 mAhg-1[12]) is one of the 

significant drawbacks of the lower energy density of the current commercial Li-ion 

batteries. Therefore, researchers of the modern world are devoted to exploiting novel high-

energy-density rechargeable battery systems to meet the ever-growing energy demand.  
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The Li-metal, which has the highest theoretical capacity (3860 mAhg-1), lowest 

electrochemical potential (-3.04 V versus H/H+), and the lowest density (0.59 gcm-3), has 

been widely investigated [13] as the optimal choice to replace the graphite anode. However, 

due to the formation of Li dendrites [14], the low Coulombic efficiency after long-term 

charging and discharging [11] , and the continual reaction of Li-metal with flammable 

organic liquid electrolytes, the use of the Li-metal anode in organic liquid electrolytes is 

impeded [15].  

To properly address the safety concerns, highly flammable organic liquid 

electrolytes should be replaced with new solid electrolytes (SEs), which have better 

electrochemical stability [16]. The major benefit of using SEs is the increased safety [1], 

which is analyzed further to find other beneficial features. Using SEs instead of liquid 

electrolytes will solve the drawbacks of liquid electrolytes and open opportunities for new 

battery chemistries to be devised. With an ability to stabilize the solid electrolyte interphase 

(SEI), a new era of all-solid-state Li-metal batteries (ASS-LMBs) [14] with SEs has been 

introduced. Additionally, the use of SEs as separator limits the formation of Li dendrites, 

which addresses the shuttle effect of poly sulfides in Li-S batteries and electrode erosion 

in Li-O2 battery technologies.  

As a core component of ASS-LMBs, the SEs are generally required to possess 

stable performance ability, no aging effects like mechanical degradation in Lithium 

batteries, stable battery operation at a wide temperature range (like – 50 to 200 °C or 

higher), and high ionic conductivity [15][17][18]. To date, various types of SEs have been 

introduced, including Oxides, sulfides, hydrides, halides, and polymers with room-

temperature ionic conductivities up to 10-4~10-2 Scm-1[14]. Although much progress has 
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been made in improving the properties mentioned above, each SE has its features [15]. 

Therefore, it is hard to fabricate and obtain a perfect SSE with all desired properties.  

 

 

 

 

 

 

 

 

 

Figure 1: (a-b) Schematic demonstration of Li-ion battery using liquid electrolyte and 

solid-state electrolyte [19] 

1.2  Previous Work 
 

In recent years, different types of SEs have been widely investigated. Solid 

electrolytes can be categorized into Oxide type, sulfide type, hydride type, halide type, 

thin-film type, and polymer-based materials. 

The first major milestone in developing SSE was reached through achieving superb 

ionic conductivity, ultra-fast transportation of Li+ ions along with lower crystallinity in the 

LGPS family of materials, tetragonal samples like Li10GeP2S12, Li7GePS8, and 

Li9.54Si1.74P1.44S11.7Cl0.3.  
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Reported coulombic efficiency(η) for the Li9.6P3S12, Li10GeP2S12 and 

Li9.54Si1.74P1.44S11.7Cl0.3 cells was 90%, 61% and 39% [20] [21][22]. However, the LGPS 

families are not electrochemically compatible with the Li anode due to the formation of 

poor ionic and electric conductors such as Li2S at the interface [22]. 

Among the oxide-based SEs, NASICON-type [23][24] materials were introduced 

after the discovery of Na1+xZr2SixP3-xO12 compound with the general formula AM2(PO4)3 

where A site filled by Group IA metals like Li, Na or K and M site with Ge, Zr or Ti. 

Although NASICON-type compounds such as Li1+xAlxGe2x(PO3)4 (LAGP) had superior 

ion conductivity and moisture stability, Linchun et al claimed that LAGP was unstable with 

Li metal. LISICON-type [25] solid electrolytes (SEs) like Li14ZnGe4O16 were originally 

described by Hong et al in 1978, and Robertson et al [26] in 1997 introduced Li14ZnGe4O16, 

although both had lower ionic conductivity (10-7 Scm-1 at ambient 

temperature). Thangadurai and Weppner et al [27] later developed Li14ZnGe4O16, which is 

extremely reactive with Li metal and atmospheric CO2 and has a decreasing conductivity 

over time. Thangadurai and Weppner (2005a) et al developed Garnet-type lithium single 

ion conductors with a general formula of Li5La3M2O12 (M D Ta, Nb) with a conductivity 

of (1.8x10-4 Scm-1 at 50°C) after extensive research on SEs. Garnet-type has a low 

activation energy when the M site in Li5La3M2O12 was partially substituted by Y or In. 

However, after further investigation, it was discovered that garnets are similarly susceptible 

to moisture, and their ionic conductivity reduces when Li2CO3 forms. The major 

disadvantages of oxide-based SEs are their non-flexible nature and expensive large-scale 

production.  



5 
 

Sulfide based oxides were developed in 1986 with the Li2S-SiS2 system. Since then, 

Li2S-SiS2 type electrolytes have been investigated thoroughly because of their high 

conductivity, good mechanical strength and mechanical flexibility, and low grain boundary 

resistance. Due to the polarizable nature of sulfur anion, greater ionic conductivity sulfide-

based SSEs (LiPON, garnets, LISICON, LTAP, etc.) have been researched as an alternative 

to oxide-type SSEs (LiPON, garnets, LISICON, LTAP, etc.). Till today, the highest 

reported conductivity is 6.9x10-4 Scm-1 as the Li2S-SiS2 system was heavily doped with 

Li3PO4. Later in 2001, a new class of thio-LISICON (LISICON, lithium superionic 

conductor) was included in the Li2S-SiS2 system [28]. But with time, researchers found out 

that sulfide-based SEs have low oxidation stability, and they are highly sensitive to 

moisture.  

In recent years, polymer electrolytes were also considered to be a promising 

alternative to the liquid electrolyte, can be divided into three classes: dry solid polymer 

electrolytes, gel polymer electrolytes and composite polymer electrolytes. The polymer 

host, in combination with a lithium salt, acts as a solid solvent in dry solid polymer 

electrolytes (without any liquid). At room temperature, however, the ionic conductivity of 

dry polymer systems is quite low. 

1.3  Motivation 

Need to improve the functionalities of SEs such as (I) ionic conductivity, (II) lower 

activation energy, (III) large bandgap to hinder electric conduction, (IV) compatible with 

lithium metal anode, and (V) low-cost fabrication and commercialization process. 

Additionally, we need to solve the interfacial contact issues of solid electrolyte and lithium 



6 
 

anode. Moreover, we need to reduce to the large grain boundary resistance that exists in 

current SEs by modifying the fabrication process.  

1.4  Objective 

The objective of this work is to determine if a new lithium-rich anti-perovskite 

(LiRAP) family can enhance the ionic conductivity of lithium batteries using solid 

electrolytes. The following tasks were performed to achieve the goal: 

1. Development of new a new family of lithium-rich double anti-perovskite (LiRAP) 

which will contain a high number of mobile Li-ions in the crystal lattice and has a 

low energy barrier for ionic transport, using MD simulations and DFT calculations 

and validating the theoretical approach with practical fabrication. 

2. A novel fabrication technique to synthesize a new solid electrolyte which will be 

compatible with the Li metal anode to achieve better electrochemical battery 

performance. 

3. Develop a novel material by 

a. Ball milling and thermal annealing process 

b. Thin-film fabrication using liquid phase synthesis approach 

c. Use of super halogen instead of traditional halogens 

4. Optimize the experimental condition for developing the novel solid electrolyte 

material including controlling the thickness and solving the interfacial contact 

issues. 

5. Execute the structural and morphological characterization using X-ray diffraction, 

Raman spectroscopy, and field emission scanning electron microscopy/ energy 

dispersive spectroscopy (FESEM/EDS). 
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6. Accomplish the electrochemical characterization using cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS), symmetrical cell test, and full cell 

test. 
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CHAPTER 2 - THEORY 

2.1    Components and working principle of Li-ion batteries 

In each battery, there is a separator immersed in an electrolyte solution containing 

dissociated Li salts divides a positive and negative electrode. Negative and positive battery 

electrodes are composite structures composed of active material particles, a polymeric 

binder, and a conductive additive. The conductive additive transfers electrons and the 

porous electrode wets the surface with electrolyte for Li-ion transport. To create 

appropriate electrical contact between the electrodes, metallic current collectors such as Cu 

and Al are utilized [29]. The porous separator protects the two electrodes from short-

circuiting by acting as an electrically insulating but ionically conducting layer. The cathode 

gives up its lithium ions to the anode when the battery is charged. During the charging 

process, the battery stores energy. The lithium ions from the anode migrate back across the 

electrolyte to the cathode while the battery is discharged, creating the energy that drives 

the battery. Electrons move in the opposite direction to the ions around the external circuit 

in both circumstances [30]. During the charge/discharge process, the reaction happens in 

every electrode. The difference in chemical potential of Li between the two electrodes is 

the driving force that generates a reaction. The reaction mechanisms are shown in the 

equations below: 

At cathode, 

LiCoO2 ↔ Li1-xCoO2 + xLi + xe-        2.1 
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At anode, 

6C+ xLi + xe- ↔ xLiC6         2.2 

 

 Figure 2: Schematic illustration of the working mechanism in Li-ion battery. 

2.2  Battery performance evaluation metrics 

The qualities of batteries are determined by the materials used in the electrodes and 

the size of the batteries. Before designing an energy storage system, it's important to 

consider the battery's electrical properties, such as current, voltage, and capacity, as well 

as its thermal characteristics, such as battery performance at various ambient temperatures. 

This section focuses on understanding the specific capacity, coulombic efficiency (CE) and 

energy density, cycle life and voltage. The theoretical model and simulation for novel 

electrolytes of batteries are summarized.  
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a) Specific capacity: The capacity is the charge held by applying a specific current (I) 

for a specific duration (t) (Q). A specific capacity is the amount of charge that can 

be held per unit mass of electrode materials (SC). 

b) Coulombic efficiency and Cycle life: The ratio of discharge capacity to charge 

capacity is referred to as Coulombic efficiency (CE). It represents the amount of 

capacity lost during the cycle. The capacity is reversible if the CE is 100 percent. 

Side reactions between the anode/cathode and the electrolyte are responsible for 

CE loss or CE less than 100%. This is an essential parameter that influences the 

capacity of the battery when the cycle number is increased. Over 100 cycles, a 0.1 

percent CE reduction results in a 10% capacity reduction. 

c) Voltage: The difference in chemical potential between the anode and cathode 

electrode is the main reason to have voltage in battery. The reference voltage value 

used in Li-battery literature is the electrochemical potential of Li+/Li. 

d) Energy and power density: The specific energy or gravimetric energy density is the 

result of integrating the voltage range and specific capacity (Whkg-1). Batteries with 

high energy density is a good indication that they can store a large amount of energy 

in a small amount of mass. Whereas batteries with high power density can deliver 

a large amount of energy in a short time based on its mass. 

2.3  Material characterizations 

2.3.1  X-ray diffraction spectrum (XRD) 

X-ray powder diffraction (XRD) is a quick analytical method that may offer 

information on unit cell dimensions and is mostly used for phase identification of 

crystalline materials. The studied material is finely powdered, homogenized, and the bulk 
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composition is calculated on an average basis. In 1912, Max von Laue observed that 

crystalline substances operate as three-dimensional diffraction gratings for X-ray 

wavelengths that are comparable to plane spacing in a crystal lattice. The method of X-ray 

diffraction is currently widely used to analyze crystal structures and atomic spacing. 

Constructive interference between monochromatic X-rays and a crystalline sample is the 

basis of X-ray diffraction [31][32][33].  

A cathode ray tube produces the X-rays, which are then filtered to create 

monochromatic radiation, collimated to focus the beam, and aimed onto the sample. When 

Bragg's Law (nλ=2d sin θ) is satisfied, constructive interference (and a diffracted ray) 

results from the interaction of incident rays with the sample. In a crystalline sample, this 

rule connects the wavelength of electromagnetic radiation to the diffraction angle and 

lattice spacing. Following that, the diffracted X-rays are detected, processed, and tallied.  

Due to the random orientation of the powdered material, scanning the sample across 

a range of 2 angles should provide all conceivable lattice diffraction directions. Because 

each mineral has its own set of d-spacings, converting the diffraction peaks to d-spacings 

enables for mineral identification. This is usually accomplished by comparing d-spacings 

to established reference patterns. The production of X-rays in an X-ray tube is the basis for 

all diffraction procedures. The diffracted rays are collected once the X-rays are aimed 

towards the sample. The angle between the incident and diffracted rays is a critical 

component of all diffraction. Beyond that, the apparatus for powder and single crystal 

diffraction differs. 

2.3.2  Energy dispersive spectroscopy (EDS) 
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The technique of energy dispersive spectroscopy (EDS) is mostly employed for 

qualitative material examination, although it can also provide semi-quantitative results. 

SEM apparatus is typically paired with an EDS system to allow chemical analysis of 

features shown in the SEM display. In failure analysis scenarios where spot analysis is 

critical to reaching a reliable result, simultaneous SEM and EDS analysis is useful. 

Secondary and backscattered electrons utilized in image formation for morphological 

analysis, as well as X-rays used for identification and quantification of compounds present 

at measurable amounts, are among the signals produced by a SEM/EDS system. The 

detection limit in EDS is determined by the smoothness of the sample surface, the smoother 

the surface, the lower the detection limit. EDS can detect major and minor elements at 

concentrations more than 10% wt% (major) and less than 10% wt% (minor) 

(concentrations between 1 and 10 wt percent) [34][35]. 

2.4  Electrochemical characterizations 

2.4.1  Cyclic voltammetry 

The most flexible electroanalytical approach for studying electroactive substances 

is cyclic voltammetry (CV). CV is widely used in the domains of electrochemistry, 

inorganic chemistry, organic chemistry, and biochemistry due to its flexibility and 

simplicity of measurement [36]. The potential of a small, stationary working electrode is 

altered linearly with time in cyclic voltammetry, starting at a potential where no electrode 

reaction occurs and progressing to potentials where a solute (the substance being 

examined) is reduced or oxidized. The direction of the linear sweep is reversed after 

passing the potential zone in which one or more electrode reactions occur, and the electrode 

reactions of intermediates and products created during the forward scan are often identified. 
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The scan (or sweep) rate and total potential traversed govern the time scale of the 

experiment, which can range from 102-10-5 s to 10-10-3 s. Quantitative investigations are 

normally limited to 10-10-3 s. A supporting electrolyte is present to prevent charged 

reactants and products from migrating. Because it can give important information 

regarding redox reactions in a way that is readily produced and analyzed, this basic 

experiment has become increasingly popular in chemical research. 

2.4.2  Electrochemical impedance spectroscopy 

EIS (electrochemical impedance spectroscopy) is a useful instrument for analyzing 

electrochemical processes and charge transfer kinetics. The electrochemical response is 

measured when an electric potential is applied [37]. EIS is widely employed in a variety of 

applications, including energy storage, solar, and other electrochemical devices. To 

understand the internal non-linear electrochemical dynamics, an alternating current (AC) 

voltage is provided between the electrodes and the function of frequency is documented. 

The Nyquist plot can be used to analyze the EIS data. The ohmic/ series resistance (Rs), 

which is the bulk resistance, is shown by the Z-real axis in the Nyquist plot. Charge transfer 

resistance (Rct) between the two interfaces is determined by the semicircle in the lower 

frequency range, and the electric double layer capacitance between the interfaces is 

represented by the constant phase element (CPE) [38]. Warburg impedance (W) is an 

inclined line in the lower frequency domain that depicts charge diffusion. To match the 

EIS results, the Randles equivalent circuit can be employed. 

2.4.3  Symmetrical cell test 
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A symmetrical cell test is an electrochemical test that uses the same material as the 

positive and negative electrodes (for example, a symmetrical cell with Li/Li electrodes on 

both sides). To comprehend the electrochemical Li plating/stripping cycles, the 

symmetrical cell can be used. The same Li electrode can be used on both sides of the cell 

to better understand the Li plating mechanism. To study the Li deposition behavior and 

long-term voltage versus time profile, plating/stripping can be done at different current 

densities to produce different capacities. Even though the cell has no voltage Vs Li+/Li and 

is therefore ineffective for practical applications, it provides extensive information about 

the reactions between the electrode materials and the electrolyte. 

2.4.4  Half-cell or Full cell test 

A half-cell or full cell is a cell having a separate positive and negative electrode 

that shows the voltage differential. Full cells have anodes other than lithium (such as 

graphite and tungsten trioxide) and cathodes such lithium cobalt oxide (LCO), Lithium iron 

phosphate (LFP) and lithium nickel manganese oxide (NMC), whereas half-cells have 

lithium as anode and any other electrode materials. In lithium metal batteries, a half-cell is 

sometimes referred to as a full cell. 
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CHAPTER 3 - EXPERIMENTAL PROCEDURES 

3.1  DFT calculation method 

First principles electronic calculations were performed in the framework of density 

functional theory (DFT) as implemented in Quantum Espresso [39].  

We used Optimized Norm-Conserving Vanderbilt [40] pseudopotentials and 

Perdew-Burke-Ernzerhof generalized-gradient approximation (GGA) functional [41] for 

all DFT calculations. Initially, the total energy and force were fully converged against the 

cutoff energy, k-point grid, and vacuum along the z-axis in all the slabs before proceeding 

to any further calculation. In all cases, both the energy and force convergence tolerance 

were set to 1x10-4 Ry. After convergence testing, the cutoff energies for wavefunction and 

density function were set to 80 Ry and 320. Similarly, A Γ-centered k-point grid by 

Monkhorst-Pack Method [42] was set to 3×3×3. All structures are geometrically relaxed 

until the total force on each ion was reduced below 0.01 eV/Å.  

Figure 3: a. Fm-3m cubic-face centered crystal structure and ionic structure (b) of 

Li6OS(BH4)2 
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We employ the PBE0 functional to anticipate more accurate band gap values when 

calculating electronic energy band topologies. We use a convergence threshold of 10-6 eV 

that is appropriate for electronic self-consistent cycles. To search for the Li+ diffusion 

channel in the electrolytes of interest, the climb image nudged elastic band (CI-NEB) 

approach with the Limited-memory Broyden-Fletcher-Goldfarb-Shanno (LBFGS) 

optimizer was utilized. After complete structural relaxation, the original and final 

configurations are achieved. The number of pictures incorporated in the CI-NEB 

computations is determined by the response coordinates between the original and final 

configurations. This approach is beneficial for determining the activation barrier as well as 

pinpointing the bottleneck along the Li+ carrying channel. A theoretically predicted 

structure's phonon frequency spectrum is utilized to assess its dynamical stability. The 

PHONOPY package's super-cell approach is used to do the essential frozen-phonon 

computations based on harmonic approximation. The phonon computations are performed 

on supercells of relaxed structures. The amplitude of imaginary frequency must be smaller 

than 0.3 THz to allow for acceptable numerical mistakes in phonon computations. The 

formation energy (enthalpy) of each LiaSbOc(BH4)d compound is characterized in terms of 

the chemical potentials of component elements as, 

𝑬𝒇 = #𝑬𝒄𝒐𝒎𝒑 − 𝒂𝝁𝑳𝒊 − 𝒃𝝁𝑺 − 𝒄𝝁𝑶 − 𝒅𝝁𝑩𝑯𝟒*	/	(𝒂 + 𝒃 + 𝒄 + 𝒅)



1 

where Ecomp is the total energy for the compound and chemical potentials μLi, μS, μO, and 

μ(BH4) are total energy per atom for Li, S, O2, and BH4.  We used ground state stable 

structure as reference for each element as listed in the materials project webpage 

(https://www.materialsproject.org) 

3.2  Convergence parameter for DFT 
 

 

Figure 4: Different convergence parameter for DFT 

We have used the formula 

𝑉,-.(𝑟) = 	+	
1

4𝜋𝜀/
	∑

𝑒𝑍0
|𝑟 − 𝑅𝐴|=======⃗  



2 

For exchange correlation functional: Norm-Conserving Pseudo Potential is used under the 

framework of Generalized Gradient Approach (GGA) as implemented in Quantum 

Espresso. After acquiring the surface models, we then discuss the relative stability of the 

three clean surfaces. The surface energy is an essential element in surface physics and is 

necessary for simulating a broad range of surface phenomena, particularly surface stability. 

The surface energy (Esurf) may be calculated using the following expression [21]:  

𝐸1234 =
1
2𝑆 [𝐸1567 − 𝑁1567𝐸7258] 

where Eslab is the total energy of a slab model, Ebulk represents the total energy of the bulk 

unit cell, S is the surface area and Nslab is the number of bulk unit cells contained in the 

slab model. We have found the best model approach with an energy cutoff of 80 for wave 

functions, 320 for density functions and the grid density was chosen to be 3x3x3 on real 

space. 

3.3  Bandgap 
 

As is well recognized, a crucial feature of electrolytes is pure ionic transport with 

low electrical components. The electrochemical window of a solid electrolyte, which 

governs the operating voltage range of a battery, is directly dictated by a material's 

electronic structure [22]. While SSE should be highly conductive to Li+ ions, it should be 

insulating for the conduction of electrons to avoid internal discharging. Figure 10 

summarizes the density of states (DOS) for the ionic conductors of interest to this work, 

using the PBE0 screened hybrid functional for improved accuracy in band structure 

calculation, by accounting for some non-local effect in the exchange-correlation functional. 
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Because of the occurrence of very wide forbidden energy gaps between the valence band 

maximum (VBM) and conduction band minimum (CBM), all materials of concern are 

insulating to electrons (CBM). In all compounds, electron states of anions dominate both 

the VBM and CBM. Furthermore, the prohibited gap is demonstrated to be primarily 

governed by the kind of chalcogen species (O, S), with the gap value being associated to 

total bonding strength. The prohibited gap in the most firmly bound O-containing material 

is larger than in the S-based compounds. 

Li6SO(BH4)2 has shown to be electrically insulator, with band gap 4.0272 eV (>2.2 eV) 

with PBE exchange correlation functional. While SSE should be highly conductive to Li+ 

ions, but it should be insulating for the conduction of electron to avoid internal discharging. 

High band gap of 4.0272 eV helps to avoid such electrical conduction, even when the Li-

battery heats up after long charge-discharge cycles. In contrast to many other known 

crystalline materials with strong ionic conductivity, the huge band gap suggests that Li3OCl 

has exceptional electrochemical stability [43]. It is interesting to note that the electronic 

states of the conduction band, especially those at high symmetry k-points, are sensitive to 

the lattice constant. 

For the migration of an interstitial Li+ ion in an anti-perovskite phase, structural relaxation 

reveals that the presence of an interstitial Li+ tends to offset a vertex Li+ of a Li6S 

octahedron from its ideal position, forming a dumbbell coordination with the approaching 

interstitial Li+ at the vertex point. Emly et al.  discovered such a dumbbell formation-

decomposition process as the governing mechanism for the movement of interstitial Li+ 

ions. 
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3.4  Materials synthesis 
 

Crystalline materials for Li6OS(BH4)2 were synthesized by ball milling and liquid 

phase approach. The whole process was carried out in a glovebox under Argon atmosphere 

to isolate the materials from humidity and air. We have developed an efficient synthesis to 

produce lithium-rich double anti-perovskite. The first step of the synthesis of Li6OS(BH4)2 

consists of ball milling a mixture of 1 equivalent of Li2O, 1 equivalent of Li2S, and 2 

equivalent of Li(BH4) for 5 hours. In a typical synthesis, 2.20 gm of Li2O (>97% purity; 

powder; Aldrich), 2.20 gm of Li2S(>99.8% purity; powder; Aldrich), and 4.20 gm of 

Li(BH4)(>95% purity, powder, Aldrich) are mixed thoroughly by ball milling and then the 

mixed powder is placed in a tube furnace for 7 hours and heated to 380-400oC under inert 

gas atmosphere. Moisture is successfully eliminated during heating, and the molten product 

is swiftly quenched or slowly cooled to room temperature in the tube furnace, resulting in 

a variety of textures and grain boundary morphologies. The equipment is flushed with a 

dry inert gas (e.g., Ar) after the synthesis, and the very hygroscopic sample is never 

exposed to ambient moisture. Continuous heating (380-400 °C at melt) and water removal 

under high vacuum promote the creation of the Li6OS(BH4)2 product: 

𝐿𝑖9𝑂 + 𝐿𝑖9𝑆 + 2𝐿𝑖(𝐵𝐻:) → 𝐿𝑖;𝑂𝑆(𝐵𝐻:)9 

The reaction in the molten state is simple, and the sample is obtained as a brown, dense, 

hard polycrystalline mass. Again, the crystalline phase is ball milled for 5 more hours. With 

successive two ball-milling, we got our final sample ready to be drop cast. We have mixed 

0.30 gm of our prepared sample with a solvent 1,2-Dimethoxyethane (DME). 
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Finally, we have added 0.15 gm Lithium bis(trifluoromethanesulfonyl)imide, often 

simply referred to as LiTFSI salt, and kept at stirring for about 8 hours. To our knowledge, 

this is the first publication of the super halogen-based double anti-perovskite, and our ball 

milling and liquid phase synthesis process are wholly innovative and readily scaled up to 

make vast amounts of product. Finally, the mixture was drop casted on top of lithium 

anode. 

3.5  Materials characterization 

3.5.1  X-ray diffractor 

With the use of a sixth generation MiniFlex benchtop X-ray diffractometer, the 

crystal structure and crystallite size measurement of solid-state electrolytes were examined 

with Cu-Ka radiation (l = 1.54178 angstorm). It is the newest addition to the MiniFlex 

series of benchtop X-ray diffraction analyzers from Rigaku, which began with the 

introduction of the original MiniFlex XRD system decades ago. MiniFlex X-ray diffraction 

(XRD) system is versatile enough to perform challenging qualitative and quantitative 

analyses of a broad range of samples, whether performing research or routine quality 

control. Cu-k radiation X-rays were utilized to scan the powder samples at a scan rate of 

2° per minute across a range of 10° to 90° (2 degrees per minute). Moisture-sensitive anti-

perovskite samples were covered with Kapton tape (l =25 m) before being subjected to 

XRD examination. The XRD spectrum simulation was carried out with the help of the 

VESTA 3 software [17]. The X-ray is generated when the applied tube voltage and the 

current reached 40 KV and 44 mA. Figure 6 shows the picture available XRD setup in the 

lab at SDSU. 
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Figure 5: Picture showing the X-ray diffractometer located in the Lab at SDSU. 

3.5.2  Scanning electron microscopy and energy dispersive spectroscopy 

A Hitachi S-4300 N SEM was used for scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS) characterization. Hitachi S-3400N SEM and 

Hitachi S-4700N FESEM were used to create SEM pictures, EDS, and elemental mapping. 

The cross-sectional SEM images and the surface topography were measured. The sensitive 

samples, such as Li and modified Li, were transported in a closed vial from the glove box 
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to the SEM chamber. The semiconducting samples were gold-sputtered with the aid of 

CRC-sputtering utilizing a Hitachi S-4300 N SEM. Depending on the kind of sample, 

different accelerating voltages were used to scan high resolution and low-resolution SEM 

pictures. The elemental mapping and EDS spectra were recorded using the Aztec program 

(Oxford Instruments). scanning electron microscope (SEM) imaging was carried out in a 

nitrogen environment utilizing a Supra 40VP field emission scanning microscope (Zeiss). 

The secondary electron collector (SE2) was employed as a detector, with a working 

distance of 5.0 mm between the secondary electron collector and the target. SEM may be 

used to study the atomic/weight percentage and elemental distribution. Figure 9 shows the 

picture of Hitachi S-3400N SEM and Hitachi S-4700N FESEM available in the cleanroom 

of SDSU. 

 

Figure 6: Picture of a Hitachi S-3400N SEM EM and b Hitachi S-4700N FESEM located 

in the cleanroom at SDSU. 

3.6  Electrochemical characterizations 

 Inside an argon-filled glove box (moisture and O2 levels 1 ppm), the coin type CR-

2032 Li-ion cell was produced using lithium metal as the counter and reference electrode 
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and LFP as the working electrode. As a separator, a novel double anti-perovskite with a 

film thickness of 200 µm was utilized. 

3.6.1  Cyclic voltammetry and electrochemical impedance spectroscopy 

An electrochemical workstation (Ametek VERSASTAT3-200 and EC Lab 

potentiostat) was used to perform cyclic voltammetry (CV). Over linear sweep 

voltammetry, the CV was measured in various potential ranges for several cycles in the 

range 0.1 to 3 V and in a single cycle from -0.2 V to 0.2 V. The electrochemical impedance 

spectroscopy (EIS) was performed on the same electrochemical workstation with a 10mV 

amplitude AC signal and a frequency range of 1MHz to 100 mHz. In our lab, we have a 

set up for monitoring CV and EIS (Figure 7). 

 

Figure 7: The picture of VERSASTAT and EC-Lab device for measuring CV and EIS 
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3.6.2  Symmetrical cell and full cell test 

 Galvanostatic charge-discharge measurements of the coin cells were carried out 

using the LAND CT2001A system and Neware battery analyzer. Figure 9 shows the 

digital photograph of Neware battery analyzer located in DEH 36 at SDSU. 

 

Figure 8: Neware battery analyzer 
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CHAPTER 4 - RESULTS 

4.1  Elastic and electronic properties 

As is well recognized, a crucial feature of electrolytes is pure ionic transport with 

low electrical components. The electrochemical window of a solid electrolyte, which 

governs the operating voltage range of a battery, is directly dictated by a material's 

electronic structure [28]. While the SSE should be ionically conductive, but it must be 

electrically insulating to avoid any internal discharging. Therefore, a wide bandgap 

material helps to avoid such electrical conduction, even when the SSE heats up after long 

charge-discharge cycles. Figure 9(c-d) shows the atom projected density of sates (DOS) 

and electronic band structure of the cubic double anti-perovskite, Li6OS(BH4)2, which 

indicates that it is insulating to electrons due to the presence of very large forbidden energy 

gap of 4.027eV between the conduction band minimum (CBM) and valence band 

maximum (VBM).  (Figure 9b). Additionally, at the equilibrium lattice constant of 10.0Å, 

as shown in Figure 1a, the bulk-modulus of Li6OS(BH4)2 is determined to be 128.5 GPa 

using the e Birch–Murnaghan equation of state [29].    
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Figure 9: (a) Schematics of the anti-perovskite structures of Li3O(BH4) and Li3S(BH4), and 

double anti-perovskite structure of the Li6SO(BH4)2; (b) Total energy as a function of 

relative lattice constant, a (Å); (c) atom projected density of states (DOS), and (d) electronic 

band structure of Li6SO(BH4)2. 

These results are computed using PBE0 hybrid functional [30] for improved accuracy of 

the band structure calculation by accounting for some non-local effect in the exchange-

correlation functional.  

The electron states of anions dominate this material's VBM and CBM. Additionally, it is 

demonstrated that the bandgap is mostly influenced by the type of chalcogen species (O, 

S), with the gap value being related to the total bonding strength. A forbidden gap larger 

than that of S-based compounds exists in the O-containing substance with the highest 

degree of covalent bonding. 
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In our case, we have used superhalogen on the halogen site resulting Li6OS(BH4)2, and 

Table 1 lists the USPEX search results for stable structures with geometrically relaxed 

lattice parameters for compositions including Li6PSO4I, Li6PSO4I, and Li6OSI2, which 

have thermodynamically favored structures based on the anti-perovskite phase (Pm3m).  

Thus far, the proposed material not only showed a good and compatible bandgap structure 

as a double anti-perovskite but also, we have successfully synthesized and got better cyclic 

performance. It is important to note that full substitution of I with BH4 in the perovskite 

phase results in some mild increases in lattice parameters.   

 a b c(Å) α β γ(⁰) Sym Bandgap 

Li6OS(BH4)2 10.0 10.0 10.0 90 90 90 Fm-3m 4.03 eV 

Li6PS5I  10.31 10.31 10.31 90 90 90 F-43m 3.1 eV 

Li6PSO4I  8.84 8.84 8.84 90 90 90 F-43m 2.9 eV 

Li6OSI2  8.6 8.6 8.6 90 90 90 Fm-3m 4.5 eV 

 

Table 1 Lattice constants and symmetry (Sym) groups of Li6OS(BH4)2, Li6PSO4I, 

Li6PSO4I, and Li6OSI2 

4.2  Ionic conductivity measurement 

With an applied frequency ranging from 100 mHz to 1 MHz, electrochemical 

impedance spectroscopy (EIS) was used to evaluate ionic conductivity. A Schlumberger 

Solartron 1260 frequency response analyzer was used to quantify the amplitude of a 

sinusoidal signal at a resolution of 10 microvolts. The drop-casted samples were vacuum 

heated to the temperature necessary for each composition.  
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Figure 10: EIS measurement of control and treated samples 

The thin film (diameter 15 mm; thickness 200–300 µm) was then placed in a copper 

clapping assembly within an Argon-filled glovebox to ensure excellent contact with the 

electrodes and to isolate the sample from the air. The prepared sample was then subjected 

to any required temperature in a pre-dried testing chamber for 0.5 hours to let the sample 

temperature settle before performing impedance measurements. 

 

4.3  XRD peaks comparison 

The XRD data (figure 11a) represents the crystal structure of the solid-state lithium 

halide, Li6OS(BH4)2 electrolyte. The experimental XRD spectrum of the Li6OS(BH4)2 fits 

the simulated spectra with the major peaks corresponding to (011), (002), and (112) Miller 

indices as well as two smaller peaks with (111) and (022). Additionally, the pattern of 
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Li6OS(BH4)2 agrees with the calculated pattern using lattice parameters from the 

theoretical work and off-stoichiometric compounds maintained the main characteristics of 

Li6OS(BH4)2. The symmetry of Li6OS(BH4)2 is FM3̅M (225) with a lattice parameter of 

8.578 Å, while that of Li3OCl is PM3̅M(221) with a lattice parameter of 3.910 Å[46].  

The structural characteristics of super halogen-based double anti-perovskite phases 

are included in Figure 3a. The Li6OS(BH4)2 anti-perovskite mixed phases demonstrate a 

strong solid solution of two end members. Most samples include minor additional Bragg 

peaks in their X-ray diffraction pattern, particularly at room temperature. Small tetragonal 

or orthorhombic aberrations from the ideal cubic structure cause such abnormalities[47]. 

The reported distortion relates on the pace of sample cooling at the conclusion of the 

synthesis. At high temperature, many of these minor additional Bragg peaks vanish as the 

structure (statically or dynamically) becomes closer to the ideal cubic structure. 

4.4  Surface topology 
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Figure 11: (a) XRD pattern for Li6OS(BH4)2 with single (black) and double ball milled 

(red) sample comparison. (b) morphology and thickness of solid electrolyte as pellet and 

membrane, exhibiting smooth and integrated morphology  

Above figure shows typical morphologies after drop casting. The SEM images of the super 

halogen-based lithium super halogen electrolyte membrane demonstrate the importance of 

liquid phase synthesis after melting at 380 °C. The surface of the drop casted electrolyte is 

uniform with less significant morphological changes across the surface. It appears to be 

more homogenous with no evidence of crystal formation that could potentially occur 

without pressure or due to temperature variations because of the complex behavior of 

viscous liquids close to their glass transition temperatures. Traces of particulate powder 

features can be observed on the surface of the film. There are both particulate and grain 

boundaries present in the film, as well as some related porosities. 

4.5  Impedance spectroscopy 

Figure 10 shows EIS spectra at room temperature 25oC, with insets revealing Each 

Nyquist plot of an EIS spectrum generally consists of a semicircle and an upward linear 

tail. The diameter of a semicircle is an electrochemical measure of the space charge area 

caused by a double layer of polarized charges, resulting in a constant phase element (CPE1) 

that is parallelly coupled with a resistance element (R1) owing to charge transfer 

difficulties. The charge transfer resistance R1 term was widely referred to as "grain 

boundary" resistance in solid electrolytes,[5] [7], particularly those based on the anti-

perovskite of Li3OCl,[27] [28] [29], whereas an ohmic resistor in series (R0) was generally 

attributed to transport limited resistance due to "bulk" materials [29] [30] [31]. It should be 

noted, however, that the presence of a CPE is not always associated with grain boundaries, 
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as polycrystalline materials with excellent ionic conductivity are free of such a CPE 

element in equivalent circuits [27], despite grain boundaries being widely recognized as 

fast diffusion channels in condensed matter. As a result, unless passivated boundary layers 

are present, there is minimal physical foundation for the formation of considerable "grain 

boundary" resistance in solid electrolytes. 

4.6  Symmetrical cell performance 

The cyclability and compatibility of Li6OS(BH4)2 film in contact with metallic Li 

were evaluated using a symmetric cell of Li/ Li6OS(BH4)2 /Li by applying a constant direct-

current of 40uA/cm2 with a periodically changing polarity. Figure 12 shows the voltage 

profile of the cell cycled continuously for 3000 h (1 h per half a cycle). As shown in figure 

12, the voltage continues to rise (due to the increase of resistance) throughout cycling 

testing, particularly during the first few cycles. However, the rate of increase reduces with 

time, indicating that this system is self-stabilizing. Thus, we hypothesize that there are 

interactions between Li and Li6OS(BH4)2 at their interfaces, which may be induced by the 

oxidation of Li metal by oxygen from the Li6OS(BH4)2 electrolyte or other oxygen sources. 

However, after a specific amount of cycle tests, the cell might attain a stable condition. 
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Figure 12: Voltage profile of symmetrical cell at 40µA/cm2, 60µA/cm2 and 0.5 mA/cm2  

4.7  Full cell performance 

 Figure 13 shows the rate capability test using bare Li and double anti-perovskite 

coated Li anode coupled with LFP cathode. It can be observed that the double anti-

perovskite coated Li/LFP full cell showed a higher capacity at a higher current density rate 

compared to the bare Li/LFP full cell. At 0.02 C, the double anti-perovskite coated Li/LFP 

full cell a charge /discharge capacity of ~ 132/125 mAhg-1, and the bare Li/LFP full cell 

showed ~ 85/84 mAhg-1. The full cell test results are in good agreement with the 

symmetrical cell test. The synergetic effect of SEI components enhanced electrochemical 

battery performance. 
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Figure 13: Full cell test (a. Control sample, b. Treated sample) 

The control sample was prepared using lithium as anode and LFP as cathode and in 

between normal separator is used with liquid electrolyte. For the treated one, double anti-

perovskite is drop casted in anode side and separator is not used further. Treated sample 

performed better compared to the controlled one.  
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CHAPTER 5 - DISCUSSION 

5.1  Conclusion 

The double anti-perovskite Li6OS(BH4)2 compound was successfully synthesized 

under the direction of previous theoretical work, which anticipated excellent ionic 

transportation in this novel material system, as well as strong thermodynamic and 

electrochemical stability. Crystal structure of Li6SO(BH4)2 with lowest internal energy is 

identified, i.e., FCC, which matches with the crystal structure of the component anti-

perovskite materials, Li3O(BH4) and Li3S(BH4).  Structural study indicates the SSE is 

highly stable mechanically, as indicated by its large bulk-modulus. Thus, it will be able to 

withstand high external or packaging pressure of the battery cell.  Study of electronic band 

structure and Density of States (DOS) indicate that SSE is electrically insulating with large 

band gap, keeping it safe from any internal electrical discharging. Ion transport study 

indicates that the SSE has relatively low activation energy barrier for Li-ion migration in 

the SSE. Both anti-perovskite and double anti-perovskite materials are fundamentally 

vulnerable to surface reconstruction, resulting in large boundary resistances. The use of 

amorphous structures is demonstrated to be beneficial in fulfilling the full potential of the 

novel chemical as a competitive electrolyte solution for solid Li-ion batteries. Using a 

symmetric Li/ Li6OS (BH4)2/Li cell, the cyclability and compatibility of Li6OS (BH4)2 film 

with Li metal were measured, with the resistance first increasing and then stabilizing at a 

particular amount. Anti-perovskite Li6OS(BH4)2 electrolyte films with increased ionic 

conductivity show significant potential for battery applications requiring high-level safety 

and high energy density, such as electric vehicles. 
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5.2  Future work 

The novel material that we used in our project can be further modified to get better 

full cell performance and has lot of potential to be further used in commercial solid state 

battery technology. This novel solid electrolyte can be further used with materials having 

higher theoretical capacity to obtain better ionic conductivity. This will help to improve 

the reversibility and cycling stability of high-capacity anode materials. 
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