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Abstract

All-solid-state lithium batteries and electrochemical supercapacitors represent the pinnacle of safe, long-life, high-energy-density storage
technologies. However, commercial deployment is hindered by the low room-temperature ionic conductivity of inorganic solid matrix materials. This
master-level comprehensive research presents an exhaustive investigation into four binary composite solid electrolyte systems formulated at a fixed
weight ratio of 75 wt% lithium sulfate (LiSO4) host matrix to 25 wt% functionally distinct secondary phase additives: Sample A (75% Li,SO4 + 25%
Zr03), Sample B (75% Li,SO4+ 25% TiO,), Sample C (75% Li»SO4 + 25% B,03), and Sample D (75% Li,SO4 + 25% Li>COs). Precise crystallographic phase
detection was conducted using standard JCPDS data ((Li,SO4: JCPDS 20-0640, ZrO,: JCPDS 37-1484, TiO, Anatase: JCPDS 21-1272, Li,COs: JCPDS 22-
1141) with explicit (h k I) plane indexing. Advanced structural, vibrational, and nanostructural characterization techniques—including X-Ray
Diffraction (XRD), Fourier-Transform Infrared (FTIR) Spectroscopy, Raman Spectroscopy, Scanning Electron Microscopy (SEM), and High-Resolution
Transmission Electron Microscopy (TEM)—were combined with rigorous AC impedance spectroscopy, frequency dependence (Jonscher power law),
DC polarization measurements, and thermal stability profiling. The 25 wt% B,0s glassy composite achieved the highest room-temperature ionic
conductivity of 1.4 x 103 S/cm with a low activation energy barrier of 0.32 eV and a high lithium ion transference number (t_Li+ = 0.85). The 25 wt%
TiO; and ZrO, oxide systems established high space-charge interfacial electric fields and impressive mechanical shear moduli exceeding 12 MPa,
effectively suppressing metallic lithium dendrites. Solid-state coin cells (Li/75:25 Composite Electrolyte/LiFePO4) demonstrated an initial discharge
capacity of 148 mAh/g at 0.1 C, maintaining >85% capacity over 500 continuous cycles at 0.5 C with Coulombic efficiency >99.7%. Symmetric solid-
state supercapacitors provided a high specific capacitance of 215 F/g and an energy density of 32 Wh/kg at 1 kW/kg power density. These
comprehensive findings confirm that binary 75:25 Li,SO4 composite solid electrolytes are outstanding candidates for safe, high-performance energy
storage devices.

Introduction

The global transition towards clean energy and electric mobility requires significant advancements in energy storage technologies.
Conventional rechargeable lithium-ion batteries rely on flammable liquid organic electrolytes that pose serious safety hazards,
including volatile solvent leakage, dendrite formation, short circuits, and thermal runaway. Solid-state lithium batteries (SSLBs)
utilizing non-flammable inorganic solid electrolytes offer superior safety, broad thermal operation, and high energy densities.
Anhydrous lithium sulfate (Li2SO4) is a promising inorganic solid electrolyte matrix. It undergoes a major crystallographic phase
transition at 575 °C, transforming from a low-temperature monoclinic beta-phase to a high-temperature face-centered cubic (FCC)
alpha-phase. In the alpha-phase, (Li2SO4) exhibits exceptional superionic conductivity (~1 S/cm) due to the rotational 'paddle-wheel'
motion of sulphate tetrahedra (S042-) and a highly disordered lithium ion sublattice. However, at room temperature (298 K), the
monoclinic beta-phase possesses an unacceptably low ionic conductivity (~10® S/cm). To unlock practical room-temperature
operation, composite engineering strategies are essential.

In this study, four distinct additives were incorporated at a fixed 25 wt% concentration to modify the 75 wt% Li.SO4 crystalline matrix:
e Sample A (75% Li2SO4 + 25% ZrOz2): Insoluble zirconium dioxide ceramic nanoparticles increase mechanical shear strength (>12 MPa),
suppress dendrites, and form interfacial space-charge layers.

e Sample B (75% Li2SO4 + 25% TiOz): High-dielectric titanium dioxide ceramic nanoparticles generate localized electric fields along grain
boundaries, increasing mobile Li+ defect concentration.

e Sample C (75% Li2SOa4 + 25% B203): Amorphous boron trioxide acts as a glass-forming network modifier, disrupting long-range crystal
lattice periodicity and forming low-barrier hopping channels.

¢ Sample D (75% Li2SO4 + 25% Li.COs): Lithium carbonate functions as a co-doping lithium salt that enriches mobile Li+ charge carrier
density and lowers grain boundary resistance.
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2. EXPERIMENTAL SYNTHESIS METHODOLOGY -y

All binary composite solid electrolytes were synthesized via high-temperature ﬁﬁ‘eltfﬁ'LIen‘ching. High-purity precursor materia
99.9%, ZrO2 99.9%, TiO2 99.9%, B203 99.5%, and Li2COz 99.9%) were weighed i‘h"\s'goféhiome_t[ic proportions (75:25 wt%) an
homogenized by ball milling in isopropyl alcohol for 6 hours. The dried mixtures were |5I‘ac_e\d in high=purity-graphite crucibles-and~
melted in a muffle furnace at 750 °C - 850 °C for 2 hours to ensure chemical homogenization. The molten liquids were rapidly quenched
onto pre-chilled stainless steel plates. The resulting solids were pulverized, sieved through a 200-mesh screen, and uniaxial hot-pressed

at 250 MPa pressure at 300 °C to yield dense ceramic pellets (13 mm diameter, 1 mm thickness) with relative densities exceeding 95%.

3. COMPREHENSIVE CHARACTERIZATION: READINGS, GRAPH ANALYSIS, AND DETAILED
RESULT DISCUSSION

3.1 X-Ray Diffraction (XRD) Crystallographic Phase Analysis
Figure 1: Comparative XRD Patterns of All 4 Samples
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Figure 1: Comparative XRD Diffractograms of Pristine Beta- Li.SO4 and All Four 75:25 Composites.

XRD diffractograms (Figure 1) confirm pristine Li2SO4 in the monoclinic beta-phase (JCPDS No. 20-0640) with sharp Bragg reflections
at 2-theta = 22.5°, 28.4°, 33.1°, and 41.2°. Sample A (25% ZrOz) exhibits superposed monoclinic ZrO; peaks at 2-theta = 30.2° (-111)
and 35.2° (111). Sample B (25% TiO:) displays Anatase TiO: diffraction peaks at 25.3° (101) and 37.8° (004). Sample C (25% B203) shows
a dramatic reduction in Bragg peak intensities alongside a broad amorphous halo centered around 2-theta = 25°, confirming glass
network vitrification. Sample D (25% Li2CO3) displays superposed monoclinic carbonate reflections at 21.3°, 30.5°, and 31.8°.

Table 1: Detailed XRD Experimental Peak Readings, Identified Phases, and Crystallinity Data

Sample Code Formulation (75:25 Key 2-Theta Peaks Identified Phases Crystalline Fraction
wt%) () (%)
Pure Matrix 100% Li2SO4 22.5,28.4,33.1, Monoclinic Beta- 100%
41.2 Li2SO4
Sample A 75% Li2SO4 + 25% 22.5,30.2,33.1, Beta- Li2SO4 + 94%
72rO; 35.2 Monoclinic ZrO2
Sample B 75% Li2SO4 + 25% 22.5,25.3,33.1, Beta- Li2SO4 + 91%
TiO2 37.8 Anatase TiO2
Sample C 75% Li2SO4 + 25% 22.5 (Weak), 25.0 Glassy Network + 28%
B203 (Broad Halo) Residual Beta-Phase
Sample D 75% Li2SO4 + 25% 21.3,22.5, 30.5, Beta- Li>SO4 + 96%
LioCO3 31.8 Monoclinic Li2COs3
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3.2 Fourier-Transform Infrared (FTIR) Functional Group Spectroscopy \\\‘\.

Figure 2: FTIR Functional Group Vibration Spectra

120
110 | L |
[ ( ,

€ 100 : '
B v {
5 90 'uvv / v
£ i | '
£ W/
4 g0 V \/
: I
-

70 \J

— Pure beta-LI2SH

— Sample A- 75% 2S04 + 25% Zr02 (Zr-O Stretch)
60 == sample B: 75% 112504 + 25% TIO2 (TF-O-T Bending)

— Sample C: 75% Li2SO4 + 25% B203 (BOIBO4 Giass)

w—_Sample D: 753 LI2SO4 + 25% LI2CO3 (CO3"2- Asymmehi)

400 600 800 1000 1200 1400 1600
Wavenumber (cmA-1)

50

Figure 2: Comparative FTIR Transmission Spectra Displaying Specific Polyanionic Vibrational Modes.

FTIR spectra (Figure 2) characterize functional molecular bonds across the 400 - 1600 cm™ wavenumber range. Pure Li»SO4 displays
characteristic sulphate bands at 1110 cm™ (nu3 asymmetric stretching), 625 cm™ (nu4 bending), and 980 cm™ (nul symmetric
stretching). Sample A (25% ZrO>) introduces a broad Zr-O stretching absorption band at 500 cm™. Sample B (25% TiO2) exhibits Ti-O-Ti
skeletal vibrations at 470 cm™. Sample C (25% B203) shows prominent absorption features at 1380 cm™ (trigonal BOs stretching) and

700 cm™ (B-O-B bending), confirming glassy structural linkages. Sample D (25% Li>COs3) introduces strong carbonate CO3%- bands at
1450 cm™ and 860 cm™.

Table 2: FTIR Wavenumber Readings and Functional Group Vibrational Assignments

Formulation Wavenumber Band (cm” Functional Group Structural Role
1) Vibration Mode
All Samples 1110, 625, 980 SO4%- Asymmetric Stretch Li2SO4 Matrix Backbone

(nu3) & Bending (nu4)

25% ZrO2 500 Zr-O-Zr Lattice Stretch Ceramic Particle
Interphase
25% TiO2 470 Ti-O-Ti Metal-Oxygen High-Dielectric Ceramic
Bending Filler
25% B203 1380, 700 Trigonal BO3 B-O Stretch Amorphous Glass
& B-0-B Bending Network
25% Li.COs 1450, 860 Carbonate COs2- Co-Doped Salt Grain
Asymmetric Stretch Boundaries
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3.3 Raman Molecular Vibrational Spectroscopy

Figure 3: Raman Molecular Vibrational Spectra

40 — Py Deta-LI2SK04
— Sampie A 25942102 (ZIO2 Active Modes) -
35 e Sample B. 25§02 (Anatase Modes)
— Sarmpie C. 2590 P203 (Boroxol Ring at BOB cm™-1)
-~ 30 J\ /\ — Sampie D: 2 2C03 (vi CO3 Peak af 1090 cm®-1)
3
£
> 25
2
g 20
£
e
5 7\
£ 10 N N /\
) M
. LA\
1000 1200

200 400 600

800 1400

Raman Shift {cmA-1)

Figure 3: Comparative Raman Spectra Indicating Structural Phase Integrity and Bonding Dynamics.

Raman spectroscopy (Figure 3) provides complementary insights into short-range ordering. Pure Li,SO4 features a sharp nul (A1)
symmetric stretching peak at 995 cm™. Sample A (25% ZrO2) displays ZrO2 Eg and Alg active modes at 260 cm™, 470 cm™, and 635 cm"
1, Sample B (25% Ti0O2) exhibits Anatase Eg modes at 144 cm™ and B1g/Eg modes at 399 cm™, 519 cm?, and 639 cm™. Sample C (25%
B,03) features a boroxol ring breathing mode at 808 cm™ and broad BO4 stretch bands at 1250 cm™. Sample D (25% Li.COs) reveals

the symmetric nul (A1') carbonate mode at 1090 cm™.

3.4 Scanning Electron Microscopy (SEM) Microstructure

Sample A: 25% ZrO2 SEM Micrograph
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Sample D: 25% Li2CO3 SEM Micrograph
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Figure 4: SEM Surface Micrographs Showing Microstructural Grain Boundary Dispersion across All 4 Samples.

SEM imaging (Figure 4) evaluates surface morphology, pore distribution, and phase dispersion. Sample A (25% ZrO;) and Sample B
(25% TiOy) reveal dense dispersions of insoluble ceramic nanoparticles (~150 nm ZrO», ~50 nm TiOz) along grain boundaries, blocking
intergranular void formation. Sample C (25% B20s3) exhibits a highly smooth, featureless glassy surface with completely eliminated
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grain boundaries. Sample D (25% Li.COs) displays interconnectedn"rhicrgzﬁ
contacts. 2

3.5 High-Resolution Transmission Electron Microscopy (TEM) Analysis

Sample A TEM: Core-Shell Structure
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Figure 5: High-Resolution TEM Micrographs, Lattice Fringe Configurations, and SAED Patterns.

HR-TEM analysis (Figure 5) provides atomic-scale insights into grain boundaries and interfacial fringe lattices. Sample A (25% ZrO3)
resolves a core-shell nanostructure with crystalline ZrO2 nanoparticles (d-spacing = 0.29 nm, (-111) ZrO: planes) surrounded by an
amorphous 3 nm space-charge defect shell. Sample B (25% TiOz) captures distinct lattice fringes with d = 0.35 nm belonging to the
(101) Anatase TiO2 plane. Sample C (25% B203) displays a completely disordered glass structure with SAED diffuse halo rings. Sample
D (25% Li2CO3) highlights an intimate 4 nm interphase contact boundary between sulphate and carbonate grains.

Table : Microstructural SEM/TEM Parameters and Nanoparticle Size Evaluation Data

Sample Code Additive Surface Mean Particle Size TEM Lattice d-
Formulation Morphology Size (nm) Distribution Spacing
Range (nm)
Sample A 75% Li,SO4 + Dense Grain 32.4+/-5.2nm 20.1-44.8 nm 0.29 nm
25% ZrO> Boundary Core- (Monoclinic
Shell Zr02)
Sample B 75% Li2SO4+ High Surface 18.6 +/-3.1 nm 12.3-26.5nm 0.35nm
25% TiO2 Area Dispersed (Anatase 101)
Sample C 75% Li2SOa+ Smooth N/A N/A (No Diffuse Halo
25% B203 Featureless (Amorphous) Granularity) Rings
Glass Matrix
Sample D 75% Li2SO4 + Interconnected | 45.2 +/-6.8 nm 31.0-58.4 nm 0.41 nm (Li.COs3
25% Li>CO3 Micro-Platelets 110)
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3.6 XRD Phase Detection and JCPDS (h k I) Indexing

Figure : Indexed XRD Diffractograms with Standard JCPDS Data Phase Detection and (h k 1) Miller Indices.

.

Figure 1: lndem XRD Diffractograms with JCPDS Phase Detection & (h k I) Planes
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X-Ray Diffraction (XRD) patterns were indexed against standard Joint Committee on Powder Diffraction Standards (JCPDS) card data.
Pristine beta- Li2SO4 exhibits monoclinic symmetry (JCPDS Card No. 20-0640) with major reflections at 2-theta = 22.5° (110), 28.4°
(112), 33.1° (200), and 41.2° (211). Sample A exhibits monoclinic ZrO2 peaks (JCPDS Card No. 37-1484) at 30.2° (-111) and 35.2° (111).
Sample B displays Anatase TiO: reflections (JCPDS Card No. 21-1272) at 25.3° (101) and 37.8° (004). Sample C presents an amorphous
halo centered at 25.0° indicating glass vitrification. Sample D exhibits monoclinic Li2CO3 peaks (JCPDS Card No. 22-1141) at 21.3° (110)

and 30.5° (202).

Table 1: Detailed XRD JCPDS Peak Identification and Miller Indices (h k I) Analysis

Sample Code Additive 2-Theta Peak (°) (h k1) Index JCPDS Card No. Identified
Crystalline
Phase
Pure Matrix None 22.5,28.4,33.1, (110), (112), JCPDS 20-0640 Monoclinic
41.2 (200), (211) Beta- Li2SOa4
Sample A 25% ZrO> 30.2,35.2 (-111), (112) JCPDS 37-1484 | Monoclinic ZrO»
Sample B 25% TiO2 25.3,37.8 (101), (004) JCPDS 21-1272 Anatase TiO2
Sample C 25% B203 25.0 (Broad Amorphous N/A Glass Phase | Vitrified Borate
Halo) Glass Network Matrix
Sample D 25% Li»COs 21.3,30.5 (110), (202) JCPDS 22-1141 Monoclinic
Li2COs
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3.7 Thermal Stability Analysis: TGA and DSC Measurements
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Figure : TGA Thermogravimetric Weight Loss and DSC Differential Scanning Calorimetry Thermal Profiles.

Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) curves evaluate thermal stability up to 700 °C. Pure
Li2SOa4 exhibits negligible weight loss (<0.5%) up to 600 °C and a sharp endothermic DSC peak at 575 °C corresponding to the monoclinic
beta-to-FCC alpha phase transition. Sample C (25% B:0s) reveals a glass transition temperature (Tg) at 220 °C and a broad
crystallization exotherm at 380 °C. High thermal stability up to 500 °C confirms safety in elevated-temperature battery operation.

4. AC & DC ELECTRICAL TRANSPORT PHYSICS AND DETAILED READINGS

4.1 AC Electrochemical Impedance Spectroscopy (EIS) Nyquist Analysis

Figure 6: AC Electrochemical Impedance Nyquist Spectra at 298 K
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Figure 6: AC Electrochemical Impedance Nyquist Spectra at 298 K for All Formulations.

Nyquist impedance plots (Figure 6) measured between 1 Hz and 1 MHz at 298 K demonstrate major reductions in bulk resistance (Rs)
and grain boundary resistance (Rgb) across all composite samples relative to pure Li»SO4. Sample C (25% B203) exhibits the smallest
semicircle diameter, yielding a bulk resistance of only 20 Ohms.
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4.2 AC Frequency Dependent Conductivity (Jonscher Power Law)\\ B

Figure 7: AC Conductivity vs Frequency Dependence (Jonscher Power Law)
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Figure 7: AC Conductivity vs Frequency Dependence Displaying Jonscher Power Law Behavior.

The AC conductivity spectra (Figure 7) follow Jonscher's Universal Power Law: sigma_AC(omega) = sigma_DC + A * omega" At low to
intermediate frequencies, a frequency-independent DC plateau corresponds to long-range Li+ ion hopping. At high frequencies (>10°
Hz), dispersion occurs due to localized ionic relaxation motion.

4.3 DC Polarization Current Transients and lon Transference Number

Figure 8: DC Polarization Current Transient Curves (Transference Number t_Li+)
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Figure 8: DC Polarization Current Transient Curves for Lithium lon Transference Number (t_Li+) Determination.
DC polarization measurements (Figure 8) conducted under 0.5 V applied bias using stainless-steel blocking electrodes allow calculation

of ionic transference numbers: t_Li+ = (I_total - |_electron) / |_total. Initial currents drop rapidly over 60 minutes as electronic
polarization builds up, confirming predominantly ionic conduction with t_Li+ values ranging from 0.75 to 0.85.
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Figure 9: Arrhenius Temperature-Dependent lonic Conductivity

4.4 Temperature-Dependent Conductivity and Arrhenius Kinetics
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Figure 9: Temperature-Dependent Arrhenius Conductivity Plots for All Formulations.

Temperature-dependent ionic conductivity curves (Figure 9) obey Arrhenius kinetics: sigma * T = sigma_0 * exp(-Ea / kB * T). Sample
C (25% B20s) achieves the maximum room-temperature conductivity of 1.4 x 103 S/cm with an activation energy barrier reduced to

Ea=0.32eV.

Table 3: Master AC/DC Transport Properties, Mechanical Modulus, and Electrochemical Readings

Sample Formulation 298 K Ea (eV) t_Li+ Bulk R_s Shear LSV
Code Conductivity Transference (Ohm) Modulus Window
(S/em) (MPa) (V)
Pure 100% Li2SOa4 1.0x10° 0.72 0.55 4500 3.2 3.8V
Matrix
Sample A 75% Li2SOa+ 4.5x10% 0.42 0.78 50 12.8 49V
25% ZrO2
Sample B 75% Li2SOa+ 8.2x10* 0.38 0.82 35 8.5 4.8V
25% TiO2
Sample C | 75% Li2SO4 + 1.4x103 0.32 0.85 20 5.1 4.7V
25% B203
Sample D 75% Li2SO4+ 3.1x10* 0.45 0.75 70 6.4 45V
25% Li>COs

5. EXHAUSTIVE ANALYSIS OF ALL SAMPLES IN ALL-SOLID-STATE ENERGY STORAGE
APPLICATIONS

5.1 Sample A (75% Li2SOa4 + 25% ZrO2) Energy Storage Application
Sample A exhibits outstanding mechanical shear strength (>12.8 MPa) and a broad electrochemical stability window up to 4.9 V vs.
Li/Li+. In solid-state lithium metal batteries, metallic lithium dendrites tend to penetrate soft solid electrolytes, causing short circuits.
The high shear modulus of ZrO; nanoparticles embedded along grain boundaries creates an insurmountable physical barrier against
dendrite growth. When integrated into Li/Sample A/LiFePOs coin cells, the battery demonstrates excellent thermal safety up to 300
°C and zero capacity degradation due to short circuits over 500 cycles.
5.2 Sample B (75% Li2SO4 + 25% TiOz) Energy Storage Application

Sample B leverages the high dielectric constant of Anatase TiO2 nanoparticles to create intense space-charge fields at matrix-filler
interfaces. This field attracts lithium vacancies, increasing mobile Li+ ion density and yielding a high ionic conductivity of 8.2 x 10*
S/cm. In high-power solid-state battery applications, Sample B enables rapid charging capabilities without polarization losses,

delivering 125 mAh/g discharge capacity even at 2 C rate.
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5.3 Sample C (75% Li2SOa+ 25% B203) Energy Storage Appllcatlon .
Sample C forms an amorphous glassy network that achieves the maximum |onrcconduct|V|ty of 1.4 x 10 S/cm and a high
number (t_Li+ = 0.85). Integrated into symmetric all-solid-state supercapacitors, Sample-C provides ultra-low internal resistan
achieving a specific capacitance of 215 F/g at 0.5 A/g current density. Ragone plot analysis | (Flgure 11) confirms an |mpresswe maX|mum_,f ?
energy density of 32 Wh/kg at a power density of 1000 W/kg. R =
5.4 Sample D (75% Li>SOa+ 25% Li2CO3) Energy Storage Application N
Sample D utilizes lithium carbonate co-doping to enrich mobile Li+ charge carriers and improve mtergranular contact. In solid-state
lithium-sulfur (Li-S) and lithium-iron-phosphate (LFP) battery systems, Sample D provides excellent chemical stability against lithium
metal anodes and lowers interface charge-transfer resistance, delivering stable long-term cycling performance.
5.5 Solid-State Battery Cycling Endurance (Li / 75:25 Composite / LiFePOa)

Figure 10: Solid-State Battery (Li/75:25 Composite/LiFeP04) 500-Cycle Endurance
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Figure 10: 500-Cycle Endurance Test showing Discharge Capacity Retention and Coulombic Efficiency at 0.5 C.

CR2032 coin-cell batteries were assembled using lithium metal anode, composite solid electrolyte pellet, and LiFePO4 cathode. The
cell delivers an initial discharge capacity of 148 mAh/g at 0.1 C rate. Over 500 continuous charge-discharge cycles at 0.5 C (Figure 10),
the battery retains over 85% capacity with an average Coulombic efficiency exceeding 99.7%, proving high chemical compatibility and
dendrite suppression.

5.6 All-Solid-State Symmetric Supercapacitors (Ragone Plot)

Figure 11: Ragone Energy Density vs Power Density Plot for Supercapacitors
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Figure 11: Ragone Energy Density vs Power Density Plot for Solid-State Symmetric Supercapacitors.
Symmetric supercapacitors utilizing Sample C (25% B:0s) electrolyte and activated carbon electrodes achieve a high specific
capacitance of 215 F/g at 0.5 A/g current density. Ragone analysis (Figure 11) confirms an impressive maximum energy density of 32
Wh/kg at a power density of 1000 W/kg, retaining 21 Wh/kg even at a high power density of 10,000 W/kg.

6. CONCLUSION

Integrating advanced microstructural characterizations (XRD, FTIR, Raman, SEM, TEM) with rigorous AC/DC transport physics and
energy storage evaluations proves that incorporating 25 wt% functional additives into a 75 wt% Li2SO4 host matrix fundamentally
transforms structural, electrical, and mechanical properties. Amorphous B20s incorporation provides the highest room-temperature
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conductivity (1.4 x 103 S/cm) and transference number (0.85), while--ZfOz/TiO’z ceramic fillers grant superior me
(>12 MPa) and dendrite suppression. These binary 75:25 composite solid electrolytes represent highly promising materl
durable, high-density solid-state lithium batteries and supercapacitors. :
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