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cathode compatibility showing typical charge-discharge profiles of Li/LLZO-SIL/LMO, 

Li/LLZO-SIL/LFP and Li/LLZO-SIL/NMC111 full cell. 

Figure 3.14 The digital images (a) taken for LLZO pellet before and (b) after plating of Li-

symmetric cell, (c) Impedance spectra Li-symmetric cell cycled cell before and after 

cycling at high current density of 6.4 mA.cm-2 for testing short-circuit, (d) FESEM 

micrographs of top surface of LLZO-SIL hybrid electrolyte showing “glacier flow” 

pattern (d1) and deep penetrating holes at places (d2). 

Figure 3.15 (a) digital images taken at the interior of 2032 coin cell showing circular cathode films 

and LLZO electrolyte soaked in SIL, (b) Schematic representation of lithium solid state 

cell and the places where FESEM imaging done, (c)-(d) FESEM micrographs and 

corresponding elemental mapping of LLZO-SIL electrolyte, (e) FESEM micrographs 

of fractured surface and its enlarged version show in (f), Corresponding elemental 

mapping and line spectrum as presented in (g) & (h). 

Figure 3.16 (a) X-ray diffractograms of LLZO pellet before and after plating (b) The comparison 

of X-ray diffractograms of the LLZO pellet before and after cycling (Cell Configuration 

Li/LLZO-SIL/LMO). 

Figure 4.1  Graphical abstract summarising the effects of dual interfacial strategy in pristine 

LLZO-based solid electrolytes for metal batteries. 

Figure 4.2 (a) FESEM micrographs of LLZO powder, (b) and (c) FESEM micrographs of the 

polished surface of LLZO sintered pellets at two different scales, (d) & (e) NH4F 
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modified top surface of LLZO pellets at different scales. (f)-(i) Elemental mapping of 

NH4F modified LLZO pellet for O, La, Zr, and F, respectively.  

Figure 4.3  (a) X-ray diffraction pattern of LLZO and LLZO-NH4F pellets sintered at 1000˚C 

along with the JCPDS file of cubic LLZO (c-LLZO). (b) FTIR spectra of -CO3 vibration 

for LLZO and LLZO-NH4F pellets.  

Figure 4.4  (a) Nyquist plot of LLZO and LLZO-NH4F pellets at RT, (b) Arrhenius plot showing 

variation of conductivities with respect to temperature to calculate the activation 

energies for both the developed electrolytes. 

Figure 4.5 (a) EIS spectra of PP-SIL, LLZO-SIL, and LLZO-NH4F-SIL for conductivity 

measurements. (b) Nyquist plot of LLZO-SIL and LLZO-NH4F-SIL solid hybrid 

electrolytes in Li/Li symmetric cell, with an inset showing the enlarged version of the 

plot. (c) DC polarization of LLZO-SIL and LLZO-NH4F-SIL using an ion-blocking SS 

electrode. (d) Current vs. potential linear sweep voltammetric (LSV) plot at a scan rate 

of 2.0 mV s-1 of LLZO-SIL and LLZO-NH4F-SIL. (e) and (f) DC polarization curve of 

LLZO-SIL and LLZO-NH4F-SIL, respectively, along with the EIS spectra before and 

after polarization. 

Figure 4.6  (a) & (b) DC cycling profile of LLZO-SIL and LLZO-NH4F-SIL hybrid electrolyte at 

RT with step current density of 0.05mA.cm-2 for the measurement of critical current 

density (CCD) respectively, (c) Voltage profile and (d) Voltage hysteresis of Li/Li 

Symmetric cells at RT over 1200 cycles at a current of 0.20 mA.cm-2 for LLZO-SIL & 

LLZO-NH4F-SIL. 

Figure 4.7  (a) Voltage profile and (b) Voltage hysteresis of Li/Li Symmetric cells at RT over 600 

cycles at different current densities (0.05-0.40 mA. cm-2) for LLZO-SIL & LLZO-NH4F-

SIL. (c) A summary plot denoting average voltage hysteresis and average coulombic 

efficiency at various current densities for both cells. 3D DRT pattern taken at before 

cycling (BC), after 100, 200, 300, 500, and 600 cycles for Li/Li cells containing (d) 

LLZO-SIL, (e) LLZO-NH4F-SIL electrolytes. (f) Typical Fitted deconvoluted DRT 

pattern corresponding to various electrochemical process in the relaxation time scale 

for hybrid electrolyte (LLZO-NH4F-SIL) (Before Cycling). 2D contour plots of DRT 

intensities vs. cycling time for (g) LLZO-SIL and (h) LLZO-NH4F-SIL. (i) Fitted 

deconvoluted DRT pattern for both the hybrid electrolyte taken at before cycling.  2D 

contour plot showing the Variation of resistances during cycling associated with 

different polarization peaks for (j) LLZO-SIL and (k) LLZO-NH4F-SIL electrolyte. 

Figure 4.8  FESEM micrographs and corresponding EDX and elemental mapping after long 

cycling (1200h). (a) & (b) FESEM micrograph of LLZO-SIL electrolyte at two different 

scales, (c), (d), (e) FESEM micrograph of LLZO-NH4F-SIL electrolyte at three 

different scales. (f)-(j) corresponding to EdX and elemental mapping of LLZO-NH4F-

SIL electrolytes. (k) Corresponding EdX at the localized crystalline area. High-

resolution XPS spectra of post-cycled symmetric Li/LLZO-SIL/Li and Li/LLZO-NH4F-

SIL/Li cells after long-term cycling (1200h). (l) & (o) C 1s spectra, (m) & (p) F 1s 

spectra. (n) & (q) S 2p spectra. 

Figure 4.9  (a) Schematic representing stabilization of interfaces via dual strategies. 

Electrochemical full cell performance of LLZO-SIL and LLZO-NH4F-SIL using 

LiMn2O4 cathode and Li anode, (b) Rate performance study at different current 

densities ranging from 0.05-1.20 mA.cm-2, (c) Typical charge-discharge profile at a 

current density of 0.05mA.cm-2, (d) High-rate capability at 1C, (e) High-rate capability 

of LLZO-NH4F-SIL hybrid electrolyte at 2C. (f) Nyquist plot of LLZO-NH4F-SIL 

before and after cycling, along with fitted data derived from DRT, (g) Corresponding 

DRT Plot, (h) Fitted DRT data with distinct peaks after cycling, with an inset showing 
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the variation in polarization resistances corresponding to different peaks before and 

after cycling. XPS analysis after post cycling of LLZO-NH4F-SIL cell showing (i) C 

1s, (j) F1s, and (k) S2p spectra. 

Figure 4.10  Deconvolution of electrochemical process via DRT analysis. DRT spectra at various 

(a) SOC and (d) DOD during 1St cycle. Corresponding 2d intensity contour during (b) 

charge and (e) discharge, and their normalized resistance contour in (c), (f), 

respectively. Similarly, DRT spectra at the 10th cycle during (g) charge and (j) 

discharge. Their corresponding intensity contour at (h) and (k) during charge and 

discharge, respectively. The 2d contour of normalized resistance during (i) charge and 

(l) discharge process. 

Figure 5.1 Graphical abstract illustrating the effects of microstructure engineering of solid 

electrolyte in metal batteries. 

Figure 5.2 TGA and its corresponding DTA plots of (a) raw WH fiber, (b) Ga-LLZO-Gel, and (c) 

WH-Ga-LLZO-Gel from RT to 1200°C 

Figure 5.3 Typical EDX spectrum and its corresponding elemental map of raw WH fiber, calcined 

at 900ºC. 

Figure 5.6 (a) X-ray Diffractograms of raw WH fiber and LLZOWH powders calcined at 900°C 

for 5 h in air.  (b) FTIR spectra of raw WH fiber and (c) FTIR spectra of LLZOWH 

powder calcined at 900ºC. 

Figure 5.5 Raman Spectra for LLZOWH powders calcined at (a) 900°C and (b) 1000°C in air. 

Figure 5.6 (a) SEM micrograph of WH dried petioles and (b) FESEM image of LLZOWH powder 

calcined at 900°C 

Figure 5.7 Schematic illustration of origin of plate like morphology of LLZOWH(WH-Ga-LLZO) 

powder calcined at 900°C;  

Figure 5.8 The schematic representation showing proposed path to obtain (Left) Nano-rod 

arrays12 and (Right) ‘Plate like” morphology via exo-templating method mimicking 

inter-cellular structures (pore channels for nanorod arrays and aerenchyma cells for 

plate like morphology) of WH fiber 

Figure 5.9 (a)-(b) TEM images and corresponding elemental compositions of LLZO-WH at 900°C 

and (c)-(d) for 1000°C calcined powders 

Figure 5.10  Room temperature AC impedance plots of LLZOWH pellets sintered at (a) 900 °C, (b) 

1000 °C, (c) 1100 °C, and (d) 1200 °C. The inset shows the corresponding equivalent 

circuit.   

Figure 5.11 Plot showing variation of Grain, grain boundary and total conductivities of the pellets 

w.r.t to sintering temperatures (900°C, 100°C, 1100°C and 1200°C). 

Figure 5.12 (a) XRD diffractograms of LLZOWH pellets sintered at 1000°C,1100°C and 1200°C in 

air, (b)-(c) EDX profile and elemental mapping of the LLZOWH pellet sintered at 

1000°C in air 

Figure 5.13 Electrochemical galvanostatic profile of Li/LLZOWH/Li symmetric cell (a) at various 

current densities from 28-452 µA.cm-2 (b) enlarged cycling profiles as marked (I)-(V) 

in (a), (c) Electrochemical impedance plot of symmetric cell before and after plating. 

Figure 5.14 EDX spectrum of the fracture surface of LLZOWH after galvanostatic cycling. 

Figure 5.15 (a) Dismantling of 2032 Coin cell after galvanostatic cycling, (b) FESEM micrograph 

of cycled LLZOWH pellet, (c) & (d) FESEM micrographs of top and fracture surfaces 
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of cycled LLZOWH pellet and (e) Schematic illustration of metallic anodic deposition 

through exo-templated and conventionally prepared solid-state electrolyte 

Figure 5.16 TGA and its corresponding DTA plot of bare Cellulose paper (ClP) and Ga doped 

LLZO gel-soaked Cellulose paper (ClP-Ga) from RT to 1200°C 

Figure 5.17 (a) X-ray diffractogram of LLZOGC and LLZOCET calcined at 900°C and 1000 °C in 

air; (b) & (c) Raman and FTIR spectra of LLZOCET powders calcined at 900 °C and 

1000°C respectively. 

Figure 5.18 (a) & (b)FESEM micrographs of  LLZOGC and LLZOCET, respectively, (c) TEM 

micrographs of LLZOCET along with its enlarged view in the in-set;(d) & (e) FESEM 

micrographs of top surfaces of LLZOGC, LLZOCET pellets respectively along with 

enlarge version (f), FESEM micrographs of polished and fractured surface of (g) 

LLZOGC and (h) LLZOCET pellets; (i) Grain size distribution of LLZOGC, (j) &(k) 

are EDX profiles and elemental map of LLZOGC pellet; (l) & (m) EDX profile and 

elemental map of LLZOCET pellet. 

Figure 5.19  (a) Nyquist plot of LLZOGC and LLZOCET pellets sintered at 1000°C at RT. (b) 

Arrhenius plot of LLZOGC and LLZOCET and calculated activation energies from 

slopes. (c) EIS spectra of PP-SIL, LLZOGC-SIL and LLZOCET-SIL using SS blocking 

electrode. (d) Nyquist plot of LLZOGC-SIL and LLZOCET-SIL in Li/Li symmetric cell 

(e) DC polarization of LLZOGC-SIL and LLZOCET-SIL using ion blocking stainless 

steel electrode (f) Current vs potential linear sweep voltammetric (LSV) plot at a scan 

rate of 2.0 mV s-1 of LLZOGC-SIL and LLZOCET-SIL. 

Figure 5.20 DC polarization curve of LLZOGC-SIL and LLZOCET-SIL with an inset plot showing 

no transference variation. 

Figure 5.21 (a) Voltage profile and (b) voltage hysteresis of Li/Li Symmetric cells at RT over 1350 

cycles  at different current density (1-500 at 0.05 mA.cm-2, 501-1000 at 0.10 mA.cm-2 

and 1001-1350 at 0.20mA.cm-2)with two distinct hybrid electrolytes(LLZOGC-SIL & 

LLZOCET-SIL), (c) and (d) EIS spectra before and after electrochemical cycling of 

LLZOGC-SIL and LLZOCET-SIL cell, (e) DC cycling profile of Li/Li symmetric cell of 

both the electrolyte at RT with step current density of 0.05 mA.cm-2 in the range of 0.05 

to 1.00 mA.cm-2. 

Figure 5.22 (a) EIS spectra of a lithium symmetric cell of LLZOCET electrolyte pellet without using 

SIL, (b) Symmetric cell performance of LLZOCET electrolyte without SIL showing very 

high polarization voltage at a current density of 0.05 mA.cm-2. 

Figure 5.23 (a) Schematic representation of Li-ion transport across LLZO prepared by two different 

methodologies (GC and CET processes); (b-c) Typical charge-discharge profiles of 

LLZOGC and LLZOCET electrolytes (cell configuration Li/LLZO-SIL/LMO) at 

different current densities; (c) Typical charge-discharge profiles of LLZOGC cell at 

different current densities.; (d) Rate performance study of LLZOGC and LLZOCET 

electrolytes up to 572 cycles comprising different current densities- (d1) 1-66 cycles @ 

0.1-2.0 mAcm-2, (d2) 67-566 cycles @ 2.5-3.0 mAcm-2 and (d3) 567-572 cycles @ 0.1 

mAcm-2.; (e-f) showing the EIS spectra of LLZOCET cells before and after cycling 

along with their equivalent circuit in the in-set.; (g) High rate capability study at 1C 

rate for both LLZOGC and LLZOCET electrolytes along with their coulombic 

efficiencies. 

Figure 5.24 Microstructures of anode facing surfaces of LLZOCET electrolyte in symmetric cell 

configuration (Li/LLZOCET-SIL/Li)  (a) before cycling and (b) after cycling;  In full 
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cell configuration (Li/LLZOCET-SIL/LiMn2O4) (c) showing the microstructure of 

anode facing surface of LLZO electrolyte comprising microcracks (region-I) and voids 

(region-II); The magnified view of microstructures of  (d) region-I and (e) region-II;  

(f) X-ray diffraction patterns of LLZOCET electrolyte before and after cycling along 

with enlarged view of significant peaks; (g) FTIR spectra of LLZOCET-SIL electrolyte 

before and after cycling. 

Figure 5.25 EDX profile of LLZOCET-SIL pellet after full cell performance (572 Cycles). 

Figure 6.1 Graphical abstract illustrating the effects of dual therapy in metal batteries. 

Figure 6.2 X-ray diffractograms of developed electrolytes along with commercial NiO powder, (b) 

Variation of quantification of phases concerning the different solid electrolytes 

composition, (c) & (d) FTIR and RAMAN spectra of all developed solid electrolytes 

respectively, (e) Dilatometry study to measure the linear shrinkage of all developed 

sintered pellets as a function of temperature from RT-1200°C. (f) Schematic 

representation illustrating the effect of NiO as a sintering aid in the Ga-doped LLZO 

matrix. 

Figure 6.3 FESEM micrographs of a polished and fractured surface of (a) GN000, (b) GN050, 

and (c) GN100, respectively. (d) FESEM micrograph (d1) and corresponding elemental 

line spectrum (d2-d4) of GN100. (e) EdX profile at the grain of GN100. (f) EdX profile 

at the grain boundaries of GN100. 

Figure 6.4 (a) Nyquist plot of GN000, GN025, GN050, GN075 and GN100 pellets sintered at 

1000°Cat RT. (b) Variation of bulk and grain boundary resistances with different 

compositions of solid electrolytes. (c) Arrhenius plot of all sintered pellets and 

activation energies are calculated from the slopes. (d) Densification vs. different 

compositions of solid electrolytes and variation of SIL uptake concerning the 

composition. (e) EIS spectra of PP-SIL, GN000-SIL, GN025-SIL, GN050-SIL, GN075-

SIL and GN100-SIL for conductivity measurements. (f) Nyquist plot of all SIL-soaked 

solid electrolytes in Li/Li symmetric cell with inset shows the enlarged version of the 

plot and variation of electrolyte-metal interface resistance concerning the composition. 

(g) Current vs. potential linear sweep voltammetric (LSV) plot at a scan rate of 2.0 mV 

s-1 of different SIL-soaked solid electrolytes composition. (h) DC polarization of 

GN000-SIL, GN025-SIL, GN050-SIL, GN075-SIL, and GN100-SIL using ion-blocking 

SS electrode. 

Figure 6.5 Figure 6.5 DC cycling profile of Li/Li symmetric cell of (a) GN000-SIL, (b) GN025-

SIL, (c) GN050-SIL, (d) GN075-SIL and (e) GN100-SIL hybrid electrolyte at RT with 

step current density of 0.05mA.cm-2 in the range of 0.05 to 0.75mA.cm-2, (f) Variation 

of CCD values concerning different electrolyte compositions. 

Figure 6.6 Figure 6.6 (a) Voltage profile of Li/Li Symmetric cell at RT over 1000h at a current 

density of 0.1 mA.cm-2 with the enlarged version marked as (I)-(V) and shown 

separately, (b) A typical EIS spectra of GN050-SIL after symmetric cell performance 

along with its corresponding equivalent and different resistance components are 

marked, (c) Variation of electrolyte bulk resistance at before and after symmetric cell 

performance with the various composition of electrolytes, (d) Variation of metal-

electrolyte interface resistance at before and symmetric cell performance with the 

different electrolyte composition. 

Figure 6.7 EIS spectra before and after symmetric cell performance for (a) GN000-SIL, (b) 

GN025-SIL, (c) GN050-SIL, (d) GN075-SIL, and (e) GN100-SIL. 
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Figure 6.8 Typical charge-discharge profile of (a) GN000-SIL and (b) GN050-SIL electrolyte at 

different current densities with LiMn2O4 cathode and Li metal as an anode, (c) Rate 

performance study of GN000-SIL and GN050-SIL hybrid electrolyte at different step 

current density (d) High-rate capability study at 1C using GN000-SIL and GN050-SIL 

electrolytes. 

Figure 6.9 Pre- and post-cycling EIS spectra of Li/LMO full cell. (b) corresponding DRT pattern. 

(c) & (d) DRT patterns at various states of charge (SOC) and depth of discharge (DOD) 

at the initial cycle, respectively. (e) & (f) DRT patterns at various SOC & DOD after 

the 1st cycle, respectively.  

Figure 6.10 EIS spectra during 1st cycle at various (a) SOC and (b) DOD, EIS spectra during 2nd 

cycle at various (a) SOC and (b) DOD. 

Figure 7.1  Graphical abstract summarizing the role of solid electrolyte filler in composite 

membrane for next-generation batteries. 

Figure 7.2  FESEM micrograph of (a)-(b) G03 and (c)-(d) A03 at two different scales. (e) 

Corresponding EdX of Ga doped LLZO (G03) incorporated paper separator. 

Figure 7.3  (a) FESEM and corresponding EDX of commercial and cellulose paper and (b) Tensile 

strength at machine direction and transverse direction of commercial cellulose paper 

(CCP). 

Figure 7.4  Mechanical, air permeability, and electrolyte uptake properties of paper separators. 

(a) stress-strain curve in machine direction (MD) and (b) transverse direction (TD) for 

Ga-LLZO impregnated paper (G03) and Al2O3 impregnated paper (A03), (c) 

comparison of tensile strengths in MD and TD for commercial cellulose paper (CCP), 

G03, and A03, (d) Gurley value (air permeability) and liquid electrolyte uptake 

capacity of CCP, G03, and A03 separators. 

Figure 7.5  (a) Nyquist plots of electrolyte-soaked cellulose paper (CCP), Ga-LLZO impregnated 

paper (G03), and Al2O3 impregnated paper (A03) measured with stainless steel 

blocking electrodes. (b-d) DC polarization profiles with corresponding impedance 

spectra before and after polarization for CCP, G03, and A03, respectively, used to 

calculate Li⁺ transference numbers. 

Figure 7.6  Full-cell electrochemical performance of MCMB/LFP cells assembled with 

commercial cellulose paper (CCP), Ga-LLZO impregnated paper (G03), and Al2O3 

impregnated paper (A03) separators. (a) rate performance at varying current densities 

(0.10–0.80 mA.cm-2), (b) Typical charge-discharge voltage profiles at 0.05 mA.cm-2, (c) 

cycling stability at 0.20 mA.cm-2 for 100 cycles. 

Figure 7.7  (a) TGA and (b) DTA thermographs of PL00, LZ00, and LZ10 CSPEs from RT to 

800°C. (c) X-ray diffractograms of PL00, LZ00, and LZ10 CSPEs along with the 

JCPDS file of cubic LLZO. (d) FTIR spectra of PL00, LZ00 and LZ10 CSPEs. (e) 

Tensile strength Measurement of developed CSPEs. (f) Variation of mechanical 

properties and crystallographic index of PL00, LZ00, and LZ10.  

Figure 7.8  FESEM images of LZ00 CSPEs (a) at the top surface and (b) near the edge section. (c) 

EdX spectrum of LZ00 CSPEs. FESEM images of LZ10 CSPEs (d) at the top surface 

and (e) near the edge section. (f) EdX spectrum of LZ10 CSPEs, (g) elemental mapping 

of the selected region in LZ10, (h) elemental mapping of all elements present in the 

CSPE. Distribution of (i) and (j) Zr in the developed CSPEs. 

Figure 7.9  (a) Nyquist plot of PL00, LZ00, LZ05, LZ10, and LZ15 composite solid polymer 

electrolytes (CSPEs) at room temperature (30 °C). (b) Electrochemical impedance 
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spectra of LZ10 at various temperatures. (c) Arrhenius plots of PL00, LZ00, LZ05, 

LZ10, and LZ15 CSPEs showing temperature dependence of ionic conductivity for 

activation energy determination. (d) Variation of room-temperature ionic conductivity 

(left axis) and corresponding activation energy (right axis) for developed CSPEs.  

Figure 7.10  EIS measurements at various temperatures in the SS/SS symmetric cell of (a) PL00, (b) 

LZ00, (c) LZ05, (d) LZ15 CSPEs. 

Figure 7.11  (a) Nyquist plots of Li/CSPE/Li symmetric cells with PL00, LZ00, LZ05, LZ10, and 

LZ15 CSPEs at room temperature. (b) Linear sweep voltammetry (LSV) profiles of 

PL00, LZ00, and LZ10 in Li/CSPE/SS cells. (c) DC polarization of Li/LZ10/Li cell, (d) 

Summary of Li-ion transference numbers for all the developed CSPEs. 

Figure 7.12  (a) Voltage profile of Li/Li symmetric cell at 60°C at different current densities (0-850 

cycles @ 0.10 mA. cm-2, 851-1850 cycles @0.20 mA. cm-2, and 1851-2700 cycles 

@0.40 mA. cm-2) with three enlarged versions denoted as (I), (II), and (III). 

Figure 7.13  Electrochemical performance of the optimized LZ10 CSPE at room temperature. (a) 

Galvanostatic Li plating/stripping profile of the Li/LZ10/Li symmetric cell at 0.1 

mA·cm-2 over 25 h, (b) Charge-discharge voltage profiles of the Li/LZ10/LFP full cell 

at a current density of 0.04 mA·cm⁻² for the 1st, 5th and 10th cycle, (c) Cycling 

performance of the Li/LZ10/LFP full cell at room temperature with corresponding 

coulombic efficiencies 

Figure 7.14  (a) Nyquist plot of Li/LFP full cell as fabricated condition for LZ00 and LZ10. (b) Rate 

capability of LZ00 and LZ10 CSPEs at different current densities at 60°C. (c) Typical 

charge-discharge profile for LZ10 at different current densities. (d) Summary plot of 

the average specific capacity and average coulombic efficiency for LZ00 and LZ10 at 

various current densities. (e) Long cycling capacity retention test for LZ10 CSPEs. 

Figure 7.15 (a-b) FESEM images of PLZ10 at two different scales, Mechanical of (c) cellulose 

paper, (d) CSPE (LZ10), and (e) paper-polymer-LLZO membrane (PLZ10). 

Figure 7.16  Electrical and electrochemical properties of paper-polymer-LLZO electrolytes. (a) 

Nyquist plots of PLZ00 and PLZ10 at room temperature with the equivalent circuit. (b) 

Arrhenius plots of PLZ00 and PLZ10 for activation energy calculation. Temperature-

dependent impedance spectra of (c) PLZ00 and (d) PLZ10 for a temperature range of 

30-80°C. (e) Variation of room temperature ionic conductivity and activation energy 

with various compositions, (f) Linear sweep voltammetry of PLZ10. 

Figure 7.17  Long-term galvanostatic cycling of Li/PLZ00/Li and Li/PLZ10/Li symmetric cells at 

0.1 mA.cm⁻². Insets show magnified voltage profiles between 200-205 h and 700-705 

h.  

Figure 7.18  Galvanostatic charge–discharge voltage profile of the Li/PLZ10/LFP full cell at 0.1 

mA·cm⁻².  

Figure 8.1  Graphical abstract summarizing (a) the role Liquid Therapy in Na metal Batteries and 

(b) S incorporation in Al doped LLZO material. 

Figure 8.2  (a) XRD patterns of pristine NZSP and liquid-treated NZSP (NZSP-LT) and (b) FTIR 

spectra of NZSP and NZSP-LT materials. 

Figure 8.3  FESEM images of (a-c) NZSP and (d-f) NZSP-LT at different magnifications 

Figure 8.4  EDX spectra of (a) NZSP and (b) NZSP-LT. 

Figure 8.5 (a) Nyquist plot of NZSP solid electrolyte sintered at 1230º for 10h, (b) Arrhenius plot 

for calculation of activation energy from slope, (c) Nyquist plot for measurement of 

ionic conductivity of LT in SS/Separator/SS cell. (d) Symmetric cell impedance spectra 

of NZSP and NZSP-LT. 

Figure 8.6  (a) Na plating/striping stability test over 2000h for NZSP and NZSP-LT electrolyte, (b) 

Schematic of liquid therapy process. (c) EIS spectrum of NZSP-LT electrolyte in 

Na/NZSP-LT/NVP full cell. (d) Rate performance of Na/NZSP-LT/NVP full cell at 
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various current densities. (e) Typical Charge-discharge profiles at 0.2 mA·cm-2. (f) 

Long-term cycling stability of Na/NZSP-LT/NVP full cell. 

Figure 8.7  FTIR spectra of (a) NZSP solid electrolyte before and after cycling, and (b) NZSP-LT 

solid hybrid electrolyte before and after cycling.  

Figure 8.8  Post-cycling FESEM and elemental mapping of NZSP and NZSP-LT electrolyte 

material. Symmetric Na/Na cells interfacial morphology of pristine NZSP (a, b) and 

NZSP-LT (c, d) at two different scales. (e, f) FESEM of a full Na/NZSP-LT/NVP cell. 

(g-l) EDX elemental mapping of Na, Zr, Si, P, F, and V at the cathode-side NZSP-LT 

surface. 

Figure 8.9  TGA/DTA profiles of S-incorporated LLZO powders (S02, S03, S05, and S07) heated 

up to 1200 °C in air. 

Figure 8.10  (a) XRD patterns of S incorporated samples in Al-doped LLZO after calcined at 900°C 

compared with standard JCPDS reference of cubic LLZO, (b) XRD patterns of L00, 

S00, and S05 compared with reference cards for cubic LLZO (PDF 00-064-0141), 

tetragonal LLZO (PDF 00-064-0140), La(OH)3 (PDF 00-036-1481), and K2NiF4 type 

phase (PDF 00-040-1167). 

Figure 8.11  XRD patterns of Al/S co-doped LLZO powders sintered at 900 °C. (a) Samples with 

varying Al content (b) With various calcination holding times (2-24 h). 

Figure 8.12  XRD patterns of S03, S05, and S07 samples sintered at 800 °C for 10h. 

Figure 8.13  FTIR spectra of pristine (L00), Al-doped (S00), and Al/S co-doped LLZO calcined at 

900°C. 

Figure 8.14  FESEM images of Al/S co-doped LLZO samples: (a) S02, (b) S03, (c) S05, and (d) S07 

sintered powders.  

Figure 8.15  Variation of agglomerated particle size and zeta potential for L00, S00, and Al/S co-

doped LLZO samples (S02-S07). 

Figure 8.16  (a) Nyquist plots of Al-doped (S00) and Al/S co-doped (S03) LLZO samples fitted with 

the equivalent circuit model. (b) Arrhenius plots from the conductivity valuesmeasured 
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Figure 9.1  Summary of the key strategies developed in this work for advancing solid-state metal 

batteries, highlighting improvements in conductivity, interfacial stability, and cycling 

performance through LLZO-based interfacial and structural engineering. 
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Highlights of the Thesis 

The rapid rise in demand for electric vehicles (EVs) is transforming the whole energy landscape 

across the globe, with a projection to exceed 200 million EVs by 2030. This surge evolves the 

whole energy storage segment for better batteries with higher energy density, longer driving range, 

and the highest safety. Conventional lithium-ion batteries heavily rely on flammable liquid 

electrolytes that cannot fully meet these requirements due to the instability with Li metal and 

uncontrolled dendritic growth. As a result, solid-state lithium metal batteries (SSLMBs), which 

combine lithium metal as anodes and a robust solid electrolyte, have emerged as a promising 

configuration for next-generation EVs. 

Among the various solid electrolytes, garnet-type Li7La3Zr2O12 (LLZO) has received significant 

attention due to its wide electrochemical window, high conductivity at room temperature, and 

excellent compatibility with lithium metal. Yet, its practical use was hindered by high interfacial 

and grain boundary resistance due to the presence of various surface impurities and poor Li 

wettability that promotes point contact and uncontrolled dendrite penetration. The mechanical 

brittleness of garnet electrolyte also complicated the device integration for a practical battery cell. 

This thesis addresses these challenges through a progressive and multi-scale engineering strategy. 

It started from advancing the synthesis and interfacial chemistry to microstructural control, dual-

therapy interventions, and an innovative composite design with unconventional exploration for 

future studies. The key highlights of all the chapters are described below,  

Introduction & Motivation in Chapter 1: A thorough literature survey is carried out to provide a 

critical overview of limitations in Li-ion technology, the promise of solid-state systems, 

classifications of electrolytes, and the synthesis barriers that shape their scalability with the 

research hypothesis and objectives around multi-scale engineering of garnet electrolytes. 

Methodological foundation in Chapter 2: An integrated workflow of synthesis, characterization, 

and electrochemical evaluation was established to ensure reproducibility and direct correlation 

between processing parameters with various performances. 
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Synthesis Optimization and Interface Stabilization in Chapter 3: An aqueous combustion route 

using novel alanine fuels was optimized for maximum yield (~94%) of pristine cubic LLZO with 

engineered neck-fused grains at low temperature (900ºC). Introduced solvated ionic liquid (SIL) 

infusion in a LLZO matrix as a “liquid therapy” with enhanced interfacial stability and excellent 

full cell performance in various cathode chemistries (LMO, LFP, and NMC811).   

Dual Interfacial Modification in Chapter 4: Surface fluorination generated a LiF-rich passivation 

layer in the LLZO matrix, whereas the SIL infusion enhanced wettability and Li-ion transport 

across the various interfaces. Post-electrochemical XPS results confirmed the suppression of TFSI 

decomposition, and DRT revealed stabilized interfacial processes over long cycling. This dual 

strategy delivered the best performance matrix in terms of low interfacial resistance (41.17Ω), high 

critical current density(1.45mA.cm-2), and extended symmetric and full-cell stability, which 

suggests the effectiveness of the dual strategy in metal batteries. 

Microstructural Engineering in Chapter 5: Engineering at the microstructural level attempts to use 

water hyacinth as a bio template for producing plate-like Ga doped LLZO, while cellulose exo-

templating produced highly interconnected frameworks with a significant reduction in grain 

boundary resistance. With SIL infusion in cellulose-derived LLZO matrix delivered high ionic 

conductivity at RT (0.215 mS cm⁻¹), long-term plating/stripping behaviour (>1350h) with superior 

full cell performance. 

Dual Therapy in Chapter 6: A dual-therapy approach was developed, which combined the solid 

therapy of Ga doped LLZO via NiO sintering aid and liquid therapy using a solvated ionic liquid 

(SIL). NiO addition in the LLZO matrix improved densification (90%) and introduced a 

conductive K₂NiF₄-type phase (Li0.5La2Al0.5O4), which reduced the grain boundary resistance by 

~7×. With SIL infusion in solid therapy, the hybrid electrolyte further delivers higher ionic 

conductivity, lower interfacial resistance, and excellent long-term stability. 

Composite Membranes in Chapter 7: Ga doped LLZO fillers were incorporated into three distinct 

systems, paper, polymer, and paper-polymer composite matrices, to enhance the ionic 

conductivity, interfacial stability, and flexibility. Paper-based separators improved the Li-ion cell 

performance, dual-polymer composites deliver ~10⁻⁴ S·cm-1 conductivity at RT with good Li metal 

compatibility. Whereas the paper-polymer membranes show reinforced, flexible electrolytes to 

offer a scalable pathway toward next-generation flexible lithium batteries. 
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Exploratory Extensions in Chapter 8: The liquid-therapy concept was further extended beyond Li 

metal batteries. In NASICON-type Na₃Zr₂Si₂PO₁₂ (NZSP), an ether-based liquid electrolyte 

infusion reduced the interfacial resistance and improved Na plating/stripping. This demonstrates 

the broad applicability of liquid-assisted stabilization in metal batteries. An unconventional 

modification strategy in the LLZO matrix is tried via Al-S modification. The preliminary results 

suggested the conductivity improvement compared to Al-only systems, which highlights both the 

challenges and the potential of anion doping in garnets. Together, these explorations further 

broaden the scope of the thesis in other metal batteries and by an unconventional approach.  

Conclusion and future perspective in Chapter 9: Summarized the various materials and design 

engineering in garnet electrolytes and derivatives. It also highlighted the future directions in 

doping, cross-chemistry strategies, and scalable processing for solid-state batteries. 

Together, this thesis develops a comprehensive roadmap for garnet electrolytes. It addresses the 

synthesis, interfacial, microstructural, and composite challenges with extending concepts to new 

materials systems. 
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CHAPTER 1 

Introduction, Motivation & Research 

Objective 
 

1.1 Motivation 

The steady rise in greenhouse gas (GHG) emissions is one of the defining challenges of the 

twenty-first century. The over-dependency on fossil fuels for electricity, heat, industrial work, 

and transportation has drastically altered the natural atmospheric composition of Mother Earth. 

The Intergovernmental Panel on Climate Change (IPCC) has already reported in its Sixth 

Assessment Report (AR6, 2021) that the concentration of atmospheric carbon dioxide (CO2) 

has already reached higher than the pre-industrial levels of ~280 ppm1. Along with the CO2, 

other pollutants such as Methane (CH4) and nitrous oxide (N2O) have also risen rapidly. The 

International Energy Agency (IEA) also calculated the global CO2 emissions. It was found that 

the energy sector alone reached a record high of 36.8 gigatonnes in 2022, with a rough 

contribution of about 34% of the total emissions2. Whereas, the transportation contributed 

about 15-17%3. As, global warming heavily depends on the total amount of CO2 released over 

time, or cumulative CO2. Thus, CO2 emissions must fall rapidly to keep the warming threshold 

as prescribed in the Paris Agreement (COP21, 2015) of staying below 1.5 °C1. This requires 

immediate action across the border to reach net zero within a few decades.   

India also faces a dual challenge of sustaining rapid economic growth while keeping an eye on 

a sustainable low-carbon footprint. At COP26 in Glasgow, India announced its landmark 

commitment to achieve net-zero emissions by 20704. This target is supported by the detailed 

plans from NITI Aayog and the Ministry of Environment, Forest and Climate Change 

(MoEFCC)5. In the near-term commitments, India pledged to reduce the carbon intensity of 

GDP by 45% relative to 2005 levels by 2030. Where the carbon internsity of GDP defined as 

the ratio of the quantity of CO2 (or CO2-equivalent) emitted divided by the size of the economy 

(GDP). India has also projected to lower down the cumulative carbon emissions by one billion 

tonnes by 2030 and ensure that half of the country’s installed power capacity comes from non-

fossil energy sources. The transport sector has been identified as a critical pillar of 
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decarbonization parallel to the power sector. A national policy vision has already proposed that 

at least 30% of all new vehicle sales should be electric by 2030 (MoEFCC, 2022; NITI Aayog, 

2021)6. Between 2030 and 2047 in the medium term, India aims to accelerate this shift by 

expanded the renewable energy via a mass adoption. The success of this transformation will 

heavily depends on several key factors such as nationwide EV charging infrastructure, 

breakthroughs in battery technologies, and the integration of hydrogen based solutions for 

heavy-duty transport. In the long-term trajectory from 2047 to 2070, this transformation is 

expected to reach a mature stage with nearly complete electrification. Thus, these measures are 

expected to align India’s development pathway with its 2070 net-zero milestone. 

Thus, the electrification in the transport sector emerging as a key driver of decarbonization. In 

India, the transport sector contributes nearly 12% of energy-related CO2 emissions as its heavy 

reliance on petroleum fuels. Thus, with a change from internal combustion engine vehicles 

with electric vehicles (EVs) can significantly reduce the lifecycle emissions. Beyond the 

climate benefits, EVs also enhanced the national energy security by reducing the dependence 

on imported crude oil and further promote the initiatives such as Make in India and 

Atmanirbhar Bharat which encourage the domestic manufacturing and innovation5,6. In 

addition, EVs provide a technological platform to integrate with other renewable energy 

sources through flexible charging.  

These commitments towards net zero carbon footprint and EVs adaptation are also closely 

aligned with the United Nations (UN) Sustainable Development Goals (SDGs)7. The transition 

toward clean mobility directly contributes to SDG 7 (Affordable and Clean Energy) which 

further expand to sustainable energy systems. The reduction of greenhouse gas emission due 

to EVs adaption is also correlated with SDG 13 (Climate Action. The domestic EV 

manufacturing also supports SDG 9 (Industry, Innovation and Infrastructure) by developing 

domestic infrastructure and sustainable industrialization. Therefore, the mass adoption of EVs 

is not just an option anymore but an urgency for India’s sustainable mobility transition and its 

long-term climate goals. 

1.2 The Rise of Electric Mobility 

The rise of electric mobility depends on energy storage systems (ESS) which balance between 

the energy and power densities. In general, fuel cells deliver high energy density but limited 

power density. Whereas the capacitors exhibit high power but lack storage capacity. But, 

Lithium-ion batteries provide a balance between energy and power densities. That is why LIBs 
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shows dominance in compared other EES for EVs. However, safety concerns, limited energy 

density, and reliance on liquid electrolytes remain critical constraint for EV application. This 

thesis is therefore motivated by the need to advance solid-state lithium batteries to deliver safer, 

higher-performance, and scalable solutions for future electric mobility. 

1.2.1 Global Trends 

Over the last decade the electric mobility has evolved from a niche technological advancement 

into one of key strategy for decarbonisation of any major economies across the globe. Global 

EV stock and annual sales have grown exponentially over last few years8.  Countries like 

Norway, China, Germany, and the USA are adopted EVs aggressively through policy reforms, 

government subsidies, and improving support for charging infrastructure. However, China 

currently leading with more than 60% of the global Lithium-ion battery production9. Europe 

has also committed to get rid from internal combustion engine (ICE) vehicles by 2035. The 

European Union also allocates billions of funds in green transition. USA has implemented 

several tax benefits and boosting domestic EV manufacturing and critical mineral sourcing. 

The global EV sale also surpassed 26 million units in 2022, almost a ten-fold increase from 

20178. Global EV R&D efforts have also put significant effort to address the key technological 

bottlenecks of this transformation. In the United States, Battery500 Consortium initiative 

focusses on lithium-metal and solid-state batteries to achieve higher energy densities and 

longer lifetimes for EVs10. In Europe, programmes like Battery 2030+ and the European 

Battery Alliance promote breakthroughs in sustainable materials, digital design tools, and 

recycling pathways11. China has invested heavily in manufacturing, next-generation 

chemistries including lithium iron phosphate (LFP), high-nickel NMC, sodium-ion, and early 

solid-state prototypes. Japan and South Korea continue to push innovations in solid-state, 

lithium-sulfur, and high-safety electrolytes through their leading automotive and electronics 

industries (Toyota, Panasonic, Samsung SDI, LG Energy Solution). Collectively, these R&D 

efforts are strategically linked to industrial policies that recognise batteries as a core technology 

for competitiveness, energy security, and climate mitigation. 

1.2.2 Indian Landscape 

India’s electric mobility ecosystem has grown very rapidly in recent years. It has driven by the 

governmental incentives, industrial policy, and a steadily growing research base across the 

country. The most prominent national initiative is the Faster Adoption and Manufacturing of 

Hybrid and Electric Vehicles (FAME) programme to catalysed the EV adoption12. As reported 
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in 2023, more than 1.17 million EVs had been supported through purchase incentives under 

the scheme13. This including nearly one million electric two-wheelers, while over 2,800 

charging stations were sanctioned across 68 cities. Also, for industries the Production-Linked 

Incentive (PLI) schemes are very beneficial14. The PLI for the automotive sector, with a budget 

of ₹25,900 crore, was designed to stimulate domestic manufacturing of EVs and components. 

Whereas PLI for Advanced Chemistry Cells (ACC), with ₹18,100 crore, planning to 

established various manufacturing unit for 50 GWh of battery production capacity within 

India15. Additional support measures, such as the reduction of GST on EVs from 12% to 5% 

and on chargers from 18% to 5%, together with road tax waivers and green license plates, 

further promotes the EV adoption16. As a result of these combined efforts, EV penetration 

reached nearly 5% of all vehicle sales in 2022-2313. It was projected to increasing a upto 40% 

by 2030. Importantly, the early growth of India’s EV market has been concentrated in two- and 

three-wheelers, as well as compact cars. 

India has also developed a robust research and development ecosystem that support the EV 

adoption. Among the various Indian Institutes of Technology (IITs), IIT Delhi, IIT Roorkee, 

and IIT Jammu have contributed to electrode and cathode materials research. Whereas, IIT 

Gandhinagar focused on various solid-state chemistry. IIT Bombay has advanced in 

diagnostics, modelling, and prototyping. IIT Indore and IIT Hyderabad have pursued dual-ion 

and lithium-sulfur systems, along with hybrid battery-supercapacitor developments. IIT 

Madras has work on solid electrolytes and nanostructured electrodes. IIT Kharagpur and IIT 

BHU have work on prototyping and solid-state battery development. 

Among the various Council of Scientific and Industrial Research (CSIR) lab, CSIR-CECRI in 

Karaikudi has led R&D on lithium-ion electrochemistry, cell fabrication, and recycling. CSIR-

CGCRI in Kolkata has specialised in glass- and ceramic-based solid electrolytes for solid state 

battery development and paper based sustainable separator for Lithium-ion cell. Whereas, 

CSIR-NCL in Pune has contributed significantly to electrode materials and polymer 

electrolytes. CSIR-IMMT in Bhubaneswar has already established in battery recycling and 

mineral recovery technologies. Beyond IITs and CSIR labs, other premier institutions 

strengthen the ecosystem further, such as IISc Bangalore, JNCASR, and CPRI have 

emphasised oxide and polyanion cathodes and prototyping.  And, IISERs in Pune, Kolkata, and 

Thiruvananthapuram have pursued solid electrolytes and advanced materials. ARCI in Chennai 

and C-MET centres have worked extensively on materials scale-up and industrial prototyping. 

ISRO’s VSSC has developed high-reliability batteries for aerospace applications which 
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provides key insights into safety and performance under extreme operating conditions. IACS, 

TCG-CREST in Kolkata continues to contribute to advanced solid-state materials research. 

Also establishment of Battery Research Society (BRS) has emerged as a professional platform 

linking academia, industry, and policymakers to accelerate the translation of laboratory 

research into commercially viable technologies. 

In summary, India’s EV policy framework, emerging market adoption, distributed R&D 

capabilities, and professional networks reflect a deliberate strategy to build Make in India 

product for the entire value chain. This approach is essential for the challenges of affordability, 

tropical climate durability, and infrastructure readiness, sustainable electric mobility. 

1.2.3 Role of Batteries in EVs 

Battery is like the heart of any electric vehicle system. It directly controls in the performance, 

cost, and sustainability of EVs. In simple terms, the energy density of a battery tells us how far 

a vehicle can travel on a single charge. Whereas, the power density controls the dynamic 

performance, such as acceleration and fast charging17. Lifecycle, stability and safety of a 

battery cell further correlate with the economic viability of EVs, especially under India’s hot 

and humid climatic conditions. 

Currently, lithium-ion batteries (LIBs) dominate the EV market because they offer a favourable 

balance between energy density and power density compared to other energy storage devices 

alternatives such as fuel cells or supercapacitors. However, LIBs still face critical challenges 

due to the flammable organic electrolyte. Thermal runaway risks due to the presence of 

polypropylene based polymer separator and limited driving range due to utilizing graphite 

anode instead of Li metal restrict it successful large-scale adoption17. Moreover, battery cost is 

directly controlling the affordability of EVs. 

These challenges highlight the need for next-generation better batteries for affordable EVs. 

Solid-state lithium metal batteries (SSLMBs) are widely considered as a promising alternative 

because they replace flammable liquid electrolytes with solid electrolytes. It also offers higher 

energy density due to the use of Li metal which have the highest theoretical capacity 

(3860mah.g-1), improved safety, and longer cycling stability. However, large interfacial 

resistance at the metal/electrolyte interface, uncontrolled dendrite penetration, and scalable 

processing remain bottlenecks for successful commercialization. Thus, the role of batteries in 

EVs is therefore not only in technological aspect but also strategic as always. Improvements in 
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battery chemistry, design, and manufacturing can directly accelerate the EV adoption, enhance 

the national energy security by reducing the oil imports, and can enable integration of 

renewable energy into the grid through flexible charging and vehicle-to-grid (V2G) 

applications. For India, indigenising battery innovation and manufacturing is essential to 

achieving long-term goals such as Atmanirbhar Bharat and Make in India. Thus the primary of 

this thesis is to address the limitations of current LIB technology and advancing the solid-state 

solutions, particularly through interface engineering and microstructural optimisation of solid-

state electrolytes, to deliver safer, high-performance, and scalable batteries for future electric 

mobility. 

1.3 Li-ion Batteries and Beyond 

Since the commercialization of Li-ion batteries (LIBs) by Sony in 1991, it revolutionized the 

portable electronics market and have become a strong candidate for electric vehicles18,19. Here, 

we will discuss about the basic principle of Li-ion batteries, their limitation and about next-

generation energy storage devices.  

1.3.1 Basic Principle of Li-ion batteries 

Lithium-ion batteries (LIBs) are generally a primary rechargeable electrochemical device. It 

converts chemical energy into electrical energy and also it can store energy. A typical LIB 

consists of three key components, a positive electrode (cathode), a negative electrode (anode), 

and an ionically conducting and electronically insulator, electrolyte separated by a porous 

polymeric membrane, as shown in Figure 1.1. The electrodes are generally electronically 

connected through an external circuit. It allows the flow of electrons in the external circuit, 

while the electrolyte selectively transports lithium ions (Li⁺) between two electrodes during 

charge and discharge18. 

The cathode is usually a lithium transition metal oxide with a layered or olivine structure. Such 

as lithium cobalt oxide (LiCoO2), lithium manganese oxide (LiMn2O4), or nickel-manganese-

cobalt oxides (NMC). Whereas, the anode most commonly consists of graphite, which can host 

the lithium ions into its layered structure via intercalation. The electrolyte typically contains a 

lithium salt such as LiPF6 dissolved in organic carbonate solvents (ethylene carbonate, diethyl 

carbonate, etc.). To prevent short-circuiting, a microporous polypropylene (PP) or polyethylene 

(PE) based separator soaked with the liquid electrolyte is used to physically isolate the 

electrodes but conduct ion through its pore19. 
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The basic operation of a LIB depends on the principle of reduction and oxidation (redox) 

reactions at the electrode/electrolyte interfacial boundary. During charging, Li⁺ ions are 

deintercalated from the cathode host lattice and migrate through the electrolyte via porous 

separator, and intercalate into the anode. Similarly, electrons also travel through the external 

circuit from cathode to anode. During discharge, the reverse process, i.e. Li⁺ ions leave the 

anode and return to the cathode via intercalation with electrons flow through the external load. 

In this way we are powering our devices. 

 

 

 

 

 

Thus, the main driving force for the overall process is the difference in chemical potential 

between the cathode and anode materials and which further translates into the cell voltage. So, 

the operation of LIBs can be understood as a reversible “shuttling” of lithium ions between the 

two host structures and electrons complete the race in externally18,19. 

 

Figure 1.1 Schematic representation of a typical Lithium-ion battery 

In the present scenario, the LIB deployment has started from consumer devices to grid-scale 

storage and electric mobility, their inherent limitations have become increasingly evident. 

Various Challenges related to safety, restricted energy density, life cycle degradation, and 

Positive electrode 

𝑳𝒊𝑴𝑶𝟐 ↔ 𝑳𝒊𝑴𝑶𝟏−𝒙 +  𝑳𝒊𝒙 + 𝒙𝒆− 

Negative electrode 

𝑪 + 𝒙𝑳𝒊+ + 𝒙𝒆− ↔ 𝑳𝒊𝒙𝑪 

Overall reaction 

𝑳𝒊𝑴𝑶𝟐 + 𝑪 ↔ 𝑳𝒊𝒙𝑪 + 𝑳𝒊𝑴𝑶𝟏−𝒙 

[M = transition metal] 
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material sustainability restrict their successful commercialization for large-scale electrification. 

Thus, a critical assessment of these limitations is required to identify the parameters at which 

the improvement is necessary for current the successful commercialization of current LIBs or 

next-generation systems such as solid-state batteries.  

1.3.2 Limitation in Safety, Energy Density and Lifecycle 

LIBs system revolutionizes the electric vehicle electrification with their balance energy density, 

power capability, and manufacturing maturity. However, their intrinsic limitations present a 

formidable barrier in terms of long-term scalability. The foremost concern is safety. LIBs 

contain flammable organic carbonate electrolytes and polymer separators. In any abusive 

condition (overcharge, mechanical abuse, thermal shock, or internal short-circuits), the cell can 

go to thermal runaway. This initiation resulting in accumulation of local heating and exothermic 

electrolyte decomposition with release of oxygen from cathode and that easily goes to an 

uncontrollable fire accident. The risk of accident heavily depends on tropical region, where the 

high ambient temperature and poor thermal management system can make two or three 

wheelers very vulnerable20–22. 

Another bottleneck is the energy density. Conventional LIBs use the graphite anodes (372 mAh 

g-1), which has very low capacity as compared to lithium metal (3860 mAh g-1). So, even with 

high-nickel layered oxide cathodes (NMC, NCA), the system should carry sufficient amount 

of graphite and thus the energy density significantly reduced. The current densities are also 

remained insufficient for long-range EVs without increasing battery mass and cost. Efforts 

have been made to use silicon or high voltage cathode but it often creates instability, mechanical 

degradation and ultimately reduced safety in Li-ion cell18,23,24. 

Another Equally critical parameter is cycle life and performance degradation over time. LIBs 

generally deteriorate its performance due to multiple coupled processes. Such as the growth of 

the solid electrolyte interphase (SEI), cathode structural degradation, pollutant the electrolyte, 

and lithium plating during fast charging23–25. These processes fading capacity over time and as 

a result of that the cell resistance increases during long cycling.  In India’s hot and humid 

climate, the side reaction also accelerates which further reduced the calendaring and cycle life. 

It also directly negatively impacts on the reliability and affordability of EVs adoption. Thus, 

we need more advanced battery system that can provide safer operation, higher energy density, 

and longer durability. 
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1.3.3 Solid-State Batteries as Next-Generation Technology 

Solid-state batteries (SSBs) have gained significant attention due to its theoretical advantages   

against the intrinsic weaknesses of LIBs26,27. The main building block of the solid-state battery 

is the solid electrolyte. It replaces flammable liquid electrolytes that we use in Li-ion cell. There 

are two types of the solid electrolyte, inorganic solid electrolyte and organic solid electrolyte. 

We will discuss about them in the later section. In general, solid electrolytes improve safety by 

eliminating leakage and suppressing thermal runaway mainly observed in Li-ion cells. Also, 

solid electrolytes offer wider electrochemical stability windows, and can operate at higher 

operating temperatures26,27. It making them attractive for a region like India where climatic 

resilience is critical. A second advantage lies in the energy density enhancement by using 

lithium metal as anodes which has highest theoretical capacity of 3860 mAh g-1. Thus, it is 

quite expected that the SSBs can easily surpass the energy-density achieved in the graphite cell. 

Thus, it has the potential to deliver longer driving ranges and reduced pack sizes by using Li 

metal for EVs. This is a crucial step toward the successfully commercialization of EVs. Also, 

their inherently low self-discharge rate and resistance to dendrite growth hold a key promise 

for longer service lifetimes27,28. However, it seems to be a perfect solution for existing hurdles 

in liquid battery but the promise of SSBs comes with some serious challenges that will discuss 

in the later section.  

1.4 Solid Electrolytes: Classification and Ion Transport Mechanism 

Solid state battery promises to address the primary challenges in conventional LIBs by 

replacing volatile organic solvents with the ion-conducting solids which also acted as physical 

separators. Thus, a solid electrolyte is expected to facilitate the lithium-ion transport across 

electrodes and prevent the electronic short-circuiting just like the liquid electrolyte in lithium-

ion cell. It will also offer the additional advantages in safety, thermal stability, and energy 

density. Thus, the ideal solid electrolyte therefore should satisfy a combination of 

electrochemical, mechanical, and practical requirements for solid state battery development. 

An ideal electrolyte should satisfy following requirement26,27. 

➢ The lithium-ion conductivity at room temperature comparable to or exceeding 10-3 S 

cm-1, similar to that of the liquid carbonate electrolytes. 

➢ A wide electrochemical stability window compatible with high-voltage cathodes and 

lithium-metal as anodes. 
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➢ Purely ionic conduction with negligible electronic conductivity to avoid internal short-

circuiting. 

➢ Excellent chemical and mechanical stability with the electrodes. 

➢  The ability to form stable, low-resistance interfaces with the both anode and cathode 

materials. 

➢ Higher critical current density for fast charging. 

➢  Low cost and easy scalability for large-format cell manufacturing.  

In practical scenario, no single class or materials meets the most of the criteria of an ideal 

electrolyte for successful commercialization. Therefore, it becomes essential to systematically 

classify the solid electrolytes and critically analyse their unique advantages and limitations with 

their ion transport mechanism. This perspective not only highlights the progress made so far 

but also points toward rational design of composite and hybrid systems that may meet the 

requirement of an “ideal” solid electrolyte.  

1.4.1 Inorganic Electrolytes and Their Ion Transport 

 

Figure 1.2 Historical evolution of development of inorganic solid electrolytes. Reproduced 

from [29] 

The fascinating fields solid-state ionics began with Faraday’s discovery of ionic conduction in 

1830. After that, significant evolution happened through α-AgI, β-alumina, 

NASICON/LISICON, LiPON and Garnet systems29. The evolution of various inorganic solid 

electrolytes was presented in Figure 1.2.  Among the various types of solid electrolytes, 
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inorganic solid electrolytes (ISEs) have the most research due to their properties being very 

close to an ideal electrolyte. It consists of various types of electrolytes and is mainly divided 

into amorphous glasses, glass-ceramics or partially crystalline, and crystalline. Inorganic solid 

electrolytes generally deliver the highest ionic conductivity at room temperature among the 

various types of solid electrolytes, thanks to their crystalline nature. Also, it has a wide potential 

window, excellent thermal stability and excellent Li-ion efficacy with lower activation energy. 

The ion transport mechanism of inorganic solid electrolytes is completely different from that 

of their liquid counterparts. In conventional liquid electrolytes, as we know that the both the 

ion are behave like a mobile charge carriers. The overall conductivity also depends on the 

intrinsic properties of the solvent. According to the Stokes-Einstein relation, higher ionic 

conductivity in liquids can be achieved by increasing ion dissociation in solvents with large 

dielectric constants. Also, by lowering the viscosity to enhance the mobility of solvated 

ions30,31.  

 

Figure 1.3 Mechanism of ion transfer process in inorganic solid electrolyte via (a) defect, (b) 

migration pathway,32 (c) migration mechanism33.  Reproduced with permission from [34]. 

However, in inorganic solid-state electrolytes, only lithium ions act as mobile carriers. Here, 

ionic conduction is mainly depended on the crystal structure, availability of vacant sites, and 

the interaction between lithium ions and the structural skeleton. Ion transport occurs 

predominantly via three mechanisms: (i) the vacancy mechanism, where Schottky-type defects 

provide unoccupied sites for lithium hopping; (ii) the interstitial mechanism, where lithium 

migrates through Frenkel defects created by displaced ions; and (iii) the interstitial-
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substitutional exchange mechanism, where diffusion proceeds through coordinated ion 

exchange across adjacent lattice sites as shown in Figure 1.3. In some systems such as garnet-

type oxides, a combination of these pathways enables relatively high conductivities34,35. 

 

Figure 1.4 Comparative chart of the various advantages and disadvantages of four major solid 

electrolytes: oxide, sulfide, halide, and polymer. Idea taken from [29] 

On the other hand, glassy and amorphous electrolytes which lacks any long-range crystalline 

order but retain short- and medium-range ordered structure that can still facilitate lithium-ion 

conduction. In these systems, lithium transport is generally described as localised hopping 

between energetically similar sites. It is followed by the collective diffusion at the macroscopic 

scale. The mobility of lithium ions is strongly influenced by the density of defects and the 

nature of their interaction with the disordered glassy framework. Thus, designing high-

performance inorganic conductors therefore requires three essential conditions, (i) the presence 

of wide conduction channels or disordered sublattices large enough for Li⁺ ions to move 

through, (ii) a continuous network of interconnected vacancies or interstitial sites with low 

migration barriers, and (iii) a stable framework with weak ion-lattice interactions to minimise 

trapping36–39.  

1.4.1.1 Solid Oxide Electrolytes 



13 
 

Oxide-based solid electrolytes are among the most extensively studied classes of inorganic 

solid-state electrolytes because of their high thermal stability, wide electrochemical windows, 

and good compatibility with high-voltage cathodes as shown in Figure 1.4. They include 

NASICON-type, garnet-type, LISICON-type, perovskites, anti-perovskites, and LiPON group 

electrolytes40–47. Despite their several advantages, these materials often face challenges such 

as high processing temperatures, surface impurities, rigid structures, and interfacial resistance 

against lithium metal. 

1.4.1.1.1 NASICON-type Electrolytes 

The sodium superionic conductor (NASICON) structure was first introduced by Goodenough 

et al. in 197648. It consists of a 3D framework of 

corner-sharing MO6 octahedra and PO4 tetrahedra, 

where Na⁺ (or Li⁺ in the Li-substituted analogues) ions 

migrate through interconnected channels49. When Na 

is replaced by Li, compositions of the general form 

LiM2(PO4)3 (M = Ge, Ti, Zr) can be obtained38,49. Ionic 

conductivity in NASICONs can be improved via 

substitution at the at the M sites. For example, Al 

doping in LiTi2(PO4)3 and LiGe2(PO4)3 forms 

Li1+xAlxTi2-x(PO4)3 (LATP) and Li1+xAlxGe2-x(PO4)3 

(LAGP), respectively, which show the room-

temperature ionic conductivities close to 10-3 S.cm⁻¹50–

54. Conductivity in NASICON structure (Figure 1.5) is generally governed by the bottleneck 

size and site percolation, with larger bottleneck dimensions lowering activation energy50,55. 

1.4.1.1.2 Garnet-type Electrolytes.  

Garnet-type solid electrolytes Li7La3Zr2O12 (LLZO) 

are the most researched and considered one of the 

promising candidates for the commercialization. It 

shows good conductivity (10-4–10-3 S cm⁻¹) at room 

temperature, wide potential window (up to 6 V vs. 

Li⁺/Li) and excellent stability against Li 

metal26,28,56–59. It belongs to the garnet-type family 

(Li7A3B2O12). In general, the La occupies 

 

Figure 1.5 NASICON-type LATP 

Structure. Reproduced from [51]. 

 

 

Figure 1.6 Garnet-type tetragonal 

LLZO Reproduced from [29]. 
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dodecahedral eight-coordinated sites and Zr resides in octahedral six-coordinated sites. The 

crystal lattice are existed in two polymorphs, tetragonal 

phase with a space group I4₁/acd and cubic phase with 

a space group Ia3d60. In the tetragonal structure as 

shown in Figure 1.6 and Figure 1.8(b), Li ions fully 

occupy tetrahedral 8a sites and octahedral 16f and 32g 

sites. It resulted in a highly ordered distribution but 

poor ionic mobility ~10-6 S cm-1 at room temperature. 

However, in the cubic structure as show in Figure 1.7 

and Figure 1.8(a), Li partially occupies in filled 24d 

tetrahedral and 96h octahedral sites. It provides 64 

vacant sites that enable fast Li-ion migration via a 3D 

hopping pathway with a higher conductivity ~ 10-3-10-

4 S cm⁻¹ at room temperature). Doping with Al, Ga, Ta, Nb, W, or Te is a common strategy to 

stabilize the cubic polymorph and reduce sintering temperatures29.  

 

Figure 1.8 Crystal Structure of Li sites and occupancy in (a) Cubic and (b) tetragonal LLZO. 

Reproduced from [29]. 

Despite these important advantages, garnets electrolytes often face challenges including high-

temperature processing, grain-boundary impedance, 

and surface degradation in contact with atmospheric 

CO2/H2O leading to Li2CO3 formation29,61,62. 

1.4.1.1.3 LISICON-type Electrolytes 

 Structural features of Lithium superionic conductors 

(LISICONs) very similar to γ-Li3PO4. Substitution at 

the P sites (e.g., P⁵⁺ to Si⁴⁺) can modify and expand the 

lattice and as a result, improves conductivity63,64. 

However, oxide LISICONs typically delivered low 

 

Figure 1.9 LISICON type 

Structure along two directions. 

Reproduced with permission 

from [68]. 

. 

 

Figure 1.7 Garnet-type cubic 

LLZO. Reproduced from [29]. 
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conductivities ~10⁻⁷ S cm⁻¹ at room temperature. If oxygen replace sulfur can generates thio-

LISICONs with excellent ionic conductivity. Notably, Li₁₀GeP₂S₁₂ (LGPS) shows room-

temperature conductivity of ~10-3 S.cm⁻¹. Mainly due to enlarged ion channels and weaker Li-

framework interactions. Alternative compositions such as Li4GeS4, Li3PS4, and doped 

analogues have also been explored63–67. Different views of the crystal structure of 

Li3.53(Ge0.75P0.25)0.7 V0.3O4 from Rietveld refinement of neutron diffraction data are shown in 

Figure 1.9 (a)View along the y-axis and (b) view along the z-axis show a close-packed 

arrangement of oxide atoms68. 

1.4.1.1.4 Perovskite-type Electrolytes. 

Perovskite oxides or ABO3 type structure such as Li3xLa2/3-xTiO3 (LLTO) have gain much 

attention due to the bulk conductivities reach to 10-3 S cm⁻¹69,70. However, the conduction 

mechanism is highly sensitive to Li content, vacancy concentration, and lattice bottleneck size. 

For example, Li0.34La0.56TiO3 shows the highest reported conductivity among various 

perovskite-type SSEs. However, LLTO suffers from high grain boundary resistance and poor 

compatibility with Li metal due to the Ti⁴⁺ 

reduction to Ti³⁺. It leads to electronic 

conduction and poor cycling69–75. 

1.4.1.1.5 Anti-Perovskites and LiPON. 

Anti-perovskites material i.e. Li3OCl first 

reported in 201276. These 3D-structured 

electrolytes mainly combine with the 

reasonable amount of conductivity with 

the stability against lithium metal. However, their strong sensitivity to moisture and synthesis 

difficulties under ambient conditions limit large-scale use76–80. Lithium phosphorus oxynitride 

(LiPON), with general formula LixPOyNz, has lower conductivity (~10-5 S cm⁻¹)77. But the 

stability with the Li metal is exceptional nature (up to 5.5 V). It can be fabricated as thin film 

via sputtering81. As a result, LiPON is widely used as a protective interfacial layer in real solid-

state cells with other electrolyte82. In Figure 1.10, typical crystal structure of perovskite and 

anti-perovskite solid electrolyte are shown. 

In summary, among the various type of oxide solid electrolytes, NASICONs and garnets 

showing higher conductivities of ~10-3 -10-4 S cm⁻¹ and wide electrochemical windows. 

However, limitations such as interfacial instability at metal/electrolyte interface, moisture 

 

Figure 1.10 Typical Perovskite and Anti-

perovskite structure (with Li atom in green 

sphere. Reproduced with permission from 

[180]. 
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sensitivity, high grain boundary resistance and high temperature processing requirements are 

quite challenging. The hybrid and composite approaches are increasingly explored to 

compensate such challenges. We will discuss about their advantages in the later section.  

1.4.1.2 Sulfide Electrolytes 

Recently, Sulfide-based solid electrolytes have attracted much attention due to their excellent 

ionic conductivity with relatively low 

temperature processing. This processing 

often   facilitates the densification and 

intimate particle contact. A key route 

involves the preparation of the glass 

ceramic electrolytes is typically obtained by 

the low-temperature heat treatment of 

amorphous precursors after mechanical 

milling. In sulfide group composition generally strongly influence the overall ion transport 

behaviour. One of the most researched compounds Li7P3S11 was derived from the Li2S-P2S5 

system and can deliver room-temperature ion conductivities on the order of 4.2 × 10-3 S.cm-1. 

It combines a three-dimensional framework with one-dimensional diffusion channels along the 

their c-axis, which mainly promotes its transport characteristics83–85.Crystal structure of 

Li6PS5I with I⁻ in an fcc lattice, PS₄ in octahedral voids, and S²⁻ on 4d sites; Li⁺ occupies 24g 

and 48h positions. (b) Li⁺ transport is governed by the intercage 48h–48h jump through 

windows formed by 4a iodine and PS₄ sulfur atoms. 

In comparison, the crystalline sulfides such as Li10GeP2S12 (LGPS) also deliver very high 

conductivity. Using ab initio simulations, Ceder and co-workers showed that the Li transport 

in LGPS is strongly anisotropic and occurs preferentially along the one-dimensional c-axis 

channels. They also further clarified the mechanism, showing that conduction is not limited to 

isolated ion hopping, but involves concerted multi-ion migration with low activation barriers, 

enabling superionic behavior86. Complementary solid-state NMR studies by Feng et al. 

revealed distinct activation energies for transport: ~0.16 eV along the 1D channels and ~0.26 

eV for in-plane two-dimensional pathways, together forming a highly efficient diffusion 

network87. 

Earlier generations of glassy sulfides such as Li2S.P2S5, Li2S.SiS2.LiₓMOᵧ, Li2S.GeS2, and 

Li2S.SiS2.LiI had already demonstrated room-temperature conductivities in the 10-4-10-3 S cm⁻¹ 

 

Figure 1.11 Li6PS5I crystal structure with Li 

transportation sites. Reproduced with 

permission from [83]. 
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range. These sulfides showed high ionic conductivity and softer than oxides, as  a result they 

improves the electrode-electrolyte contact and reduces interfacial resistance in all-solid-state 

lithium batteries (ASSLBs)88–92. 

From a device perspective, sulfide SSEs have shown promising performance in real cell 

application. Several group integrated 80Li2S.20P2S5 glass-ceramic with various commercial 

cathodes to construct ASSLBs that achieved stable long-term cycling93–95. More recently, 

Kanno’s group fabricated LGPS-based cells that delivered discharge capacities exceeding 120 

mAh g⁻¹ with high Coulombic efficiency96.  

However, despite so much potential, sulfide electrolytes face significant challenges too. Their 

chemical instability in air remains a major barrier. It react with moisture and leads to 

decomposition and the release of toxic H2S gas which is very poisonous for safety and 

processing challenges. In addition, their limited electrochemical stability at high voltages and 

compatibility issues with oxide cathodes complicate practical integration.Overall, sulfides 

stand out as the most conductive family of solid electrolytes, surpassing oxides in ionic 

transport by orders of magnitude. However, their environmental sensitivity and chemical 

reactivity demand careful encapsulation strategies, protective coatings, or engineered hybrid 

systems before they can be considered viable for scalable commercial solid-state batteries. 

1.4.1.3 Halide Solid Electrolytes 

Halide solid electrolytes have recently emerged as promising candidates for solid-state batteries 

due to their unique combination of high ionic 

conductivity, electrochemical stability against high-

voltage cathodes, and mechanical deformability. Their 

general chemical formula can be expressed as Lia-M-X 

(X = Cl, Br, F; M = metal cation), which is conceptually 

derived from the introduction of high-valence 

transition metal cations into lithium halides (LiX). 

Among the halide family, chloride-based electrolytes 

have gained the most attention because they offer better 

deformability, excellent room-temperature ionic 

conductivity, and stability over wide voltage ranges 

compared to bromides, while fluorides generally 

exhibit poor conductivities97–101. Typical crystal structure of Li3ScCl6 is shown in Figure 1.12. 

 

Figure 1.12 Typical crystal 

structure of Li3ScCl6. Reproduced 

with permission from [101] 
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The favorable transport behavior of halides mainly originates from their relatively large ionic 

radii. These radii which are comparable to sulfide anions and substantially larger than oxides. 

This weaker Coulombic interaction within halide frameworks enables lithium ions to remain 

in a highly mobile state within many crystal structures, supporting fast-ion conduction. 

However, their tendency to undergoes into phase transitions at different temperatures can 

influence the ionic conductivity. In addition, the halides are highly sensitive to moisture and 

easily hydrolyze to form corrosive by-products, which complicates handling and increases 

synthesis costs102–104. 

Overall, halide electrolytes combine the high ionic transport of sulfides with improved 

electrochemical stability against high-voltage cathodes, making them strong candidates for all-

solid-state battery cathode interfaces. However, their air/moisture sensitivity and possible 

reactivity with lithium metal anodes remain substantial obstacles. Progress in dopant 

engineering, synthesis optimization, and encapsulation strategies will therefore be central to 

their practical deployment102–105. 

1.4.2 Organic/Polymer Electrolytes and Their Ion Transport 

 

Figure 1.13 Schematic illustration of lithium-ion transport mechanisms in solid polymer 

electrolytes: (a) Segmental relaxation- Li+ moves with the motion of polymer chains, creating 

dynamic percolation pathways. (b) Surface diffusion -Li+ migrates along the surface of 

crystalline domains aided by local polymer interactions. (c) Ion hopping - Li+ jumps between 
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coordination sites through the amorphous polymer matrix, forming continuous conduction 

pathways. Reproduced from [106] 

Solid polymer electrolytes (SPEs) have considered attractive candidates for solid-state batteries 

from a long time due to their combining electrochemical functionality with mechanical 

flexibility. The concept was first introduced when Wright demonstrated ion conduction in 

poly(ethylene oxide) (PEO) alkali complexes in 1973107. After that, Armand subsequently 

highlighted their application in lithium batteries later108. After that, extensive research has been 

conducted on both the fundamentals of ion transport in polymers and the engineering of 

practical polymer-based solid electrolytes. 

The transport mechanism of lithium ions in SPEs fundamentally differs from that in 

conventional liquid electrolytes as shown in Figure 1.13. In liquids, the ion conduction is 

dominated by solvated species moving within the solvent medium. In contrast, in polymers the 

migration of Li+ ions is strongly coupled with the local motion of polymer chain segments. 

Functional groups such as ether (-O-), nitrile (-CN), or amide (-NH-) groups act as coordination 

sites for Li⁺. Thus, this way the ion transport occurs via successive coordination/decoordination 

events as the polymer segments undergo conformational rearrangements106,108–110. 

SPEs are usually classified into three main categories based on their composition and 

conduction mechanism. I. Salt-in-polymer electrolytes: It contain a polymer host (e.g., PEO, 

PAN, PMMA, PVDF) with a relatively small fraction of lithium salt (typically < 50 wt.%). 

Although they were mechanically robust and shows low room-temperature ionic conductivity 

(10-6-10-7 S cm-1) due to crystallinity and limited segmental mobility.  II. Polymer-in-salt 

electrolytes: They generally embedding a polymer binder within a lithium salt-rich matrix (> 

50 wt.%). This composition increases the population of charge carriers and often enhances 

ionic conductivity, though at the expense of mechanical flexibility. III.  Single-ion conducting 

polymers: They immobilize the anion on the polymer backbone, leaving Li+ as the sole mobile 

species. This approach increases the lithium-ion transference number (tLi⁺~1), thereby 

suppressing concentration polarization and improving interfacial stability. Ion transport in 

SPEs is also strongly dependent on the degree of crystallinity in the polymer matrix. Lithium 

conduction predominantly occurs in the amorphous domains, where chain-segment mobility 

above the glass-transition temperature (Tg) facilitates local site-to-site hopping. By contrast, 

crystalline domains restrict ion motion, though some studies suggest limited Li⁺ migration can 

occur through interstitial channels. Most reports agree that reducing crystallinity and lowering 



20 
 

Tg are essential strategies for enhancing ionic conductivity107–114.From a practical overview, 

SPEs provide several advantages over liquid electrolytes. In general, they are lightweight, 

nonflammable, mechanically flexible, and capable of ensuring uniform lithium deposition 

during cycling. However, their key limitation remains low ionic conductivity at ambient 

temperature. Typically, room-temperature conductivities remain two to three orders of 

magnitude below the benchmark of ~10-3 S cm⁻¹ required for solid-state battery 

commercialization. To address this bottleneck, a variety of material-engineering strategies have 

been done, such as Polymer blending and copolymerization, Crosslinking and grafting, use of 

plasticizers and ionic liquids and Hybridization with inorganic fillers or ceramic particles115–

119.  

In summary, polymer electrolytes offer intrinsic advantages of flexibility, processability, and 

stable electrode contact, which are particularly relevant for mitigating interfacial issues in 

solid-state batteries. however, their low ionic conductivity at room temperature remains the 

major roadblock.  

1.4.3 Composite/ Hybrid Electrolytes 

 

Figure 1.14 Advantages and disadvantages of a Hybrid electrolyte in metal batteries. 

Reproduced from [120]. 

The concept of hybrid electrolytes has recently emerged as a promising pathway to tackle the 

intrinsic limitations of both inorganic solid electrolytes and polymer/liquid counterparts in 
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solid-state lithium batteries. It generally combines the advantages of both these electrolytes. 

Rigid oxide ceramics such as garnet-type Li7La3Zr2O12 (LLZO) offer high Li⁺ conductivity and 

chemical stability but suffer from poor interfacial contact with electrodes and susceptibility to 

Li dendrite penetration at high current densities. On the other hand, polymer electrolytes and 

liquid phases exhibit superior electrode wettability and flexibility, but their relatively low 

mechanical strength and reduced transference numbers limit their application in long-life, high-

voltage cells. Hybrid electrolyte systems comprising solid/solid, solid/polymer, or solid/liquid 

combinations are therefore being developed to combine the favourable advantages of each class 

while mitigating their shortcomings121–123. 

A common strategy is the integration of fast-ion conducting ceramics into polymer matrices to 

form composite hybrid electrolytes. This approach combines the advantages of the high room-

temperature conductivity of garnet ceramics while enhancing the interfacial compliance 

through polymer incorporation. For example, Al, Ta, and Nb-doped LLZO ceramics combined 

with polyethene oxide (PEO) or PVDF-HFP matrices display conductivities in the range of 10-

4-10-3 S cm-1 at ambient conditions. These ceramic-polymer hybrids simultaneously provide 

mechanical rigidity for dendrite suppression and sufficient flexibility to maintain intimate 

electrode-electrolyte interfaces, demonstrating long-term cycling stability in Li-metal 

cells121,122,124.Beyond polymers, ionic liquids (ILs) have also been incorporated into garnet 

scaffolds to create inorganic-organic hybrid electrolytes. These systems utilise the dual 

function of ILs, which is acting as plasticisers to reduce interfacial resistance while also 

providing additional ion transport pathways. However, challenges remain regarding IL 

volatility under extended cycling and the potential formation of resistive interphases at 

LLZO/IL interfaces120. Figure 1.14 describes the advantages and disadvantages of a hybrid 

electrolyte. A more direct hybridisation is achieved by the infiltration of liquid electrolytes into 

ceramic frameworks, resulting in quasi-solid systems, which will be discussed in a later section. 

Such solid-liquid hybrid electrolytes bridge the gap between conventional liquid electrolytes 

and rigid solid-state platforms. Recent reports suggest that the liquid infiltration enhances the 

ionic connectivity and electrode wetting. It also introduces a new interphase known as the solid-

liquid electrolyte interphase (SLEI), which can become resistive and detrimental to long-term 

stability. In LLZO/LiPF6-based hybrids, decomposition reactions lead to Li2CO3, LiF, and 

La/Zr-fluorides within the SLEI, which further contributed to interfacial impedance 

growt125,126h. Interestingly, the choice of lithium salt and solvent strongly dictates interphase 

chemistry. Thus, it is very important to balance and choose the solid electrolyte and liquid 
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electrolyte system very carefully. For example, LiBOB-based systems promote significant Li 

depletion and high resistances, LiTFSI-based hybrids form comparatively stable SLEIs with 

minimal compositional change to LLZO. Moreover, solvent coordination strength plays a 

decisive role. Such as glyme-based solvents that generally fully coordinate with Li⁺ can prevent 

the nucleophilic attack on thiophosphate or garnet structures. As a result, the stability increases.  

These insights highlight that hybrid solid-liquid electrolytes need very careful selection of each 

component127–131.  

 

Figure 1.15 Advantage and Disadvanges of Garnet based electrolyte. 

Hybrid electrolytes thus represent a versatile design platform which can combine the 

advantages of ceramic stability, polymer/IL flexibility, and liquid-phase connectivity. However, 

the success of such systems is hindered by the controlling interfacial reaction, dopant 

chemistry, or passivation layers. Thus, systematic studies with electrochemical evaluation in 

symmetric and full cells will be essential to unravel the interphase formation mechanisms. 

Hybrid and quasi-solid system thus opens a new design to combine the stability of ceramic 

scaffolds with the flexibility and ionic connectivity of polymeric, liquid, or ionic-liquid phases. 

However, their ultimate effectiveness still depends on how well they address the intrinsic 

bottlenecks of garnet electrolytes themselves. This thesis therefore explores targeted 

approaches such as solvated ionic liquid infusion, surface fluorination, and microstructural and 

sintering engineering to mitigate the interfacial resistance, dendrite penetration, and phase 

instability. With this context, the next section we will discusses the opportunities and challenges 
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in garnet solid electrolytes highlights both the unique advantages and the critical hurdles that 

shape their practical application in solid-state lithium batteries. 

1.5 Opportunity and Challenges in Garnet Electrolytes  

Garnet-type Li7La3Zr2O12 (LLZO) and its doped derivatives present several attractive features 

for solid-state lithium batteries as discussed in the earlier section and shown in the Figure 1.15. 

In summary, their high room-temperature 

Li⁺ conductivity (10-4-10-3 S.cm-1), wide 

electrochemical stability window, and 

chemical robustness against lithium metal 

make them one of the most promising 

inorganic solid electrolytes56,57,59,121,132–135. 

The ceramic’s mechanical rigidity also 

provides a physical barrier against lithium 

dendrite growth which offered an inherent 

safety advantage over polymer- and liquid-

based systems.  

However, in this section we will explore the 

critical gap and challenges that hindered the successful application towards commercialization. 

In practice, however, garnet electrolytes possess various challenges as described in Figure 

1.15. These problems include phase and surface instability, large grain-boundary resistance, 

poor metal/electrolyte contact and complex cathode/electrolyte chemistry. Figure 1.16 present 

such images of unsuccessful garnet calcination and sintering attempts which highlight the 

challenges. These problems strongly enhanced the impedance and reduced overall 

conductivity. The following subsections discuss these failure modes critically, and summarise 

the principal strategies and remaining gaps reported in recent literature. 

1.5.1 Phase Instability 

Garnet oxides show two phases as shown in Figure 1.17, a high-symmetry cubic phase with 

high Li⁺ mobility and a lower-conductivity tetragonal phase56. Thus, although doping and 

process optimisation have produced compositions with the desirable cubic phase as shown in 

Figure 1.18, stability remains conditional, and reproducibility is challenging; thus, more in-

depth studies are required for large-scale production.  

 

Figure 1.16 Representative images of 

unsuccessful garnet calcination/sintering 

attempts. 
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Figure 1.17 Schematic representation of the phase evolution of garnet-type Li7La3Zr₂O₁₂ 

(LLZO) as a function of temperature, showing the transition between low-temperature cubic, 

tetragonal, and high-temperature cubic phases with corresponding lithium-ion conductivity.  

 

Figure 1.18 Phase evolutions of LLZO pristine material using (a) solid state synthesis and (b) 

sol-gel synthesis, Al-doped LLZO using (c) solid state and (d) sol-gel synthesis methods with 

sintering temperature. Reproduced from [136] 
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1.5.2 Large Grain-Boundary Resistance 

In any polycrystalline solid electrolyte material, the total ionic resistance is majorly dominated 

by grain boundaries (GBs). Various resistance 

originating by using solid inorganic electrolyte are 

shown in Figure 1.19. Quantitatively, GB 

resistance has been reported to contribute on the 

order of 40–50% of the total impedance in typical 

polycrystalline LLZO pellets56,121. Achieving high 

relative density and low-resistance GBs is 

therefore essential to realise the bulk conductivity 

in practical samples. The microstructural origins of 

GB resistance are can be originated from various 

reason such as, incomplete densification leaving 

pores, secondary phases at grain boundaries, and segregation of dopants or 

carbonate/hydroxide impurities to GB regions. These raises local activation barriers for Li⁺ 

hopping.  

 

Figure 1.20 Schematic illustration of LLZO surface degradation upon air/moisture exposure. 

Different strategies can be implemented to reduced the GB resistance, such as via advanced 

sintering process i.e. hot-pressing, field-assisted or spark plasma sintering, or by using sintering 

aids and controlled co-doping strategies. As these methods can produce very low GB 

 

Figure 1.19 Various interfaces present 

in a solid-state battery. Reproduced 

from [181]. 
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resistances in some times, but they generally comes with some challenges such as they promote 

undesirable phase formation at the grain boundaries or interdiffusion within the cathode during 

co-sintering137–140. Thus, the grain-boundary engineering is both necessary and technically 

demanding for any route that aims to convert garnet powders into practical membranes. 

 

Figure 1.21 Issues and strategies related to the anodes and Li metal–solid electrolyte 

interfaces. Reproduced from [141] 

1.5.3 Electrolyte / Metal Interface Instability 

The interface between metallic lithium and garnet electrolytes controls the practical cell 

impedance and the system’s ability to plate/strip Li uniformly. Surface contamination acquired 

during air exposure (notably LiOH and Li₂CO₃) severely degrades wettability, contact angles 

with molten Li142–145. This surface reaction is uncontrollable as shown in Figure 1.20 and 

sevely damage the true cell performance. The impact of these surface impurities is described 

in Figure 1.21. First-principles and experimental studies also indicate that certain surface 

impurities and dopant chemistries are more prone to reduction or Li insertion, which can 

generate mixed-conducting interphases and propagate reduced zones into the bulk. Several 

Mitigation strategies are already applied at the metal/electrolyte interface that include (i) 

surface cleaning and controlled thermal treatments to remove carbonates and hydroxides, (ii) 

thin artificial interlayers or lithiophilic coatings (LiF, Li₃PO₄, LiNbO₃, or polymeric 

lithiophiles) to improve wetting and block deleterious reactions, (iii) applying moderate stack 

pressure to maintain contact and suppress voids, and (iv) designing mixed ionic-electronic 

interlayers that homogenise current56,146,147. Each approach reduces particular failure modes in 
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laboratory cells, but scalability is a major issue. Thus, further effort should be made to reduced 

the interfacial resistance at the metal/electrolyte boundaries.  

1.5.4 Cathode / Electrolyte Interface 

Making a cell with LLZO and oxide cathodes presents a separate set of chemical-mechanical 

challenges. Practical cathodes are composite in type whose fabrication frequently requires 

elevated temperatures or sintering to ensure electronic percolation and intimate contact with 

the electrolyte. High-temperature processing generally trigger the elemental interdiffusion and 

the formation of various secondary phases (e.g., La2Zr2O7, LaCoO3 or nickel- and cobalt-

containing reaction products) at LLZO-cathode interfaces. Such reaction layers increase the 

charge-transfer resistance, and may also alter local lithium chemical potential and trigger 

deleterious space-charge layers56,148.   

Practical solution include low-temperature composite fabrication (introducing limited amounts 

of ionic liquids or room-temperature wetting agents), protective cathode coatings (Li₃PO₄, 

LiNbO₃, tailored halide coatings), and engineered cathode-electrolyte composites that avoid 

vigorous co-sintering. While these measures can reduce immediate chemical reactivity and 

impedance but they often lack long-term mechanical and electrochemical stability under 

repeated cycle149–152. Thus, for successful long-term operation we have engineered the 

cathode/electrolyte interface and enhanced the stability.   

In summary, garnet electrolytes bring an attractive combination of ionic conductivity, 

mechanical stiffness and excellent electrochemical window. But their successful deployment 

depends on solving designing the material and processing very carefully.  Stabilising the 

desired cubic phase with reproducibility and minimising the grain-boundary resistance with 

engineered microstructures, and forming chemically inert and lithiophilic Li interfaces can be 

challenging but fruitful effort for the successful development of garnet electrolyte in practical 

metal batteries. The literature reports numerous promising laboratory-scale remedies, co-

doping, rapid densification, surface chemistry control, interlayers and composite cathode 

design. Yet, most of the times the path from small-area demonstrations to robust, low-cost 

manufacturing remains incomplete. Thus, the current effort should be made to correlate in 

phase stability, interfacial surface chemistry, densification and processing with real cell 

application.  

1.6 Cell Architectures in Solid-State Batteries 
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The translation of solid-state electrolyte research into functional devices requires very careful 

consideration of the overall cell architecture. In this direction, the materials development and 

configuration or architecture is critical. It generally dictate the overall the electrochemical 

performance and practical scalability of solid-state batteries (SSBs). The design such robust 

configuration is equally important with making ideal solid electrolyte. In broader aspect, three 

major architectural strategies have emerged, all-solid-state batteries, which rely exclusively on 

the solid electrolytes, quasi- or semi-solid-state batteries, where a small liquid or gel fraction 

is used to stabilize the interfacial or mechanical issues, and anode-free or beyond-lithium 

systems, which represent the frontier of electrochemical storage by pushing energy density and 

sustainability boundaries141,153–155. 

 

Figure 1.22 Schematic comparison of LIBs, semi-SSBs, almost-SSBs, and all-SSBs showing 

liquid fraction, configuration, and key performance. Reproduced from [153] 
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1.6.1 All-Solid-State Batteries (Polymer-based, Inorganic-based) 

All-solid-state batteries (ASSBs) represent the “idealized” architecture where both electrodes 

are mostly considered with a purely solid electrolyte, without the use of any flammable liquid 

phase. Depending on the electrolyte, these systems can be polymer-based or inorganic-based. 

Polymer-based SSBs mostly used polyethylene oxide (PEO) or related polymers which enable 

intimate electrode-electrolyte contact and mechanical flexibility as we discussed earlier but 

their room-temperature ionic conductivity remains insufficient, restricting operation to 

elevated temperatures. In contrast, inorganic electrolytes particularly sulfides, oxides, and 

halides offer conductivities approaching or exceeding those of liquid electrolytes (10-3-10-2 S 

cm-1)156–159. However, their rigidity complicates processing, and poor physical contact with 

electrodes often results in large interfacial resistance. 

To address these challenges, interlayers have emerged as a critical architectural element in 

ASSBs. Functional interlayers, such as Li-philic metals (e.g., Ag, Au), lithiated alloys (Li–Al, 

Li–Mg), or chemically stable thin films (LiNbO3, Li3PO4, LiF) are introduced at the 

electrolyte/electrode interfaces to homogenize current distribution, suppress dendrite initiation, 

and reduce interfacial impedance146,147,160–162. Thus, the interlayers are no longer optioal but 

are becoming the central to the practical design of ASSBs, bridging the gap between high-

performance materials and manufacturable architectures. 

1.6.2 Quasi-/Semi-Solid-State Batteries 

Despite significant progress in ASSBs, purely solid-solid interfaces remain difficult to stabilize 

at scale. Quasi- or semi-solid-state batteries (QSSBs/SSSBs) have therefore emerged as 

potential alternatives, incorporating a small fraction of liquid or gel electrolyte to combine the 

advantages of solid-state safety with improved interfacial wetting and lower impedance. These 

systems are highly diverse. Polymer-inorganic composite systems, where ceramic fillers are 

dispersed in a polymer host, strike a balance between mechanical robustness and ion transport, 

creating continuous percolation pathways for Li⁺ conduction. Another important category is 

quasi-solid-state hybrids, where a solid electrolyte scaffold (e.g., garnet or sulfide) is infiltrated 

with small quantities of ionic liquid that ensure the intimate contact without sacrificing too 

much thermal stability126,163,164. 

The performance of QSSBs is strongly dependent on the liquid fraction. Too little liquid fails 

to resolve interfacial voids and too much compromises safety and stability. Recent advances in 

in-situ polymerization techniques, where liquid monomers are polymerized inside the electrode 
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pores, have further improved the interfacial contact and mechanical adhesion. Critically, quasi-

solid-state batteries can mitigate some of the bottlenecks in ASSBs, such as dendritic 

penetration and brittle fracture, by introducing compliant liquid-like domains. For this reason, 

QSSBs are often viewed as an intermediate as shown in Figure 1.22, but commercially 

attractive step toward fully solid-state cells, and they are particularly relevant to near-term 

large-format EV applications in regions with high ambient temperatures, such as India. Thus, 

a systematic effort should be necessary to establish the correlation an understanding the 

benefits and limitation of liquid used with the solid counterpart.  

1.6.3 Anode-Free and Beyond-Lithium Chemistries 

A particularly promising but challenging direction is the anode-free SSB architecture where 

the cell is assembled without a pre-deposited lithium metal. Instead, lithium is reversibly plated 

onto a current collector (commonly Cu or stainless steel) during the initial charging process. 

This design offers a significant increase in energy density by eliminating excess lithium and 

reducing cell weight, while also simplifying manufacturing. However, it promotes the 

interfacial instability. As the repeated nucleation and dissolution of lithium can lead to void 

formation, uneven plating, and eventual short-circuiting. The Solid electrolytes with high 

critical current densities and carefully engineered nucleation interlayers are essential to enable 

stable cycling in such systems165–167. 

Beyond lithium, the same architectural principles are being extended to sodium, potassium, 

magnesium, and calcium solid-state batteries. Sodium and potassium offer the advantage of the 

elemental abundance and lower cost. Whereas, Mg²⁺ and Ca²⁺ chemistries promise higher 

volumetric capacity and reduced dendrite tendencies due to multivalent ion transport168–170. 

However, the sluggish ion diffusion and limited compatible electrolytes remain critical barriers 

for multivalent systems. Anode-free sodium and potassium SSBs are currently under intensive 

investigation168. Thus, while these chemistries remain at an earlier stage compared to lithium, 

they broaden the technological horizon and align with global electrification for resource 

diversification and sustainable scaling of electrochemical storage. 

1.6.4 Critical Challenges  

In summary, cell architectures represent the translational dimension of solid-state battery 

research, transforming materials into practical systems. All-solid-state batteries promise the 

highest safety and energy density but require carefully engineered interlayers to manage 

interfacial instabilities. Figure 1.22, represent a comparison of liquid, semi-solid, almost solid, 
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and all-solid-state batteries in terms of liquid fraction, cell configuration, and performance. 

Quasi- and semi-solid-state designs provide a transitional pathway, with small liquid fractions 

to overcome processing and contact challenges. These making them attractive for near-term 

commercialization. Anode-free and beyond-lithium architectures push the limits of energy 

density and sustainability but face great challenges in interfacial stability and multivalent ion 

transport. Together, these diverse architectures needs materials innovation and innovative 

engineering design. As illustrated in Figure 1.23, liquid electrolytes allow facile ion transport 

but suffer from dendrite growth and continuous SEI formation, whereas solid-state electrolytes 

face interfacial instability, void formation, and sluggish ion transport due to grain boundary 

resistance. Thus, the successful transition will be critical in terms of material engineering and 

in developing robust electrode-electrolyte interfaces that ensure both high ionic conductivity 

and long-term electrochemical stability. 

 

Figure 1.23 Schematic comparison of liquid and solid-state electrolytes highlighting 

interfacial instability, dendrite formation, and ion transport limitations. Reproduced from 

[148] 

1.7 Synthesis Process of Garnet Solid Electrolytes 

The stability of cubic LLZO is typically achieved at elevated temperatures (450-1000 K) but 

the sintering temperature can be reduced with less surface reaction at room temperature through 

aliovalent doping (Al³⁺, Ta⁵⁺, Ga³⁺, Nb⁵⁺) that creates Li vacancies, broadens bottleneck sizes, 

and enhances conductivity. Computational studies further confirm that octahedral 96h sites 

show higher Li occupancy than tetrahedral 24d sites, with the partial disorder at Li sites being 

critical for high ionic conductivity. Despite its advantages, cubic LLZO is sensitive to 

air/moisture, where surface reactions with H2O/CO2 form Li2CO3 and degrade performance. 
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There are several synthesis processes to prepared cubic LLZO. Few of them are discussed 

briefly. 

1.7.1 Solid-State Reaction 

The conventional solid-state route remains the most widely used method due to its simplicity, 

low cost, and scalability. It involves mixing stoichiometric precursors such as Li2CO3, 

La2O3/La(OH)3, and ZrO2 with dopant oxides (e.g., Al2O3, Ta2O5), followed by calcination 

(900-1000°C) and high-temperature sintering (1100-1250°C) . Murugan et al.57 (2007) first 

reported cubic LLZO via this route, achieving conductivities on the order of 10-4 S cm-1. 

However, there are several disadvantages such as Li loss at high temperature, impurity 

formation from crucibles (e.g., Al contamination from Al2O3), and the need for long processing 

timesLLgarnet56,57,171. 

1.7.2 Combustion & Wet-Chemistry Routes 

To mitigate high-temperature issues, wet-chemical methods such as sol-gel, Pechini, and 

combustion synthesis have been developed. These approaches ensure better mixing at the 

molecular level, leading to uniform particle size and reduced calcination temperature. For 

instance, sol-gel-derived LLZO can crystallize at ~60 °C, and produced nano-sized powders 

with high reactivity. Combustion methods (glycine nitrate, citric acid assisted) produce highly 

porous powders with shorter synthesis times and facilitate subsequent densification. However, 

these methods may suffer from carbon contamination, difficulty in controlling stoichiometry 

and uncontrolled surface reaction172–177.  

1.7.3 Template-Assisted Methods 

Template-assisted routes, including electrospinning and porous-template impregnation have 

been explored to design the LLZO with tailored morphologies. Electrospinning combined with 

calcination can produce LLZO nanowires (~100-200 nm diameter) that crystallize at relatively 

low temperatures (~700 °C) with reducing Li volatilization. Such 1D architectures improve 

sintering behavior and Li-ion transport but often require careful optimization of precursor 

viscosity, calcination conditions, and phase purity178. 

1.7.4 Green/Alternative Routes 

Recently, environmentally sustainable and scalable synthesis strategies have gained attention. 

Solvent-free mechanochemical milling, nebulized spray pyrolysis, and aqueous wet-chemistry 
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enable LLZO synthesis with lower environmental impact. For example, aqueous precipitation 

followed by annealing has produced cubic LLZO with conductivities of ~10-4 S cm-1. Similarly, 

co-doping strategies combined with lower-temperature synthesis (e.g., Ta, Ce dual-doping) 

have resulted in cubic LLZO showing σ~1 × 10-3 S cm-1 and stable cycling against Li metal. 

Despite progress, scalability and moisture sensitivity remain major barriers179.  

In summary, LLZO can be synthesized by various synthesis methods. However, pristine LLZO 

without dopants still shows poor conductivity, and the role of various impurities on the 

electrical and electrochemical performances remains unresolved. Thus, optimization of 

synthesis and microstructure engineering are essential to realize the intrinsic potential of garnet 

electrolytes for solid-state batteries. 

1.8 Research Hypothesis 

This present research work hypothesized that that the electrochemical bottlenecks of garnet 

solid electrolytes are not inherent to their bulk composition alone. But are strongly governed 

by microstructural design, interfacial chemistry, and processing pathways. By systematically 

tailoring these aspects through coupled “solid” and “liquid” interventions, it should be possible 

to mitigate interfacial degradation, reduce grain boundary resistance, and enhance lithium-ion 

transport and thereby unlocking the true potential of garnet electrolytes for SSLMB 

applications. 

Specifically, it is hypothesized that: 

1. Phase stabilization of the cubic LLZO can be achieved through doping and synthesis 

optimization (e.g., Ta/Ga/Al substitution, controlled sintering), which can suppress 

tetragonal transformation and stabilize high-conductivity frameworks. 

2. Microstructural engineering, particularly through template-assisted synthesis and 

incorporation of controlled porosity, can tune grain boundary connectivity and 

minimize interfacial resistance without sacrificing mechanical integrity. 

3. Interface modification at the Li/LLZO boundary using fluorination, interlayers, or 

solvated ionic liquids (SILs) can improve wettability, suppress uncontrolled SEI 

growth, and homogenize lithium deposition, thereby mitigating dendrite penetration. 
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4. Composite integration of LLZO with polymeric or hybrid matrices can provide 

mechanical flexibility, accommodate volume changes, and reduce processing cost, 

thereby improving both performance and manufacturability. 

5. Liquid therapy concepts, when combined with solid engineering, can synergistically 

bridge the gap between classical all-solid-state systems and quasi-solid-state 

approaches and enables more reliable cycling performance under practical conditions. 

In this direction, this works generally diverse into multi-scale design strategy from atomic-

level doping to mesoscale grain boundary engineering and macroscopic composite formation, 

which can collectively overcome the intrinsic challenges of garnet electrolytes. Such a strategy 

not only enhances the immediate performance of LLZO-based systems but also establishes 

design principles extendable to other solid electrolyte chemistries, such as NASICON, sulfides, 

and halides. 

1.9 Objectives and Scope 

The objective of this thesis is to establish a coherent roadmap for advancing garnet-based solid 

electrolytes from laboratory-scale synthesis to scalable, application-ready designs for solid-

state lithium metal batteries. The scope of work is structured into the following research aims: 

1. Scalable Synthesis: Develop cost-effective, reproducible synthesis strategies (aqueous 

combustion, bio-templating) to obtain phase-pure cubic LLZO with controlled 

microstructures. 

2. Interface Engineering: Employ chemical (e.g., surface fluorination) and liquid-phase 

(solvated ionic liquid infusion) modifications to stabilize the Li/LLZO interface and 

suppress dendrite growth. 

3. Microstructure Tuning: Engineer mesoscale architectures using bio-templates (water 

hyacinth, cellulose) to reduce grain boundary resistance and enhance ionic pathways. 

4. Grain Boundary Engineering: Utilize sintering aids (NiO) and dopants to promote 

densification and introduce beneficial secondary phases. 

5. Composite Integration: Incorporate LLZO fillers into polymeric, paper, and hybrid 

membranes to improve flexibility, mechanical strength, and manufacturability. 

6. Exploratory Extensions: Extend the “liquid therapy” concept to NASICON-type 

electrolytes and probe unconventional lattice modifications (Al-S co-doping). 
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Collectively, these objectives aim to bridge the gap between fundamental material challenges 

and practical solid-state battery applications. 

1.10 Reader’s Guide to the Thesis 

This thesis is structured to provide a progressive narrative, moving from fundamental 

motivation to experimental realization and future outlook: 

• Chapter 1 introduces the motivation, reviews Li-ion battery limitations, and presents 

the promise of solid-state electrolytes, with a focus on garnet LLZO. 

• Chapter 2 describes the methodological framework for synthesis, characterization, and 

electrochemical testing. 

• Chapters 3-4 address synthesis optimization and interfacial engineering, highlighting 

aqueous combustion routes, surface fluorination, and liquid infusion strategies. 

• Chapter 5 focuses on microstructural engineering via bio-templating and its effect on 

ionic transport. 

• Chapter 6 presents a dual-therapy approach combining solid and liquid interventions 

to enhance performance. 

• Chapter 7 expands toward composite electrolytes, demonstrating polymer, paper, and 

hybrid membranes as scalable solutions. 

• Chapter 8 explores unconventional and cross-chemistry extensions, broadening the 

applicability of the developed strategies. 

• Chapter 9 summarizes the findings, identifies limitations, and outlines future 

perspectives and commercial outlook. 

This structured roadmap ensures the reader can follow the trajectory from hypothesis to 

demonstration, while critically evaluating the strategies proposed for overcoming the intrinsic 

challenges of garnet electrolytes in solid-state batteries. 
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CHAPTER 2 

Experimental Methodology and 

Characterization Techniques 

Summary & Flow of Work 

This chapter presents the experimental methodology used to design, fabricate, and evaluate 

advanced solid electrolytes for next-generation solid-state 

metal batteries. The synthesis strategies include various wet-

chemical and solid-state synthesis processes that are scalable 

in nature. The synthesis processes are optimized to achieve 

controlled phase formation, microstructure tailoring, and 

improved interfacial properties. Efforts are made to 

reproduce the synthesis process for similar electrical and 

electrochemical performances throughout the thesis work. 

All the cells are tested in a 2032-coin cell with a commercial 

cathode and Li metal with various types of electrolytes 

developed under this work. A comprehensive set of various 

characterization techniques was used to establish the 

correlations between processing conditions, material 

properties, and electrochemical behavior. Thus, this chapter 

provides a robust framework for the evaluation of solid 

electrolyte systems and guides their optimization for next-generation metal batteries.  

 

 

Figure 2.1 Schematic of the flow of experimental work followed in this thesis work. 

Objectives 

1. Synthesize and modify 

LLZO-based solid and 

hybrid electrolytes. 

2. Correlate structure, 

properties, and performance 

in solid-state cells. 

Strategy 

Adopt systematic synthesis, 

modification, and multi-

technique characterization. 
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2.1 Overview 

The study of solid electrolytes for solid-state metal batteries generally involves both material 

synthesis and in-depth evaluation of their properties. This journey starts with the synthesis of 

solid electrolytes and their composite configurations from various approaches, such as 

combustion, template-assisted synthesis, or the solid-state synthesis method. Each synthesis 

process has some advantages and limitations in terms of phase purity, particle size, morphology, 

and scalability, which directly impact the cell performance during real-world applications. 

Thus, optimization and reproducibility are important factors in the synthesis process.  

Beyond the synthesis process, an equally important aspect of electrolyte research lies in their 

characterization methods. In general, thermal studies always provide insight into the stability 

and phase evolution process. While, the structural and microstructural analyses confirm 

crystallinity, grain connectivity of the solid electrolyte, and interfacial features at various 

boundaries. In electrical and electrochemical techniques, we studied the impedance 

spectroscopy, plating/stripping behaviors, critical current density measurement, and long-term 

cycling, which are essential to probe ionic transport and interfacial resistance at the cell 

chemistry. Post-electrochemical and surface studies are also very crucial to correlate with 

degradation products, interphase formation, mechanisms of failure, and a correlation with the 

previous characterization. Thus, this way we can optimize and design the material’s properties 

and use it in various functional applications. 

In this chapter, we mainly focus on the methodologies that are generally used for the synthesis, 

fabrication, evaluation of solid electrolytes and their composite membranes in the present 

study. The techniques and protocols presented in this chapter establish a correlation between 

the fundamental concepts that were introduced in Chapter 1 and the detailed experimental 

studies discussed in the subsequent chapters. 

2.2 Materials and Chemicals 

The present thesis work focuses on the development of advanced solid electrolytes for metal 

batteries. A set of various types of chemicals was used to carry out this research work. Table 

2.1 represents a dedicated list of the chemicals and reagents used in this thesis. All the 

chemicals are used without any further purification.  Highly moisture-sensitive materials were 

always handled inside an argon-filled glove box (H2O and O2 < 0.1 ppm) to avoid any exposure, 

degradation, or parasitic side reactions during synthesis, storage, and cell fabrication.  
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Table 2.1 List of chemicals and materials used in the current research work 

 

S. 

No. 

Material Source Purity 

1 Lithium nitrate (LiNO₃) SRL ≥99.5% 

2 Lanthanum nitrate hexahydrate 

(La(NO₃)₃·6H₂O) 

SRL 99.9%  

3 Zirconyl nitrate hydrate 

(ZrO(NO₃)₂·xH₂O) 

Sigma-Aldrich ≥99% 

4 Alanine (C₃H₇NO₂) Merck  ≥99% 

5 Nickel oxide (NiO) Alfa Aesar 99.9% 

6 Ammonium fluoride (NH₄F) Merck 98% 

7 Li2S Merck ≥99.5% 

8 Alumina crucibles (Al₂O₃) MTI Corp. 99.8% 

9 Zirconia crucibles (ZrO₂) MTI Corp. 99.9% 

10 LiTFSI Sigma-Aldrich 99.95%  

11 Tetraglyme (G4) Sigma-Aldrich ≥99% anhydrous 

12 1M LiPF₆ in EC/DMC Sigma-Aldrich 99.9% 

13 Polypropylene (PP) separator  Celgard Inc. ~20±2 µm 

14 Lithium metal foil MTI Corp. 99.9% 

15 Stainless steel (SS) electrodes MTI 316L grade 

16 LiMn₂O₄ (LMO) powder MTI Corp.  ≥99% 

17 LiFePO₄ (LFP) powder MTI Corp. ≥99% 

18 Li(Ni₁/₃Mn₁/₃Co₁/₃)O₂ (NMC111)  MTI Corp.  ≥99% 

19 Polyvinylidene fluoride (PVDF)  MTI Corp. ≥99% 

20 Polyvinylidene fluoride-

hexafluoropropylene (PVDF-HFP) 

Sigma-Aldrich ≥99% 

21 Polyethene oxide (PEO) Sigma-Aldrich ≥99% 

22 Active carbon (Super P) Alfa Aesar ≥99% 

23 N-Methyl-2-pyrrolidone (NMP) Sigma-Aldrich ≥99.5% 

24 Dimethylformamide (DMF) Merck ≥99.5% 

25 Deionized (DI) water In-house Milli-Q 18.2 MΩ·cm 

26 Deuterium oxide (D₂O) Sigma-Aldrich 99.9 atom% % D 

27 Sodium carbonate (Na₂CO₃)  Merck ≥99.5%  

28 Zirconia (ZrO₂) powder  Sigma-Aldrich 99.9% 

29 Silicon dioxide (SiO₂, 

amorphous/fumed/quartz) source 

Sigma-Aldrich  ≥99.5% 

30 Ammonium dihydrogen phosphate 

(NH₄H₂PO₄)  

Sigma-Aldrich ≥99% 

31 NaPF6 Sigma-Aldrich ≥99% 
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2.3 Synthesis and Processing of Solid Electrolytes 

As discussed earlier in Chapter 1, the development of solid-state batteries depends heavily on 

the main building block, i.e, solid electrolytes. High ionic conductivity, phase stability, and 

scalable synthesis routes are essential for an ideal solid-state battery. Garnet-type oxides, 

particularly Li7La3Zr2O12 (LLZO) and its doped version, have recently received much attention 

across the globe due to their wide electrochemical stability window, chemical compatibility 

with high-voltage cathodes, and potential dendrite resistance when interfaced with lithium 

metal. However, their practical handling is often restricted by issues such as Li loss during 

high-temperature sintering, large grain boundary resistance, and sensitivity to moisture and 

CO2. Hence, careful design of the synthesis route is very important to stabilize the cubic phase 

of LLZO and maintain reproducibility.   

In this work, LLZO was synthesized in pristine, doped, engineered, and surface-modified forms 

using various approaches. The details about these approaches will be discussed in this section. 

These modifications are beneficial to achieve better grain connectivity, reduced interfacial 

resistance, and improved compatibility with polymer and hybrid electrolyte systems. While the 

primary focus of this thesis remains on LLZO, a brief exploratory study using NASICON-type 

NZSP(Na3Zr2Si2PO12) and modified LLZO compositions has also been carried out, which is 

discussed in Chapter 8. 

2.3.1 Synthesis of Pristine LLZO 

Pristine LLZO solid electrolytes were synthesized via a wet-chemical assisted auto-combustion 

method, selected for its energy efficiency, compositional homogeneity, and scalability 

compared to traditional solid-state synthesis. The combustion synthesis process of LLZO has 

been schematically presented in Figure 2.2. The process was carried out by mixing a 

stoichiometric amount of LiNO3, La(NO3)3, ZrO(NO3)2 in deionized water (referred to as 

Solution A). A saturated solution of alanine was then prepared separately in aqueous medium 

(referred to as Solution B) with optimized stoichiometric ratios to that of nitrate. Both solutions 

A and B were then mixed together in a beaker and kept on a hot plate with constant magnetic 

stirring inside the fume hood. The input temperature of the hot plate was fixed to 150-250°C. 

The stirring was continued till the solution turned into a viscous gel. A small portion of gel was 

collected for thermal analysis, and the rest was allowed to further heat. Thereafter, small 

volcanic openings were found at places on the top surface of the gel, and subsequently, auto-

ignition was triggered. After some time, the gel was burnt momentarily with the evolution of a 
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large amount of gaseous species, resulting in a flappy white mass carrying ultrafine particles 

(called as-synthesized powder or ash). It is mandatory that, as the combustion process involves 

uncontrolled heat surge and evolution of a large amount of noxious gases, for personal and lab 

safety, the whole synthesis process was carried out inside a fume hood to avoid any unwanted 

happenings.  The as-synthesized powder after combustion synthesis was then calcined at 900°C 

for 10 hours in air to obtain cubic LLZO. To measure various physio-chemical parameter, the 

900°C calcined powder was pelletized under a pressure of 3-5 tonns for 3-5 minutes using a 

uniaxial hydraulic press and sintered at 1000°C for 10 hours in air.  

 
 

Figure 2.2 Schematic representation of the alanine-assisted combustion process for making 

LLZO powder. 

2.3.2 Synthesis of Ga doped LLZO  

To further stabilize the cubic phase and reduce grain boundary resistance, Ga-doped LLZO 

(Li6.25Ga0.25La3Zr2O12 with 10% excess Li) was synthesized using the same alanine-assisted 

auto-combustion process described in Section 2.3.1. The introduction of Ga³⁺ at the Li sites has 

been widely reported. Mainly, the ionic mobility with additional vacancies increases with the 

introduction of dopant material in the LLZO matrix by suppressing unwanted tetragonal 

distortions, as already discussed in the earlier chapter. 

In a typical combustion process, different constituent salts such as LiNO3, La(NO3)3, 

ZrO(NO3)2, and Ga(NO3)3 were dissolved in deionized water under constant stirring, a 
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chelating agent named alanine was dissolved separately in deionized water (with optimized 

fuel to nitrate ratio) and was mixed slowly with the metal nitrate solution. With constant heating 

(150°C) and stirring, the solution was finally converted to a viscous gel, allowing further 

heating (200°C). After some time, the gel was burnt momentarily with the evolution of large 

amounts of gaseous species, and a fluffy white powder (named Ash) was produced. The ash 

powder was further calcined at 900°C for 10 hours with a ramp rate of 120°C/h in a Carbolite 

Gero furnace to get the cubic phase of LLZO. 

The calcined powders were then finely ground, pelletized using a uniaxial hydraulic press (10-

19 mm diameter, 3-5tonnes, 3-5 min), and sintered at 1000°C for 10 h in covered alumina 

crucibles with sacrificial powder beds to minimize lithium volatilization. The final pellets 

exhibited dense microstructures with phase-pure cubic garnet characteristics. All powders and 

pellets were transferred and stored in an argon-filled glove box (H2O and O₂ < 0.1 ppm) 

immediately after calcination/sintering to prevent surface degradation by CO2 and moisture.  

2.3.3 Synthesis of Engineered LLZO 

LLZO-based materials were further prepared using various methods to engineer the grain 

boundary, particle morphology, and surface modification. These engineering at the bulk level 

are crucial to reduce the intergranular resistance, suppress uncontrollable lithium dendrite 

growth, and improve interface compatibility with electrodes.  

2.3.3.1 Neck-fused LLZO 

Neck-fused pristine LLZO particles were synthesized by carefully optimizing the fuel-to-

nitrate (F/N: 0.10, 0.15, 0.20, and 0.30) ratio during the alanine-assisted combustion process. 

A higher fuel concentration (F/N~0.2) controls the exothermicity of the reaction. This raises 

the localized combustion temperature and promotes partial grain coalescence and inter-particle 

fusion during the rapid combustion stage. As a result, formation of neck-fused LLZO grains in 

the as-combusted powder is observed. Further enhancement in the F/N ratio might produce 

hard agglomeration due to high exothermicity. 

The precursor mixture was prepared as described in Section 2.3.1, but the F/N ratio was 

systematically adjusted in the range of 0.10-0.30. After auto-combustion, the fluffy ash-like 

product was collected and calcined at 900 °C for 10 h in air to remove residual carbon and 

organics. The resulting powders exhibited partially sintered and fused morphologies, even 
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before final pellet sintering. Subsequent pelletization under 1000°C further enhanced the neck-

fusion of grains. 

2.3.3.2 Plate-like LLZO 

 

Figure 2.3 The different steps involved in the synthesis process of plate-like Ga-doped LLZO 

powder (LLZOWH). 

In the present thesis, a unique “plate-like” microstructure was developed by mimicking the 

intercellular structure of Water hyacinth (Eichhornia crassipes). Here, we particularly 

emphasize a facile synthesis process of preparing Gallium-doped Li7L3Z2O12 

(Li6.25La3Ga0.25Zr2O12, henceforth referred to as LLZOWH) based garnet solid-state electrolyte 

for its application in Solid State Lithium Batteries (SSLBs) using Water Hyacinth (Eichhornia 

Crassipes) as sacrificial bio-template.  

Water hyacinth plants were collected from a local water body, and the green petioles were cut 

into pieces. The petioles were first cleaned thoroughly with deionized water, followed by dilute 

acid and alkali solution to remove impurities. The cleaned petioles were then oven-dried at 

250ºC for about 3-4 hours and ground into powder. The WH powder was kept in a desiccator 

to avoid moisture contamination.  

A stoichiometric amount of LiNO3, La(NO3)3, ZrO(NO3)2, Ga(NO3)3 was taken considering a 

nominal composition of Li6.25La3Ga0.25Zr2O12 ( with 10% excess Li) along with alanine as 

complexing agent in aqueous medium. The mixture was heated with constant stirring on a hot 



52 
 

plate at 150-250 ºC to obtain a clear viscous gel (Ga-LLZO-Gel). The Ga-LLZO-Gel was then 

mixed with WH Fiber in 10:1 v/w ratio and ball milled for 12-24 hours. The milled slurry was 

pre-calcined at 500ºC and finally at 900ºC for 5 hours in air to obtain cubic LLZOWH powder. 

The different steps involved in the synthesis process are schematically presented in Figure 2.3. 

2.3.3.3 Interconnected LLZO 

 

Figure 2.4 Schematic representation of synthesis of Ga doped LLZO powder using (a-b-c) 

conventional gel-combustion (GC) process and (a-b-d) cellulose exo-templating (CET) 

process. The morphologies of Ga doped LLZO powders are also given in the inset for 

comparison. 

The template method is a simple and effective approach to control nucleation and growth 

during synthesis, which enables the formation of unique particle morphologies.  Commercial 

cellulose paper was used as a soft template and sacrificial in nature, which at the end of the 

synthesis process produced interconnected/networked Ga-doped LLZO garnet by controlled 

nucleation across the entangled cellulosic fibers of paper. 
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Preparation of Gel 

To synthesize Ga-LLZO, a solution was first prepared by dissolving constituent metal salts- 

LiNO3, La(NO)3, ZrO(NO3)2, Ga(NO3)3, and a chelating agent, alanine (C3H7NO2) in 

deionized water. With constant stirring and heating(~150°C), the solution finally turned into a 

viscous gel.  

The obtained gel was divided into two portions:  

(i) One portion of the gel was allowed to further heat for gel combustion. (Figure 2.4(a-b-c))  

(ii) The residual portion was used to conduct the cellulose exo-templating process by 

impregnating the gel in commercial pure cellulosic paper. (Figure 2.4(a-b-d)). 

Cellulose exo-templating (CET) process 

Commercially available cellulosic paper was first demystified under a vacuum oven for 6 

hours. The dry paper was then carefully soaked with the gel. The quantity of gel impregnated 

in the paper substrate could be estimated as 2:3 w/v % with respect to dry paper and precursor 

gel. The swelling of the cellulosic fiber could be visible under a microscope even after gel 

impregnation. The impregnation of gel into the fiber bundles is mainly controlled through 

capillary action. The gel-soaked paper was then placed in a muffle furnace, and controlled 

calcination was carried out by heat treating the sample to 900 °C in air for 10 hours to get cubic 

interconnected Ga-LLZO as shown in Figure 2.4d(III). Thus, two different Ga-doped LLZO 

powders were obtained: LLZOGC via the direct gel combustion route, and LLZOCET via the 

cellulose exo-templating method. A schematic representation of the synthesis processes and the 

resulting morphologies is presented in Figure 2.4. 

2.3.3.4 Grain Boundary Engineered LLZO 

Ga-doped LLZO (Li6.25Ga0.25La3Zr2O12 with 10% excess Li) was first prepared using the fuel-

assisted auto-combustion method as described in Section 2.3.2. To engineer the grain 

boundaries, different percentages of NiO (0wt%, 0.25wt%, 0.50wt%,0.75wt%, and 1.00wt%) 

were mixed with the Ga doped LLZO calcined powder (900°C at 10h) and ball-milled 

overnight in a PE container with a proportionate amount of zirconia balls and isopropyl alcohol. 

The ball-milled powder was then dried in a vacuum oven and stored inside the glove box for 

further experiments.  The different solid electrolyte powders were pelletized in a uniaxial 

hydraulic pellet maker with an optimized pressure and then sintered at 1000°C for 10 hours. 
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Figure 2.5 represents the synthesis and sintering process schematic of solid therapy in Ga 

doped LLZO solid electrolyte material. 

 

Figure 2.5 Schematic representation of the synthesis and sintering process of solid therapy in 

Ga doped LLZO solid electrolyte material. 

2.3.4 Synthesis of Surface-modified LLZO 

 

Figure 2.6 Schematic representation of surface-modified LLZO material using the low-

temperature wet chemical method 

Pristine LLZO (Li7La3Zr2O12 with 10% excess Li) was first prepared using the alanine-assisted 

auto-combustion method as described in detail in Section 2.3.2. The goal of this modification 

was to mitigate the instability of LLZO against ambient moisture/CO₂ and to form a stable 

passivation layer that improves interfacial compatibility with lithium metal. For surface 

modification of the LLZO pellet sintered at 1000°C, a low-temperature wet chemical process 

was used. In this process, NH4F solution was prepared using 25 mg of NH₄F in 10ml of 

dimethyl sulfoxide (DMSO). Then, the solution was vigorously stirred at 40°C for 48h to obtain 
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a homogeneous solution. A small amount (~50 μL) of the NH₄F solution was further drop-cast 

onto the polished surface of LLZTO pellets, as shown in Figure 2.6. Then, it was dried at about 

200 °C inside a glove box for 20 minutes. As a result, the DMSO is evaporated rapidly, and 

NH₄F reacts with surface contaminants (Li2CO3 and LiOH). This mostly converted the surface 

impurities into a LiF-rich passivation layer. This process was repeated 20 times to ensure 

uniform surface distribution of LiF.  

2.3.5 Synthesis of NZSP Solid Electrolyte  

 

Figure 2.7 Schematic representation of the synthesis process of NZSP solid electrolyte 

preparation via the conventional solid-state method. 

Sodium superionic conductor or Na3Zr2Si2PO12 (NZSP) was first synthesized using a 

conventional solid-state route, as shown in Figure 2.7. The stoichiometric ratio of the precursor 

powders, i.e., Na2CO3, SiO2, ZrO2, and NH4H2PO4, was first weighed according to the nominal 

composition of NZSP (10% Excess Na2CO3 taken due to Na volatility at high temperature). 

These precursors were mixed via high-energy ball milling at 350 rpm for overnight using 

zirconia balls and isopropanol as the solvent. The slurry was collected and dried in a vacuum 

oven. It was then ground to obtain fine precursor powder. 

The dried powders were calcined at 1100 °C for 15 h in air to promote the formation of the 

NASICON phase. The calcined powders were then pelletized under a uniaxial pressing 

machine. The green pellets were finally sintered at 1230 °C for 10 h in air for a high-density 

NZSP solid electrolyte. 

This solid-state synthesis approach is simple and scalable. However, it often requires careful 

optimization of sintering parameters to minimize the formation of secondary phases and to 

achieve high ionic conductivity. The as-prepared NZSP pellets were stored in an argon-filled 

glove box prior to further characterizations and electrochemical studies. 

2.3.6 Synthesis of Al and S-modified LLZO 
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Al-doped LLZO with a nominal composition of Li6.25La3Al0.25Zr2O12 was first synthesized 

using the alanine-assisted auto-combustion method as described in Section 2.3.1. Al(NO3)3 was 

introduced as a dopant precursor. The as-synthesized powder was further calcined and sintered 

to measure the various electrical and electrochemical process properties. 

Based on this Al-stabilized cubic LLZO matrix, sulfur substitution was further attempted at the 

oxygen sites, yielding Li6.25La3Al0.25Zr2O12-xSx with x = 0.01 to 0.1. The same combustion 

synthesis process was used to synthesize the Al and S-modified LLZO. Li2S was introduced as 

the source material of S in the combustion synthesis process. A series of compositions was 

synthesized, and optimization was found in the intermediate range of 0.02-0.07. Although 

direct sulfur incorporation could not be confirmed by elemental analysis, changes in XRD 

patterns, surface morphology, zeta potential, and ionic conductivity indicated a strong influence 

of S addition on phase purity and surface chemistry. In particular, the impurity profile was 

markedly altered compared to Al-only LLZO, suggesting a role of sulfur in modifying grain 

boundary or surface reactions during synthesis 

2.4 Development of Solid Hybrid Electrolytes via Liquid Therapy 

One of the major challenges in solid-state battery development for the oxide-based solid 

electrolytes (LLZO and its derived) is their inherently high grain boundary resistance and poor 

interfacial wettability with lithium metal. These lead to inhomogeneous and non-uniform 

current distribution across the interface, unstable solid electrolyte interphase (SEI) layer, and, 

as a result, lithium dendrite penetration was observed. To tackle such issues in metal batteries, 

a solid hybrid electrolyte (SHE) approach was introduced. SHE was fabricated by infusing a 

viscous gel termed as solvated ionic liquid (SIL) into the solid LLZO matrix. This strategy 

helps to retain the robust structural framework of LLZO and maintain good interfacial stability 

as offered by SIL. Thus, a quasi-solid-state system was formed, which provides much improved 

electrochemical performance. 

2.4.1 Preparation of Solvated Ionic Liquid (SIL) 

The SIL was prepared inside an argon-filled glove box by dissolving lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) in tetraglyme (G4) in a 1:1(w/v%) molar ratio 

under continuous stirring until a homogeneous viscous gel was obtained. This solvated ionic 

liquid behaves like a room-temperature ionic liquid, where Li⁺ ions are strongly coordinated 

by the ether oxygens of tetraglyme, forming a [Li(G4)]⁺ solvation complex. The remaining 
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TFSI⁻ anions remain either loosely associated or dissociated. The presence of such mobile 

species provides fast Li-ion pathways and improves wettability at the electrolyte/electrode 

interface. 

 

Figure 2.8 Liquid Therapy via solvated ionic liquid in LLZO-based material for metal 

batteries. 

2.4.2 Liquid Therapy in LLZO Matrices 

All synthesized LLZO variants, including pristine LLZO, Ga-doped LLZO, neck-fused LLZO, 

plate-like LLZO, interconnected LLZO, grain boundary engineered LLZO, and surface-

modified LLZO (NH4F treated), were infused with SIL (Figure 2.7). In a typical process, the 

sintered and polished pellets were immersed in the viscous SIL gel for approximately 2 h. The 

uptake of SIL into the pellet was measured gravimetrically and was found to be ~5-18 wt% 

across all variants. This indicates uniform infiltration through grain boundaries and open 

porosity of the garnet framework.  

This SIL infusion into the LLZO matrix results in the formation of solid hybrid electrolytes 

(SHEs) that provide dual characteristics. 

• Mechanical strength and thermal stability due to the solid LLZO backbone. 

• Interfacial wettability with ion-conduction channels from the SIL phase throughout the 

bulk LLZO.  

Thus, this dual introduction is further termed as “Liquid Therapy” in metal batteries. 
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The systematic use of SIL across pristine, engineered, and surface-modified LLZO matrices 

enables a direct performance comparison. This also highlights the influence of microstructure, 

grain boundary chemistry, and surface treatments on Li-ion transport and electrochemical 

stability. Thus, the SIL-LLZO hybrid approach addresses interfacial limitations, which is the 

key issue in solid-state metal batteries. Thus, it serves as a versatile platform to evaluate the 

effectiveness of different LLZO engineering strategies under practical battery-relevant 

conditions. 

2.4.3 Extension to NZSP Solid Electrolyte 

The SIL strategy was also broadened to other metal batteries in the present thesis work. In this 

direction, an exploratory study was also conducted on NASICON-type Na3Zr2Si2PO12 (NZSP). 

For this, a 1M NaPF6 solution in tetraglyme was used as the wetting medium. Unlike LLZO, 

NZSP shows very low uptake (<2 wt%) due to its high relative density (>95%). The modified 

NZSP still showed superior Na-metal interfacial stabilization compared to untreated pellets. 

This study uncovers the potential of liquid-assisted stabilization or liquid therapy in other solid 

electrolyte systems. 

2.5 Composite Membrane 

Solid electrolytes or SIL-modified solid hybrid electrolytes deliver high bulk lithium ionic 

conductivity and excellent interfacial stability with Li metal. However, their inherent 

brittleness and poor processability always restrict their application in device integration. On 

the other hand, solid polymer electrolytes (SPEs) are ideal candidates for metal batteries, which 

offer flexibility, stability, high ionic conductivity, and compatibility with lithium metal. The 

fabrication process is also industry-friendly and has great potential for scaling up. However, 

poor ionic conductivity at room temperature and limited electrochemical stability against Li 

metal in long cycling hinder their successful application. To bridge these gaps, a scalable and 

versatile pathway towards flexible metal batteries is introduced by developing a composite 

membrane.  

Three major classes of composite membranes were explored in this thesis work. Firstly, a 

paper-based composite membrane for high-performance metal ion batteries was studied 

preliminarily. Secondly, the dual-polymer-based composite membrane for metal batteries, and 

thirdly, the paper-polymer-based electrolyte for flexible batteries. In all three systems, Ga 

doped LLZO particles were incorporated to find the role of solid electrolyte material in these 
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composite structures. The main advantages of this system are mostly underlying two factors: 

the garnet filler, which contributes fast Li⁺ transport pathways and thermal robustness, and the 

polymer or paper substrate provides structural flexibility, processability, and improved 

interfacial adhesion. The distribution and interaction of LLZO particles within these matrices 

are also expected to disrupt polymer crystallinity, which enhances the segmental motion and 

Li⁺ mobility of the polymer matrix. 

2.5.1 LLZO incorporated paper-based composite membrane 

By impregnation of LLGZO, the present study aims to transform the paper substrate from a 

passive separator into a high-performance separator. This approach improves ionic 

conductivity, Li-ion transference, and reinforces the mechanical framework of the paper fibers. 

This interaction provides better electrolyte affinity and more stable electrochemical 

performance compared to base paper and inert Al2O3-loaded membranes. 

 

Figure 2.9 Digital image of the in-house designed semi-automated separator fabrication 

machine.  (A) Loading section for cellulose-based commercial paper rolls, (B) coating unit, 

(C) upper infrared drying chamber, (D) lower infrared drying chamber, and (E) final separator 

output in roll format. 

The Ga doped LLZO (LLGZO) is prepared using an alanine-assisted auto combustion synthesis 

process as described in Section 2.3.2 in this chapter. The ash synthesized powder was calcined 

at 900°C for 10h and used without any modification. The calcined LLGZO powder 

incorporated paper separator was fabricated in continuous “roll-to-roll” form using an industry-

compatible dip-coating technique with an in-house developed double-decker coating machine 

(as presented in Figure 2.9). Commercial cellulose paper of 20 µm thickness and ~65% 

porosity was used as the base substrate. Prior to coating, the paper roll (62 mm wide, 100 m 

length) was dried overnight at 80 °C in a vacuum oven to eliminate residual moisture. 
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For the coating suspension, a solution of 5.0 wt% PVDF was prepared in N-methyl-2-

pyrrolidone (NMP) at 70 °C with continuous stirring (400 rpm) for 6 h. To this solution, 30 

wt% of finely milled Ga-doped LLZO powder (relative to polymer weight) was gradually 

introduced, followed by ultrasonication for 30 min and repeated stirring to ensure homogeneity. 

The resulting polymer–ceramic slurry was uniformly deposited on both sides of the dehydrated 

cellulose paper using the dip-coating machine, with simultaneous in-line infrared drying to 

remove solvent. The coated paper was subsequently compacted and collected as continuous 

rolls. It is worth mentioning here that the optimization process of Ga doped LLZO incorporated 

paper separator was already explored in our publication with the pristine LLZO, where the 

30wt% concentration was found to be optimum.  

The final LLGZO-incorporated paper separator, designated as G03, exhibited a uniform 

thickness of 20 ± 2 µm. For comparison, a control separator containing 30 wt% Al2O3 (A03) 

and an uncoated base paper were also prepared by the same procedure.  

2.5.2 Dual Polymer-LLZO-based composite membrane 

Cellulose has some intrinsic limitations, such as fiber inhomogeneity, mechanical anisotropy, 

and poor compatibility with lithium metal anodes, which restrict its application in next-

generation metal batteries. Composite solid polymer electrolytes (CSPEs), which integrate 

polymer matrices with active garnet-type fillers, provide a versatile platform to address these 

challenges. In this context, dual-polymer-based CSPEs incorporating Ga-doped LLZO were 

developed to synergistically combine the mechanical stability of PVDF-HFP, the ionic 

transport of PEO, and the active role of LLZO fillers. The following section presents their 

structural, electrical, and electrochemical characteristics in detail. 

A simple solution casting method was utilized to develop PVDF-HFP/PEO/LLGZO-based 

CSPE. To optimize the concentration of LLGZO (calcined at 900°C), in the duo polymer 

matrix, a series of CSPEs is prepared using 0.9g of PVDF-HFP, 0.1g of PEO, and 0.5g of 

LiTFSI, with various concentrations of LLGZO (0, 5, 10, 15 wt%). These components are 

mixed and uniformly dispersed subsequently under stirring at a 45-55°C temperature. The 

dispersed solution was cast onto the miller paper in an automated casting machine. The CSPE 

was then carefully peeled off after being kept in a vacuum oven overnight.  
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Figure 2.10 Schematic representation of the fabrication process for dual-polymer-based 

electrolyte CSPEs via the solution-casting method, with digital images of various CSPEs 

The concentration of LLGZO was set at 0 (LZ00), 5 (LZ05), 10 (LZ10), and 15 (LZ15) wt% 

of the total weight of polymers. To check the effect of the duo-polymer matrix, a CSPE (PL00) 

is also developed using 1 g of PVDF-HFP and 0.5g of LITFSI. It is worth mentioning here that 

the PVDF-HFP: PEO ratio is set in this study at 9:1 to balance between ionic conductivity and 

mechanical strength. The thickness of all the CSPEs was found to be 40±2 µm. The CSPE films 

were prepared and cast several times, keeping the preparation conditions the same, to check 

their reproducibility, and all the physico-chemical and electrochemical parameters were fully 

reproducible for the CSPEs prepared at different times. The preparation step and digital image 

of all the CSPEs were represented in Figure 2.10.  

2.5.3 Paper-Polymer-LLZO Composites Membrane 

Cellulosic paper substrate has excellent porosity, electrolyte affinity, and mechanical 

reinforcement. But it suffers from fiber inhomogeneity, anisotropic strength, and limited 

compatibility with lithium metal. Similarly, composite polymer solid electrolytes (CSPEs) 

deliver excellent flexibility and interfacial adhesion. However, the mechanical strength, 

processability, and dendrite suppression were limited for the CSPE system. To maximize the 

benefits of both systems, a paper-polymer composite was introduced. It combined the CSPEs 

slurry incorporated into a sustainable paper matrix for a single, mechanically robust, 

multifunctional electrolyte. 

This strategy converts the passive paper substrate into a Li-ion active paper-polymer electrolyte 

membrane. The Ga-doped LLZO (LLGZO) fillers were used as fast Li⁺ conduction pathways 

and stabilize the interfacial incompatibility. The dual-polymer matrix reduces crystallinity, 

enhances flexibility, and promotes homogeneous dispersion of active particles. 
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For fabrication, Ga-doped LLZO was synthesized using the alanine-assisted auto-combustion 

route as discussed in Section 2.3.2, calcined at 900 °C for 10 h, and directly used as filler. The 

dual-polymer-LLZO solution was prepared as discussed in the earlier section 2.5.2. An 

optimized 10wt% LLGZO particle was used as filler in the dual polymer matrix. After 

ultrasonication and prolonged stirring, the slurry was uniformly coated onto both sides of a pre-

dried cellulose paper substrate (20 μm thick, ~65% porosity) using an in-house designed semi-

automated “double-decker” casting machine (Figure 2.9). After initial drying by the infrared 

drying chambers, the  paper-polymer-LLZO composite membrane was transferred to a vacuum 

oven. The coated paper was subsequently compacted and collected in a continuous roll with a 

uniform thickness of ~60 ± 2 μm. This multifunctional configuration provides a promising 

platform for next-generation solid-state and flexible lithium batteries. 

2.6 Cell Fabrication 

2.6.1 Symmetric Cells 

To investigate the interfacial stability and long-term Li plating/stripping behavior, symmetric 

cells (Li/Electrolyte/Li) were fabricated. LLZO-based solid hybrid electrolytes (SIL-infused 

pristine, doped, engineered, and surface-modified as described in Sections 2.3 and 2.4) were 

used as electrolytes (diameter~17-18mm, thickness 0.8-1.0mm). For a paper-based membrane 

(thickness~20±2µm), a commercial 1M LiPF6 in ethylene carbonate (EC) and dimethyl 

carbonate (DMC) (1:2) soaked paper separator was used. A dual polymer composite membrane 

(40±5µm) or hybrid paper polymer membrane (60±5µm) was directly used as an electrolyte in 

the fabrication process without further modification. All cell assembly was performed inside 

an Ar-filled glovebox (O2 and H2O < 0.1 ppm) to prevent reaction of Li/solvents with ambient 

air or moisture. Commercial Li foils (100 μm thickness) were cut into discs (15mm diameter) 

and carefully stacked on both sides of the electrolyte pellet/membrane. The stack was crimped 

into CR2032-type coin cells with stainless steel spacers and spring components to maintain 

intimate contact. A moderate pressure of ~800-1200psi was applied during assembly to 

minimize interfacial voids, ensuring reproducible electrochemical performance. These 

symmetric cells were used for impedance spectroscopy, DC polarization, critical current 

density (CCD) determination, and long-term cycling stability tests. Other than this, cells with 

Li-ion blocking electrodes, such as SS, were fabricated for the measurement of ionic and 

electronic conductivity for solid hybrid electrolyte and composite electrolyte. For bulk solid 

electrolyte pellets (diameter 10-12mm, thickness 0.9-1.2mm), both sides of the pellet are 
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coated with Au via a gold sputtering machine. Then the pellets were dried in a vacuum at 90°C 

and further used for EIS measurement. For NZSP solid electrolyte (diameter 18mm, thickness 

0.6mm), Na metal was attached with the same procedure, and a 1M NaPF6 solution in 

tetraglyme was used as the wetting medium for long cycling stability and impedance study. 

2.6.2 Full Cells 

To evaluate the practical application of developed electrolytes, full cells 

(Li/Electrolyte/Cathode) were fabricated. Lithium metal was used as an anode, and commercial 

LiFePO4 (LFP), LiMn2O4 (LMO), and LiNi1/3Mn1/3Co1/3O2 (NMC111) were used as 

cathodes in different studies. Homogeneous cathode slurries were prepared by mixing the 

active material (80 wt%), Super P carbon (10 wt%), and PVDF binder (10 wt%) in NMP. Then, 

the slurry was cast onto the aluminum foil using a doctor blade and dried at 100 °C overnight 

under vacuum. The active mass of various cathodes was discussed in the specific chapter. The 

dried cathode sheets were roll-pressed, punched into discs, and transferred into the glovebox. 

Coin-cell (CR2032) were assembled, depending on the testing requirements. A drop of liquid 

electrolyte (<20µl) is added at the cathode side during cell fabrication with a solid hybrid 

electrolyte (diameter 17-19mm, thickness 0.8-1.0mm). For the paper separator membrane, 

commercial liquid electrolyte (LiPF6) is used. No liquid electrolyte is used in a dual polymer-

based solid composite membrane. For NZSP, commercial NVP as a cathode and Na metal as 

an anode are used. The NVP cathode was cast in the same ratio (80:10:10), and 1M NaPF6 

solution in tetraglyme was used as the wetting medium. 

2.7 Characterization Techniques 

A comprehensive set of structural, physico-chemical, electrical, and electrochemical 

techniques was used to investigate the functional properties of the developed electrolyte in 

metal batteries. An effort was made to correlate the synthesis route and processing strategies 

with microstructure, ion-transport, interfacial stability, and post-electrochemical studies. In this 

way, an end-to-end correlation was established, starting from material design to real cell 

application and diagnostics. 

2.7.1 Structural, Morphological, and Surface characterization techniques 

2.7.1.1 X-ray Diffraction 
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X-ray diffraction (XRD) is a non-destructive fundamental tool in material science and studies 

the crystal structure of any material. It basically works on the principle of constructive 

interference of X-rays scattered by the periodic atomic planes. The resultant diffraction pattern 

provides information about crystallinity and phase formation of the material based on Bragg’s 

law. In this study, the XRD was used to evaluate the phase stabilization of the cubic polymorph, 

along with the identification of various impurity phases that originate during synthesis, the 

calcination process, or after electrochemical studies. 

In the present study, XRD was carried out using an X′pert Pro MPD XRD system (PANalytical, 

Netherlands) with nickel-filtered Cu Kα (λ = 1.5406 Å) radiation and irradiated at 40 kV and 

40 mA with a step size of 0.02°/Sec. The phase quantification was further analyzed using 

Rietveld refinement with PANalytical HighScore Plus with the PDF-4+/PDF-5+ database for 

referencing. Crystallinity Index (CI) of the CSPE film was calculated from the XRD pattern 

using the Gaussian peak fitting method by using the following equation 1,2: 

𝐶𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝐶𝐼) =  
𝐴𝑐

𝐴𝑐+𝐴𝑎
× 100%                                                    (2.1) 

Where Ac, Aa, and (Ac+Aa) are the area of the crystalline peaks, amorphous peaks, and the total 

sum of all the crystalline and amorphous peaks combined.  

So, in general, the CI can be calculated from the XRD pattern by using the following equation: 

𝐶𝑟𝑦𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 =
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎 𝑡ℎ𝑒 𝑡𝑎𝑟𝑔𝑒𝑡𝑒𝑑 𝑝𝑒𝑎𝑘

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑐𝑟𝑦𝑡𝑎𝑙𝑙𝑖𝑛𝑒 𝑎𝑛𝑑 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 𝑝𝑒𝑎𝑘𝑠
                              (2.2) 

2.7.1.2 SEM, FESEM, and TEM 

Scanning Electron Microscopy (SEM), Field Emission Scanning Electron Microscopy 

(FESEM), and Transmission Electron Microscopy (TEM) were used to study the morphology 

and microstructural features of the synthesized electrolyte materials. SEM basically works by 

scanning a focused electron beam over the sample surface. It produces microscopic images 

from the secondary and backscattered electrons to reveal the grain size distribution, surface 

porosity, and overall morphology. FESEM is the advanced version of SEM, which used a field 

emission source. It provides a finer beam with much higher resolution and depth of field. This 

current study provides detailed observations about neck-fusion, plate-like structures, or other 

engineered morphology and filler distribution in composite membranes. Energy-dispersive X-

ray spectroscopy (EDX) coupled with FESEM was also used for elemental mapping or line 

scanning, extremely beneficial for the visualization of any impurity distribution at the grain 
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boundaries. TEM, on the other hand, transmits a high-energy electron beam through an 

ultrathin specimen, giving direct information on crystallinity, lattice fringes, and local 

structural defects at the nanoscale. Together, these microscopic techniques provides critical 

insights into grain connectivity, interfacial features, and particle distribution, which were 

directly correlated with the electrochemical performance of LLZO-based electrolytes and their 

composites before and after electrochemical studies. 

In the present study, SEM was performed using Phenom TM, Model Pro-X, USA. Whereas, 

FESSEM and TEM were performed using a Supra VP35 Carl Zeiss model from Germany and 

a Tecnai G2 30ST (FEI) microscope operated at an accelerating voltage of 300 kV. 

2.7.1.3 Fourier Transform Infrared Spectroscopy  

Fourier Transform Infrared Spectroscopy (FTIR) is a spectroscopy technique used to find the 

bond vibration between various functional groups. It was based on the absorption of infrared 

light by molecular vibrations, which correspond to specific chemical bonds. Each functional 

group shows characteristic peaks, allowing identification of bonding environments. In this 

work, FTIR was used to study the various metal-oxygen vibrations. The presence of different 

surface impurities can be detected by studying the FTIR spectra. It also helps to understand 

polymer–filler interactions in composite membranes. In the thesis work, FTIR was performed 

using a JASCO FTIR-6300 spectrometer. 

2.7.1.4 Raman Spectroscopy 

Raman spectroscopy relies on inelastic scattering of monochromatic light (Raman effect)  

where part of the light shifts in frequency depending on the vibrational modes of the material. 

This technique provides structural and bonding information as similar to FTIR. In this thesis, 

Raman spectroscopy was used to probe the garnet stabilization and detection of any secondary 

impurity phases. It was performed using using a Horiba LaBRam HR Evolution Raman 

spectrometer under a 488 nm Ar ion laser of 20 mW power. 

2.7.1.5 X-ray Photoelectron Spectroscopy  

X-ray Photoelectron Spectroscopy (XPS) is generally a surface-sensitive technique. It is based 

on the photoelectric effect. An incident X-rays eject core electrons from atoms and the 

measured binding energies. This reveals the chemical composition and oxidation states within 

the top few nanometers of the surface. In this work, XPS was used to check the decomposition 

product after cycling at the electrode/electrolyte interface. The surface impurities are also 
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examined by this method. In this work, X-ray Photoelectron Spectroscopy (XPS) 

measurements were performed by using a monochromatic Aluminum K_alpha focused X-ray 

(1486.6 eV) beam and a multi-channeltron hemispherical electron energy analyzer (PHI 5000 

VERSAPROBE II, Physical Electronics). One set of data was acquired, and the next set of data 

was taken after 10-15 minutes of sputtering with Ar ion at 1 keV.  

2.7.1.6 Particle size and Zeta Potential 

Dynamic light scattering (DLS) was used to determine the agglomerated size distribution of 

the synthesized LLZO powders in suspension. The technique is based on the scattering of 

incident laser light by particles undergoing Brownian motion. The time-dependent fluctuations 

in scattered intensity are analyzed to calculate the hydrodynamic diameter of agglomerates. 

This measurement provided insights into the degree of agglomeration present in the powders 

after synthesis and grinding, which is critical for understanding their sintering and densification 

behavior. 

In parallel, zeta potential measurements were performed to evaluate the surface charge of 

LLZO particles dispersed in ethanol. Zeta potential is an indicator of suspension stability, with 

higher absolute values corresponding to better electrostatic stabilization and a lower tendency 

for agglomeration. The combined DLS and zeta potential data were thus used to assess the 

agglomerated size distribution and dispersion stability of LLZO powders, which influence 

subsequent processing and microstructural evolution. All measurements were carried out using 

a Malvern Zetasizer Nano series instrument after ultrasonication-assisted dispersion of the 

powders in ethanol or DMF solvent. 

2.7.2 Physico-Chemical 

2.7.2.1 Proton Nuclear Magnetic Resonance 

Proton nuclear magnetic resonance (¹H NMR) spectroscopy was used to investigate the 

coordination environment of alanine complexes with lithium, lanthanum, and zirconium 

precursors. The technique is based on the interaction of nuclear spins with an applied magnetic 

field and radiofrequency pulses, which provides information about the chemical environment 

of hydrogen atoms. In this work, the nature of the complexes formed between alanine and 

different metal ions (La and Zr) was studied using 1H NMR spectroscopy (Bruker-FT300 MHz 

spectrometer) by dissolving alanine and different metal nitrates in a D2O solvent. These results 
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were used to gain insights into the precursor chemistry and the role of alanine in controlling 

phase evolution and dopant incorporation in LLZO.   

2.7.2.2 Thermogravimetric and Differential Thermal Analysis  

Thermogravimetric analysis (TGA) is a powerful thermal technique that actually measures the 

weight loss of a sample as a function of temperature or time under a controlled atmosphere. It 

provides important information on dehydration, evaporation, decomposition, and phase 

transitions of a material. On the other hand, Differential thermal analysis (DTA) is recorded 

simultaneously to identify endothermic and exothermic events corresponding to chemical or 

structural transformations. 

In this work, TGA/DTA was used extensively to study the thermal behaviour of alanine-nitrate 

gel, exo-template, and LLZO ash powder. The thermal stability of polymer electrolytes, 

composite solid polymer electrolytes (CSPEs), and solvated ionic liquid-infused systems was 

also explored. TGA/DTA was performed using a NETZSCH thermal analyzer (Germany). 

2.7.2.3 Density 

The density of sintered pellets was evaluated using both geometrical calculations and 

Archimedes' principle. In the geometrical method, the mass (m) of the dried pellet was 

measured using a high-precision balance. Then the volume(V) was calculated from its 

dimensions. The geometrical density (ρgeo) was then calculated using the relation, 

𝜌𝑔𝑒𝑜 =
𝑚

𝑉
=

𝑚

𝜋𝑟2ℎ
                                                              (2.3) 

Where r and h are the radius and thickness of the cylindrical pellet.  

The density of sintered LLZO pellets was also measured using the Archimedes' principle with 

toluene as the immersion medium. Initially, the dried mass of the pellet (mdry) was recorded 

after keeping the pellet at about 150ºC. The pellets were then soaked in toluene for 24 h to fill 

the available pores. The soaked mass in air (msoaked) was measured and recorded. Finally, the 

apparent mass of the soaked pellet when suspended in toluene (mimmersed) was recorded. The 

bulk density was then calculated according to the relation: 

         𝜌𝑎𝑟𝑐 =
𝑚𝑑𝑟𝑦

𝑚𝑠𝑜𝑎𝑘𝑒𝑑−𝑚𝑖𝑚𝑚𝑒𝑟𝑠𝑒𝑑
𝜌𝑡𝑜𝑙𝑢𝑒𝑛𝑒                                       (2.4) 

Where ρtoluene is the known density of toluene and depends on the temperature.  
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The relative density was measured by dividing the theoretical density of the solid electrolyte 

material. The calculated relative density was used to correlate the sintering behaviour with 

electrical and electrochemical performance.  

2.7.2.4 Dilatometry 

Dilatometry was generally used to study the dimensional changes of LLZO pellets during 

heating. It gives important information about the sintering behavior and densification kinetics 

of the solid electrolyte material. In this technique, the change in specimen length was 

continuously monitored as a function of temperature (T). The relative shrinkage is calculated 

from the initial length of the pellets.  The shrinkage curves provide information about the onset 

temperature of densification, grain growth, and the maximum shrinkage rate. In the present 

work, dilatometry was used to optimize the calcination and sintering conditions of LLZO 

pellets by identifying the temperature window for effective densification while minimizing 

lithium volatilization. The results were further correlated with the relative density and 

microstructural features to establish a relationship between sintering kinetics, pellet 

densification, and ionic transport properties. Dilatometry was performed in Netzsch STA 409C 

(Simultaneous Thermal Analyzer).  

2.7.2.5 Tensile Tests 

The tensile properties of various composite membranes were investigated to evaluate their 

mechanical robustness and flexibility, and their ability to resist deformation under applied 

stress. Rectangular strips of membranes were cut to uniform dimensions and tested to obtain 

stress-strain behavior, from which tensile strength was calculated. An average of five 

specimens taken from different positions of each membrane was analyzed to minimize sample-

to-sample variation. The mean curve with standard deviation was presented to ensure clarity 

and reproducibility. The tensile measurements were carried out using a Universal Testing 

Machine (Model 5500R, INSTRON, UK) equipped with a 1 kN load cell and operated at a 

crosshead speed of 10 mm·min⁻¹. 

2.7.2.6 Gurley Value 

The Gurley test was employed to evaluate the air permeability and porosity of the fabricated 

paper-based separators. This method measures the time required for a fixed volume of air 

(typically 100 mL) to pass through a given area of the membrane under standardized pressure. 

A higher Gurley number corresponds to lower porosity and reduced gas permeability, whereas 
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a lower value indicates higher porosity and easier air flow through the separator. In this work, 

the Gurley values were used to estimate pore size distribution and connectivity, which were 

further correlated with electrolyte uptake and ionic conductivity. The measurements were 

performed using a Gurley precision instrument (Model 4110N). 

2.7.2.7 Liquid Uptake 

Electrolyte uptake is an important parameter that reflects the ability of membranes to absorb 

and retain liquid electrolyte, which in turn governs ionic conductivity and interfacial 

wettability. For polymer-based separators, 19 mm diameter circular disks of each sample were 

cut and soaked in a standard liquid electrolyte (1M LiPF6 in Ethylene carbonate (EC): Dimethyl 

carbonate (DMC) (1:2)) for 2 hours inside a glove box. The electrolyte uptake was calculated 

using the following equation: 

 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑈𝑝𝑡𝑎𝑘𝑒 =
𝑊𝑤𝑒𝑡− 𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
 × 100%                                      (2.5) 

where Wdry and Wwet are the respective separator weights before and after the absorption of 

liquid electrolyte.  

A similar protocol was followed for quantifying solvated ionic liquid (SIL) uptake in hybrid 

LLZO electrolytes. Polished LLZO pellets were immersed in the SIL for 2 h inside the glove 

box. Then the uptake was calculated gravimetrically. The uptake values were expressed in 

weight percentage relative to the dry pellet mass and were typically ~5-18 wt% depending on 

the modification made on the LLZO electrolyte. This measurement was essential to evaluate 

the role of SIL infusion in improving interfacial contact and establishing continuous Li⁺ 

conduction pathways within the hybrid electrolyte. All weighing was performed using a high-

precision analytical microbalance (Model AUW220D, Shimadzu, Japan). 

2.7.3 Electrical and Electrochemical Techniques 

2.7.3.1 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was generally used to evaluate the ionic 

transport behavior of the developed electrolytes. The technique involves by applying a small 

alternating current (AC) perturbation over a wide frequency range and recording the 

corresponding voltage response. This provides information about bulk resistance, grain 

boundary contribution, and interfacial polarization. The data are typically represented as 

Nyquist plots (Z′ VS -Z′′), where the high-frequency intercept corresponds to bulk electrolyte 
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resistance, semicircular arcs reflect grain boundary and charge-transfer contributions, and the 

low-frequency tail is associated with electrode polarization or diffusion kinetics. In this work, 

symmetric cells with Li-ion conductive (Li) or blocking (SS, Au, Ag) electrodes were 

fabricated depending on the measurement requirement. EIS was used to calculate the total ionic 

conductivity as well as the interfacial resistance. The bulk resistance was approximated from 

the intercept on the real Z′ axis at high frequencies, and Li+ ion conductivity was calculated 

using the relevant equation. 

𝜎 =  
1

𝑅𝑏
×

𝑙

𝑎
        `                                                 (2.6) 

The ionic conductivity (σ) was assessed using the bulk resistance (Rb) of the cell, along with 

the thickness of the composite membrane (l) and the area of the working electrode (a).  

The equivalent circuit fitting was performed using ZView software to separate contributions 

from bulk, grain boundary, and electrode processes. Electrochemical impedance spectroscopy 

(EIS) was carried out in a ZIVE SP1 or Autolab across a frequency range of 1 mHz to 1 MHz 

at room temperature. EIS was recorded in each fabricated cell after kept it few hours for 

stabilization.  

2.7.3.2 Distribution of Relaxation Times  

Electrochemical impedance spectroscopy (EIS) helps analyze the different electrochemical 

processes during electrochemical cycling. However, resolving electrochemical processes from 

EIS spectra using conventional equivalent circuit models (ECMs) is challenging due to 

overlapping time constants, which can lead to misinterpretations3–6. In contrast, the distribution 

of relaxation times (DRT) method simplifies EIS analysis by distinguishing individual 

electrochemical processes through unique time constants.  

The impedance response 𝑍(𝜔) of an electrochemical system can be expressed as an integral of 

relaxation processes over a continuous distribution of characteristic times τ,  

     𝑍(𝜔) = 𝑅∞ + ∫
𝛾(𝜏)

1+𝑗𝜔𝜏
𝑑𝑙𝑛𝜏

∞

0
                                    (2.7) 

Where, 𝑅∞ is the ohmic resistance (high-frequency intercept), 𝛾(𝜏) is the distribution function 

of relaxation times, 𝜏 is the relaxation time and 𝜔 is the angular frequency is described as, 

𝜔 = 2𝜋𝑓                            (2.8) 
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The function 𝛾(𝜏) reveals the intensity of individual relaxation processes. The sharper peaks 

correspond to distinct resistive or capacitive processes, while broader peaks indicate 

overlapping processes. In general, the high-frequency peak corresponds to bulk ionic transport 

in the electrolyte, and the mid-frequency peak corresponds to grain boundary or interphase 

contribution. The Low-frequency peak corresponds to the electrode-electrolyte interface 

polarization and charge transfer. 

To decouple the electrochemical process, EIS was also taken at different SOC and DOD levels 

using ZIVE SP1 over a frequency range of 0.01 Hz–1 MHz by applying 50 mV AC amplitude. 

The distribution of relaxation time (DRT) was used to decouple the interfacial kinetics 7. The 

open-source MATLAB-based software and the DRTtools algorithm were used to derive the 

DRT from impedance data 8. Gaussian method with a second-order Tikhonov regularization 

was applied, and the regularization parameter was set at 0.0001. Real and imaginary 

components of the EIS data were duly fitted, and the inductive part was ignored. The resulting 

intensity distributions are further compiled into a two-dimensional map in MATLAB software, 

where the x-axis represents relaxation time (τ), the y-axis denotes cycling time (h), and the 

color scale corresponds to normalized DRT intensity. Fitting of DRT is further analyzed in a 

custom script in MATLAB software. The evolution of resistance was also shown in 2d contour 

map. 

2.7.3.3 DC Polarization 

DC polarization experiments were performed to separately evaluate the ionic transference 

number and the electronic conductivity of the developed electrolytes. For ionic transference 

number measurements, symmetric Li/electrolyte/Li cells were fabricated to allow reversible 

Li⁺ exchange. When a small DC potential (ΔV) is applied, the current response initially 

contains contributions from both ionic and electronic charge carriers. With time, polarization 

of Li⁺ at the electrode-electrolyte interfaces leads to a decay in current until a steady state is 

reached. The ionic transference number was calculated using the Bruce-Vincent-Evans (BVE) 

equation9, as follows, 

    𝑡𝐿𝑖+ =
𝐼𝑆𝑆(∆𝑉−𝐼0𝑅0)

𝐼0(∆𝑉−𝐼0𝑅0)
             (2.9) 
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Where, I0 and ISS are the initial and steady state current before and after polarization, 

respectively, and R0 and RSS are the electrolyte/electrode interfacial resistance before and after 

polarization, respectively, with an applied DC polarization voltage ΔV of 10 mV. 

To further investigate the electronic conductivity of the hybrid electrolyte, a higher DC 

potential (0.5 V) was applied in SS/SS symmetric cells. In this configuration, the SS electrodes 

act as ion-blocking contacts, and hence the steady-state current originates primarily from 

electronic leakage. The electronic conductivity was calculated using the relation, 

𝜎𝑒 =
𝐼𝑆𝑆×𝐿

𝐴×𝑉
                                        (2.10) 

where Iss is the steady-state current, L is the electrolyte thickness, A is the electrode-electrolyte 

contact area, and V is the applied DC potential. This analysis enabled quantification of 

electronic leakage pathways and correlation of various modifications in the LLZO matrix with 

suppression of dendrite growth or critical current density. All DC polarization experiments 

were carried out using a ZIVE SP1 workstation. 

2.7.3.4 Linear sweep voltammetry  

Linear sweep voltammetry (LSV) was generally used to evaluate the electrochemical stability 

window of the developed electrolytes for successful application against high voltage cathode 

material. In this technique, the potential of the working electrode is swept linearly with time 

relative to the counter/reference electrode while recording the current response. The potential 

at which a sharp rise in current is observed corresponds to the onset of electrolyte 

decomposition. thereby defining the oxidative stability limit. 

In this study, LSV measurements were carried out using asymmetric Li/electrolyte/stainless 

steel (Li/SS) cells, where lithium metal served as both the counter and reference electrode and 

stainless steel acted as the working electrode. The applied potential was swept from the open-

circuit voltage to 7 V vs. Li/Li⁺ at a scan rate of 10 mV·s⁻¹. The resulting current-voltage 

response was analyzed to determine the electrochemical window of the solid hybrid 

electrolytes. All LSV experiments were performed using a ZIVE SP1 electrochemical 

workstation. 

2.7.3.5 Critical Current Density  

Critical current density (CCD), or maximum endurable current density of battery cycling 

without cell failure, is a crucial parameter for evaluating the efficacy of the solid electrolytes 
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(SEs) and determining the Li kinetics rate at the Li-solid state electrolyte (SSE) interface. 

Several parameters can influence a solid electrolyte's critical current density (CCD) 10. Key 

internal factors influencing CCD include ionic conductivity, electronic conductivity, and 

density of the solid electrolyte. External factors such as stack pressure, sintering temperature, 

and measurement temperature significantly determine CCD and overall battery efficiency. In 

our study, all external factors were kept constant during the measurement of the CCD for 

different solid hybrid electrolytes, allowing the electrical properties of the solid electrolytes to 

influence the CCD values primarily. Here, with the increment of current density, the voltage 

due to polarization drop increases, and suddenly, after a few plating/stripping cycles, a spike is 

observed. This spike rapidly grows, resulting in a distortion in the voltage profile. The current 

density up to which such distortion does not appear can be termed the critical current density 

due to the soft short circuit. In our present study and our previous study, no hard short circuit 

is observed, which might be due to the presence of SIL at the Li metal/electrolyte interface.  

To determine the CCD, symmetric cells with various hybrid electrolytes are fabricated and 

subjected to galvanostatic charge-discharge cycles at various current densities increased 

stepwise (typically in increments of 0.05-0.1 mA·cm⁻²), with each step maintained for 30 

minutes charge and 30 minutes discharge. The CCD values obtained provided a direct measure 

of interfacial stability and the ability of the electrolytes to suppress lithium dendrite growth 

under practical operating conditions. The CCD was also measured in ZIVE SP1. 

2.7.3.6 Symmetric Li/Li Cycling 

Symmetric Li/electrolyte/Li cells were cycled galvanostatically to evaluate the long-term 

electrochemical stability and interfacial compatibility of the electrolytes with lithium metal. In 

this technique, equal and opposite currents are alternately applied to both the lithium electrodes, 

leading to repeated lithium plating and stripping across the electrolyte. The evolution of 

overpotential with cycling time provides direct information on the stability of the electrode-

electrolyte interface, the resistance to dendrite formation, and the overall durability of the 

system.  

In this study, symmetric cells were subjected to continuous plating/stripping cycles at fixed 

current densities for extended periods ranging from several hundred to over a thousand hours. 

The voltage response was recorded as a function of cycling time, and the absence of sudden 

short-circuiting or sharp voltage drops was taken as evidence of stable lithium deposition and 

dendrite suppression. The measurements were carried out using an Arbin automated battery 
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tester (Arbin Instruments, USA), and the data were further correlated with CCD values and 

post-mortem analysis to assess the reliability of the developed electrolytes under long-term 

operation. EIS was measured at ZIVE SP1 before and after the cycling test to decouple various 

electrochemical processes and to understand the impact of lithium dendrite penetration.  

2.7.3.7 Galvanostatic Cycling of Full Cells 

Galvanostatic charge-discharge cycling of full cells was performed to evaluate the practical 

electrochemical performance of the developed electrolytes under operating battery conditions. 

In this method, a constant current is applied during charge and discharge processes within a 

defined voltage window, and the cell voltage response is recorded as a function of capacity and 

cycle number. The cycling behavior provides key parameters such as specific capacity, 

coulombic efficiency, capacity retention, and interfacial stability, thereby serving as a direct 

assessment of the electrolyte’s suitability in full-cell configurations. 

The fabrication of a full cell using various types of electrolytes is already discussed in Section 

2.6.2. The cells were stabilized, and EIS was taken after some time at ZIVE SP1. Then all the 

cells were cycled at various current densities within a potential range that depends on the 

cathode chemistry. For instance, for the Li/LMO cell, the voltage range is 3.0-4.5 V. The long-

term cycling stability and capacity retention were analyzed to understand the impact of 

interfacial modifications. All galvanostatic cycling experiments were carried out using an Arbin 

automated battery testing system (Arbin Instruments, USA). An isothermal vacuum oven was 

used to maintain a temperature of 27ºC throughout battery cycling for a full cell with hybrid 

electrolyte (LLZO-SIL).  

2.8 Data Analysis and Reliability 

All electrochemical data were analyzed with the help of Microsoft Excel and Origin Software. 

The EIS data were fitted with Zview software using equivalent circuit modelling.  To ensure 

reproducibility, each sample preparation and cell assembly was repeated at least three times for 

a specific developed electrolyte under identical conditions. Standard deviations and error bars 

were mostly reported wherever applicable. These measures ensure statistical reliability and 

minimize errors arising from batch-to-batch variations in synthesis and cell fabrication. 

2.9 Flow of Work 

The overall experimental flow in this thesis is presented schematically in Figure 2.10. Starting 

from raw precursors, solid electrolyte powders were synthesized via auto-combustion, exo-
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templating, or solid-state synthesis methods. These powders were calcined to get the desired 

phase and then processed into pellets or composite membranes. The fabricated electrolytes 

were subjected to a combination of structural, morphological, physico-chemical, and various 

electrical characterizations, followed by cell fabrication and testing in symmetric and full-cell 

configurations for practical applicability. Finally, advanced analysis tools such as DRT and 

post-mortem microstructural imaging, XPS analysis were used to correlate among various 

parameter. 
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CHAPTER 3 

Pristine Li7La3Zr2O12: Exploring Aqueous-

based Synthesis Route and Interfacial 

Engineering using Solvated Ionic Liquid 

Summary & Graphical Abstract 

Achieving the cubic phase of pristine LLZO via the solid-state route remains challenging due 

to Li volatility, secondary phase formation, and high sintering 

requirements. It often leads to poor ionic conductivity and 

unstable interfaces against the Li metal anode. In this chapter, 

an aqueous-based synthesis process was optimised using alanine 

as fuel to obtain cubic, microstructurally altered cubic LLZO. 

The role of surface impurities in electrical and electrochemical 

performances is explored in detail. Interfacial liquid therapy was 

introduced using a solvated ionic liquid (SIL) for improved Li 

wettability, reduced interfacial resistance, and enhanced ionic 

conduction across grain boundaries. Together, this synergistic 

approach demonstrated improved stability in symmetric cells, 

high coulombic efficiency, and improved tolerance against 

dendritic penetration. Thus, this chapter establishes the 

synergistic role of aqueous synthesis and interfacial liquid 

therapy to enhance faster Li-ion conduction as well as resistance 

to Li dendritic growth, providing a path for developing high-performance SSLMBs. 

 

Figure 3.1 Graphical abstract summarizing the effects of aqueous synthesis and interfacial 

liquid therapy on pristine LLZO-based solid electrolytes. 

Objectives 

1. Stabilize the cubic 

phase of pristine LLZO. 

2. Origin and role of 

surface Impurities in the 

electrochemical process. 

Strategy 

Optimization of aqueous 

synthesis process with 

interfacial liquid therapy. 
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3.1 Introduction 

In the post-“Rocking-Chair” era of Lithium-ion battery technology, a new configuration of 

Solid State Lithium Metal Batteries (SSLMBs) now emerges with promise to deliver high 

energy and high power density batteries. Such a configuration relies on the use of Li-metal 

anode (3860 mAh g−1) instead of conventional low capacity graphite (372 mAh g−1) and a fast 

Li-ion conducting ceramic electrolyte instead of organic liquid electrolyte1,2. It is envisaged 

that the solid electrolyte can (i) eliminate safety issues which are major concerns of flammable 

liquid electrolytes, (ii) impede lithium dendritic growth, creating an opportunity to use a lithium 

metal anode, and (iii) control parasitic side reactions resulting in longer cycle life of the 

batteries2,3. Despite several advantages, making of All Solid-State Lithium Batteries (ASSLBs) 

using ceramic electrolytes still possesses serious scientific and engineering challenges related 

to establishing stable solid electrolyte-electrode interfaces.  

One of the possible solutions is to build an electrolyte that can satisfy the benefits of both solid-

state and liquid electrolytes4. Here, the concept of “hybrid electrolyte” comes into the picture. 

Therefore, by definition, the “Solid State” configuration could be renamed as pseudo-SSLMBs. 

While developing hybrid electrolytes, most commonly used solid electrolyte matrix is 

Li7La3Zr2O12 (LLZO). However, successful fabrication of hybrid electrolyte heavily depends 

on the nature of the solid electrolyte used in terms of their particle size, microstructure, 

sinterability, mechanical strength etc. While optimizing all those parameters, it was well noted 

that the engineered microstructure of the solid-state electrolyte can significantly influence the 

ion transport properties. While developing engineered LLZO, optimization of synthesis 

conditions and parameters were found crucial. Thus, an in-depth probing was necessary to 

regulate the microstructure in final LLZO powder.  

Cubic LLZO, first proposed by Murugan et al.5 in 2007, is conventionally synthesized 

following high temperature (1100-1200°C) solid state processing technique, but with a 

substantial risk of phase transformation from cubic Li7La3Zr2O12 to more thermodynamically 

stable La2Zr2O7 pyrocholore structure6,7. In such high temperatures, lithium loss also becomes 

unavoidable, resulting in compositional inhomogeneity. Even in post synthesis condition, the 

exposure of single-phase cubic LLZO in ambient atmosphere reportedly triggers severe surface 

reaction involving Li+/H+ exchange and subsequent formation of Li2CO3 by the reaction with 

atmospheric CO2
8. The appearance of impurities such as La2O3, LiAlO2, low conducting 

tetragonal-LLZO, pyrochlore  type La2Zr2O7 etc. were also common while synthesizing LLZO 
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material6. To tackle these problems, low-temperature synthesis processes were adopted to 

achieve cubic LLZO with sufficient ionic conductivity below 1000°C.   Among various other 

wet chemical methods such as sol-gel9, pechini10, co-precipitation11 etc, combustion synthesis 

of producing multi-component oxides are now considered as one of the low cost, less time 

consuming, single-step synthesis process which can results in desired powder properties 

ranging from nano to micro domain.  

In this chapter, we first developed a first-of-its-kind hybrid electrolyte comprising 

morphologically engineered LLZO impregnated with SIL and extensively analyzed its 

electrochemical performance in pseudo-SSLM configuration against Li-metal anode and 

commercial LiMn2O4 cathode. The reason for using SIL in making a hybrid electrolyte is of 

great interest now for battery researchers. Equimolar mixtures of Li-salt (e.g., LiTFSI) and 

glymes (tri or tetraglyme) are most commonly used solvated ILs wherein a large complex 

cation [Li(glyme)]+ is produced and functions as a weakly coordinating ion12. The use of  SILs 

is reportedly more advantageous compared to conventional ILs; as Li-ions are already present 

in the ILs, clustering of anions around the Li+ can thus be avoided during electrochemical 

cycling. Thus, an attempt has been made here to impregnate SIL with in solid engineered-

LLZO matrix for studying their synergetic effect in pseudo SSLMBs.   

3.2 Experimental 

3.2.1 Material Synthesis and Characterization 

Pristine LLZO material is synthesized by the alanine-assisted auto combustion method. The 

detailed steps and optimization process were already discussed in Chapter 2, Section 2.3.1 and 

Section 2.3.3.1. In short, aqueous nitrate precursors (Li, La, Zr) were mixed with alanine fuel 

and heated until auto-ignition produced a fluffy ash-like powder. The as-synthesized powder 

was calcined at 900 °C (10 h) and then pelletized and sintered at 1000 °C (10 h) to obtain cubic 

LLZO. Fuel-to-nitrate ratios were varied (F/N: 0.10, 0.15, 0.20, and 0.30) and optimized to 

tune the microstructure of pristine LLZO material. To record the temperature profile of the gel 

at various stages of the combustion process and also to measure the temperature surge during 

auto-ignition, an optical pyrometer (AMPROBE IR 720 IR thermometer) was used to collect 

the temperature readings, and with this, a time-dependent temperature profile was plotted. The 

nature of combustion at different fuel/nitrate ratios was photographed and presented. The 

detailed characterization techniques are already discussed in Section 2.7.  The calcined 
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powders thus obtained using different fuel-to-nitrate ratios (F/N) will be henceforth referred to 

in the text by the given codes, as described in Table 3.1.  

Table 3.1 (F/N) ratio and corresponding sample codes of LLZO solid electrolyte Material. 

Fuel/Nitrate Ratio Termed as 

0.10 Ala010 

0.15 Ala015 

0.20 Ala020 

0.30 Ala030 

 

3.2.2 Cell Fabrication and Testing 

The detailed cell fabrication and testing techniques are already discussed in Chapter 2, Section 

2.6 and Section 2.7, respectively. In Short, all the sintered pellets were infused with a solvated 

ionic liquid (LiTFSI/tetraglyme, 1:1 mol ratio). Symmetric (Li/Li, SS/SS), asymmetric (Li/SS), 

and full (Li/LMO, Li/LFP, and Li/NMC111) coin cells were then fabricated using the 

procedures described in Chapter 2, Section 2.6. 

3.3 Results & Discussion  

3.3.1 Thermal Studies 

The nature of combustion during synthesis is directly related to the product yield and the quality 

of the as-synthesized powder. In a perfect gel-combustion, where all the constituents (metal-

fuel complexes) are completely decomposed under controlled exothermicity, a desired quality 

powder with maximum yield is typically produced. Here, the product throughput efficiency or 

combustion yield (%) we defined as the relative amount of as-synthesized powder obtained 

after combustion synthesis with respect to their estimated theoretical batch size. In Figure 

3.2(a), the real-time images were shown, which were taken during the auto-combustion process 

with different fuel-to-nitrate ratios (F/N). As shown in the images, it is clear that as the fuel-to-

nitrate ratio increases, the nature of combustion gradually changes from a sluggish to vigorous 

type of combustion (called volume combustion). At a smaller F/N ratio of 0.10, the combustion 

is much more delayed and incomplete in nature, with the evolution of a very small amount of 

gaseous species. The propagation of the reaction front at a lower F/N ratio was found to be 

limited, and the overall combustion process resulted in a sticky mass along with a small amount 

of ash powder, with a combustion yield estimated to be 38%.  
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Figure 3.2 (a) The effect of fuel-to-nitrate ratio (F/N) on product powder yield (%) and (b) 

time-dependent thermal profile of Ala020-Gel measured using optical pyrometer; inset shows 

the nature of combustion with constant heating. 

With further increase in F/N ratio to 0.15, the combustion still appeared to be sluggish in 

nature with evolution of small amount of yellowish nitrogenous (NOx) fumes originated from 

decomposition nitrate precursors. The powder yield was found to be increased to a value of 

60% at F/N=0.15 compared to the previous one.  
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Table 3.2 Summary of nature of combustion, powder properties and moisture sensitivities of 

as-synthesized powder derived using different F/N ratio. 

# Ash: as-synthesized powder; Cal. Calcined powder at 900°C; Yield: Efficiency of combustion process to produce 

as-synthesized powder; Code: sample nomenclatures, Mass loss due to moisture (%) as referred to Figure 3.5(a) 

in supporting information. 

 

At F/N=0.20, the flame appeared first time during combustion resulting in white flappy mass 

and maximum powder yield of 94%. At F/N=0.20, during pre-combustion stage, a volcanic 

mouth was formed on the gel surface which gradually turned into a reaction center creating a 

self-propagating reaction front which moved in all directions and momentarily converted the 

whole gel into ultrafine white LLZO as-synthesized powder. On further increase in F/N ratio 

to 0.30, the combustion reaction was found to be very fast, uncontrolled and vigorous with long 

flame height. In this case, large volume of gaseous species evolved forcing the resulting powder 

to be spilled over from the reaction pot. The combustion yield was estimated to be 54% by 

considering the powder left over inside the reaction pot. The overall nature of combustion and 

estimated yield obtained by varying fuel to nitrate ratios thus suggested that at F/N=0.20 the 

product throughput efficiency was found maximum (94%) with controlled exothermicity, as 

summarized in Table 3.2. Thus, this ratio may be considered as optimum F/N ratio, where a 

control combustion reaction might be carried out with high product output.To understand the 

temperature profile during the synthesis of LLZO, starting from gel formation to auto ignition, 

an optical pyrometer was used with utmost caution to measure the surface temperature of the 

Code Nature of 

Combustion 

Flame 

Temp. 

(°C  )  

Yield  

 

Morphology   Mass loss due to 

moisture (%) 

measured from 

TGA/DTA  

Ala010 Sluggish, no 

flame, sticky mass 

 

- 38% Agglomerated 29.68 

Ala015 Sluggish, gaseous 

emission, no 

flame, coarse 

powder 

 

- 60% Agglomerated 18.36 

Ala020 Controlled, 

significant 

gaseous emission, 

fine powder 

 

539°C 94% Soft 

Agglomeration 

20.26 

Ala030 Violent, 

uncontrolled 

combustion 

>670°C 54% Hard 

Agglomeration  

0.183 
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gel and flame temperatures. A time-

dependent temperature profile of 

gel to auto-ignition is thus plotted in 

Figure 3.2(b), which shows that gel 

temperature remained almost 

constant (~200°C) over time, and 

suddenly it increased to a value of 

539°C during the peak of 

combustion, as shown in the inset 

of Figure 3.2(b). This abrupt 

increase in temperature during 

auto-combustion might originate 

from the decomposition of metal-

fuel complexes, resulting in the 

formation of corresponding metal 

oxides and other desired phases in 

the as-synthesized product powder. 

To study the combustion behaviour 

of LLZO gel which comprises of 

complexes formed by multiple 

metal ions (Li, La, Zr) and reducing 

fuel alanine in aqueous medium, 

individual metal-alanine complexes were prepared and named as Li-alanine (Li-Ala), La-

alanine (La-Ala) and Zr-Alanine (Zr-Ala) complexes. To obtain those gels, saturated solution 

of alanine was prepared and mixed with metal nitrate solutions in stoichiometric proportions 

with constant heating and stirring. During heating, the evaporation of water resulted in a clear 

viscous gel of corresponding metal-alanine complexes. It is reported elsewhere that a univalent 

metal ion (M+) can bind with one molecule of alanine (M+-Ala), whereas the bivalent metal 

ions (M2+) generally bind two molecules of alanine to form simpler complexes13. The charge 

on the metal ion is typically satisfied by the bidentate ligand alanine forming a stable chelate 

like compounds. However, for tri- and tetra-valent ions like La3+ and Zr4+ respectively, the 

mechanism of formation of M3+-Ala and M4+-Ala complexes (M=La, Zr) may differ. The 

complexation reaction reportedly proceeds through formation of several transient 

intermediates. Alanine here might be coordinated with trivalent cation like La3+ only through 

Figure 3.3 (a)-(b) TGA and its corresponding DTA 

plot of Li-alanine, La-alanine and Zr-alanine gel; (c) 

TGA/DTA profile of Ala020-Gel from RT to 1200C. 
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carboxyl oxygen atom, while its nitrogen lone pair remains intact without coordination. The 1H 

NMR spectra of mixture of Alanine and La3+/Zr4+ in D2O as shown in Figure 3.4 also exhibited 

significant downfield shifting of -CH3 doublet (1.39 ppm (J = 8.0 Hz) for alanine, 1.42 ppm (J 

= 8.0 Hz) for La3+-alanine complex and 1.47 ppm (J = 8.0 Hz) for Zr4+-alanine complex) and -

CH quartet (3.70 ppm (J = 12.0 Hz) for alanine, 3.77 ppm (J = 12.0 Hz) for La3+-Alanine 

complex and 3.98 ppm (J = 12.0 Hz) for Zr4+-alanine complex) supporting the covalent 

interaction between alanine and metal ions. Alanine-NH2 may not be available in NMR spectra 

due to rapid proton exchange with D2O in the NMR time scale.  

 

Figure 3.4 1 H NMR spectra of (a) Alanine, (b) La3+-Alanine complex, (c) Zr4+-Alanine 

complex on D2O solvent 

A similar trend was also found in the formation of [Fe3+-Ala] type complexes as reported by 

Djurdjević et al.14 who proposed that the formation of say M3+-alanine complex may follow 

the reaction path as stated below: 

M3+ → [MOH] → [M(OH)HAla] Metastable phases → [M3+-Ala] Metal-alanine complex 

The above reaction path indicates that the [M-Ala] complex (where OS of M >2+) is formed 

possibly in two ways; (a) either alanine zwitter ion may attach with the hydrolytic product of 

tri/tetra valent metal ions resulting in metastable phases or (b) by hydroxide ions (OH–) and 

hydronium ions (H3O
+) formed via protolysis of water, which further can coordinate to M 

(=M3+/M4+) in [MHAla] metastable complexes. This metastable phase may exist in solution 

over prolonged period forming an equilibrium between [M(OH)HAla] and [M-Ala]14,15. 
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The thermal profiles of individual metal-alanine gels (Li-Ala, La-Ala and Zr-Ala) were further 

studied by TGA/DTA which provided important information about the decomposition 

behaviour of complexes during combustion. Figure 3.3(a)-(b) showed the TGA and 

corresponding DTA plots of Li-Ala, La-Ala and Zr-Ala gels in the temperature range of RT-

1200°C. All three gel samples initially showed sharp weight losses up to 150ºC due to 

dehydration and removal of trapped water from the gels, as shown in Figure 3.3(a). At around 

275°C, Li-Ala gel showed the highest weight loss of 91.62% compared to La-Ala (61.97%) and 

Zr-Ala (86.69%). As understood from these mass loss values, the removal of water from the 

viscous gel becomes more difficult once the valence state of the corresponding metal ion 

increases. The multi-valent metal ions generally form several intermediates (as discussed in the 

earlier section) through the protolysis of water molecules, which makes it difficult to be 

dehydrated. From 300-900°C, all the three gel samples showed multi-step sluggish mass loss 

and beyond 900°C, no further weight loss could be seen. The dehydration process of gel was 

reflected in their corresponding DTA plot, as shown in Figure 3.3(b), from endothermic peaks 

at 130.5°C (Li-Ala), 125.3°C (La-Ala), and 129.6°C (Zr-Ala), respectively. The decomposition 

of nitrates (metal) that took place at around 275-285°C for all the gel samples were reflected in 

the DTA plot through exothermic peaks.  Figure 3.3(c) shows the thermal decomposition 

profile of LLZO gel (with F/N=0.2) along with its corresponding DTA plot along the Y-axis. A 

sharp weight loss of 67.5 % could be measured up to 200°C, which is assigned to the loss of 

water molecules from the gel. The decomposition of all metal-alanine complexes took place 

between 200°C-630°C, which was also reflected in a broad exothermic peak in the DTA curve.  

No further weight loss could be detected in LLZO gel beyond 630°C, suggesting formation of 

corresponding metal oxides (as-synthesized product powder). 

Figure 3.5  (a) TGA and (b)DTA profile of LLZO as-synthesized powders with different fuel 

to nitrate ratios (F/N= 0.10,0.15,0.20, and 0.30) describe the thermal behaviour of ash-

synthesized powder. 
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The thermal study of individual metal-alanine and LLZO precursor gels thus suggested that the 

combustion reaction was actually triggered by the decomposition reaction of metal-alanine 

complexes, which produced enough exothermicity to further propagate the reaction, resulting 

in ultrafine product powder of corresponding metal oxides and desired phases. The thermal 

behavior of pristine LLZO ash powders with varying fuel-to-nitrate ratios in Figure 3.5(a)-(b) 

revealed multi-step weight losses and corresponding endo/exothermic events. The optimum 

F/N = 0.20 (Ala020) shows controlled decomposition (~20% mass loss) with distinct 

exothermic peaks between 600–720 °C, suggesting efficient combustion and formation of 

crystalline LLZO precursor phases, whereas lower ratios showed incomplete combustion 

(Ala01 and Ala015) and higher ratios loss carbonaceous residues at the time of synthesis 

process due to vigorous flame. The mass loss due to moisture is attached in Table 3.2. Thus, it 

is interesting to study the phase present in ash-synthesized powder as well as calcined powder, 

which were discussed in the later section. 

3.3.2 Structural Studies  

X-ray diffractograms of as-synthesized powders with different fuel to nitrate ratios were plotted 

in Figure 3.6(a) along with standard JCPDS patterns of tetragonal-LLZO (PDF 00-064-0140), 

cubic-LLZO (PDF 00-064-0141) and pyrocholre-La2Zr2O7 (PDF 01-080-3408). It is clearly 

visible from the diffractograms La2Zr2O7 phase predominantly formed in as-synthesized 

product powder along with other metal oxides. For lower F/N ratio, the amorphous content is 

much higher than that of ash powder with higher F/N ratio suggesting the presence of unburned 

carbonaceous materials and small amount of metal oxides (La2O3) with lower crystallinity, 

however, with increase in fuel content, the La2Zr2O7 phase appeared as major dominant phase 

which certain degree of crystallinity. As the fuel content increases, the more exothermic heat 

produced helping in crystalline growth of La2Zr2O7 as observed for F/N-0.20 and F/N-0.30 

respectively. Pyrochlore-La2Zr2O7 is described as LZO, a framework which reorients to 

produce either tetragonal-LLZO (t-LLZO) or cubic-LLZO (c-LLZO) by atomic rearrangement 

depending on the synthesis conditions and sintering schedules. In previous literature, similar 

types of formation of pyrochlore structure were also reported for LLZO synthesized via sol-gel 

methods which upon heating converted into garnet LLZO9,16,17. The XRD profiles of as-

synthesized powders obtained by varying fuel to nitrate ratio thus revealed that at lower F/N, 

the desired crystalline phase could not be obtained rather it produced un-burnt non-detectable 

amorphous phases. In summary, both in terms of product yield and desirable phase content in 
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as-synthesized powder, F/N=0.20 might be an optimum choice of fuel to metal ratio for further 

progress in obtaining LLZO product powder through calcination.  

In the FTIR spectra, a sharp characteristic peak of -OH vibrations at 3450 cm-1 could be 

detected originating from absorbed moisture as shown in the enlarged view of spectra in Figure 

3.6(b). It was seen from the spectra that the intensity of the peak reduced once the F/N ratio 

increased. Similar results could also be found in the case of -CO3 vibration originating from 

Li2CO3 surface impurities, as shown in the enlarged view of spectra in Figure 3.6(c). The 

intensity of the -CO3 vibrational peaks was found to be drastically reduced when the F/N ratio 

increased. 

 

Figure 3.6 (a) X-Ray diffractogram and FTIR spectra of (b) -OH vibrations originated from 

absorbed moisture and (c) -CO3 vibrations originated from Li2CO3 impurities of as-synthesized 

powder (ash) of LLZO with varying fuel to nitrate ratio.  

Figure 3.7(a) showed the XRD diffractograms of LLZO (Ala020) as-synthesized powder and 

powders calcined at 700°C, 900°C and 1000°C.  At a lower calcination temperature of 700°C, 

it was clearly visible that only the pyrochlore structure was formed along with some impurities 

of metal oxides. However, in both the diffractograms of 900°C and 1000°C, all the intense peaks 

could be indexed as c-LLZO along with detectable impurities of La(OH)3 and Li2CO3. 

Quantitative phase analysis revealed that at 700°C, Li2CO3 appeared as major phase (52.9%) 



88 
 

along with Pyrochlore La2Zr2O7 (22.6%) and La(OH)3 (21.9%). Only a trace amount of c-

LLZO could be detected. With increase in calcination temperature at 900°C, c-LLZO appeared 

as major phase (73.7%),  

 

Figure 3.7 (a) X-ray diffractogram of LLZO (Ala020) as-synthesized (ash) and powders 

calcined at 700, 900, and 1000C; (b) FTIR spectra of LLZO (Ala020) as-synthesized and 

calcined powder at 900C; (b1) and (b2) are enlarged versions of showing characteristic peaks 

responsible for -CO3 and -OH vibrations both in as-synthesized and calcined Ala020 powders; 

(c) RAMAN spectra of LLZO (Ala020) powder calcined at 900C. 

however, the amount of La(OH)3 still remained similar in percentage (26.3%). The presence 

Li2CO3 could not be detected at 900°C. At 1000C, Amount of c-LLZO increased to a value of 

75.7% along with 24.3% of La(OH)3.Therefore, it is cleared that La(OH)3 appeared to be one 
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of the secondary phases in all calcined samples. It was reported that in lanthana (La containing) 

materials the La(OH)3 phase as surface impurity might be generated when the materials were 

synthesized, calcined and exposed in an open atmosphere which initially triggered through 

formation of LaO(OH) and La2O2CO3 intermediates and finally converts into La(OH)3 when 

calcinations temperature increased beyond 700C18. This rate of formation of La(OH)3 is highly 

dependent on surface area and morphology of the powder as examined by Fleming et al.18. On 

the other hand, the presence of Li2CO3 as surface impurity in LLZO powder is now well 

established which is due to the Li+/H+ exchange between garnet and moisture forming a Li+ 

insulating Li2CO3 surface layer8,19,20. Sometimes such impurities are responsible for lowering 

the Li-ion conductivity and impede densification process of LLZO pellets. Professor 

Goodenough thus recently raised serious concern relating to the practical and economical 

storage of this garnet material due its unstoppable surface activities21. In our case, the impurity 

profiling of LLZO was further examined using FTIR spectroscopy and Raman spectroscopy. 

The FTIR spectra of as-synthesized and calcined powders were compared and shown in Figure 

3.7(b). The existence of La(OH)3 in as-synthesized could not be detected, however it was 

reflected in calcined powder by a strong peak at 3609 cm-1. Strong -OH vibration peaks at 3451 

and 3448 cm-1 as obtained in ash and calcined powders respectively, were attributed to the 

absorbed moisture22. The intensity of -OH peak was found to be less for the calcined powder 

as shown in the enlarged view of spectra in Figure 3.7(b1). The characteristic peak of Li2CO3 

attributed to C-O stretching was also detected at peak positions 1441 and 866 cm-1 in as-

synthesized powder as well as calcined powder23. However, the intensity of such peak (863 cm-

1) in as-synthesized powder were found less as shown in the enlarged view in Figure 3.7(b2) 

revealing that high temperature calcinations enhanced the surface activity of LLZO powder 

due to the Li+/H+ ion exchange process and resulting the formation of Li2CO3 impurities. In as-

synthesized powder several other strong peaks were detected at 1632 cm-1, 1639 cm-1,1496 cm-

1, 1441 cm-1 and 1088 cm-1, which were attributed to the different stretching and bending 

vibrations of residual hydrocarbons and organic moieties present in as-synthesized powder. 

Few low intense peaks as reflected below 800 cm-1 could be assigned to the characteristics Zr-

O and La-O vibrations as present both in ash and calcined powders24. The structural profile of 

LLZO calcined powder was further confirmed by Raman spectroscopy as shown in Figure 

3.7(c). The Raman spectra could be typically categorized in three regions - (I) below 300 cm-

1, attributed to the translational modes of mobile cations in LLZO, (II) 300-550 cm-1 , where 

cubic phase exhibits broad and partly overlapping band and tetragonal phase shows higher 
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number of peaks, (III) frequency range above 550 cm-1, assigned to the vibrational stretching 

of ZrO6 octahedra8. The Raman spectra thus further confirmed the presence of cubic phase 

LLZO in calcined powder. 

3.3.3 Microstructural and Dilatometry Studies  

 

Figure 3.8 (a) FESEM images of as-synthesized and calcined powders (900 °C) of pristine 

LLZO synthesized using different F/N ratios, (b) Schematic demonstration of grain growth with 

respect to calcination temperatures, and (c) Shrinkage profile of LLZO green compact with 

respect to sintering temperature under Dilatometric study. 

Fuel in combustion synthesis plays an important role in defining the nature and quality 

of the product powder. While urea, citric acid, and glycine are the most common and popular 

fuels to produce nanocrystalline powders with uniform particle size, alanine has also been used 

for certain advantages as a chelating fuel during combustion. The zwitterionic character of 

alanine facilitates the complexation process with most of the metal ions in aqueous solution. 

Alanine has extra branched methyl group which liberates more gaseous species during 

combustion making ultrafine product powder. More carbon in the side-chain in alanine helps 

to increase the reaction temperature momentarily up to 800C and subsequently, such 

exothermicity facilitates corresponding phase formation25,26. It was observed in our earlier 

studies that most of the alanine metal complexes decompose at a lower temperature, reducing 
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the chances of formation of hard agglomerates and the substantial risk of partial sintering of 

primary particles during combustion26. In the present study, various alanine-nitrate ratios (F/N; 

0.10-0.30) were used to execute the combustion process, and the effect of this process on 

morphological and microstructural changes in LLZO as-synthesized and calcined powders was 

examined. In Figure 3.8(a), the FESEM image of as-synthesized powders with different F/N 

ratios was displayed. It was found that, in all cases, soft agglomerated particles were formed. 

The average primary particle size of LLZO as-synthesized powders, as estimated from the 

micrographs, was already mentioned in Table 3.3.  

Table 3.3 Average agglomeration size (PSD) and particle size distribution (FESEM) of LLZO 

ash and calcined powders at different F/N ratios. 

 

The nanoparticles as obtained in the post-combustion stage having high surface energy resulted 

in soft agglomerates for all F/N ratios without partial sintering between primary particles, rather 

all the particles were appeared to be loosely bound to each other. However, the microstructure 

of powders (with different F/N ratio) calcined at 900C, a significant change in morphology 

could be observed. At lower F/N ratio (0.10 and 0.15), the particles were found highly 

agglomerated in nature with limited grain growth. With further increase in F/N ratio, i.e., at 

0.20, a unique multifaceted morphological feature was visualized. It was seen, the neck 

formation occurred between grains and the particles were found coalesced together resulting 

in a significant change in microstructure compared to lower fuel to nitrate ratio powder 

samples. A schematic representation of grain growth and subsequent neck formation has been 

presented in Figure 3.8(b). On further increase in F/N ratio (0.30), it was observed that hard 

agglomerates were formed with coarse particles and irregular grain growth. Therefore, it can 

be suggested that the microstructural evolution in calcined powder was found to be highly 

dependent on the fuel to nitrate ratios which may also affect the sintering behaviour and 

densification process during palletisation of LLZO powder sample at high temperature. To 

Code Average Agglomeration Size by 

PSD (nm) 

Particle Size Distribution 

by FESEM (nm) 

Ash Cal. Ash Cal. 

Ala010 615.1 987.6 10-52  32-80 

Ala015 458.7 814.3 15-85 30-120 

Ala020 531.2 745.5 17-72 50-310 

Ala030 255.0 593.8 50-230 75-375 
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measure the sinterability, LLZO with an F/N ratio of 0.20, the dilatometric measurement was 

carried out using a green compact made with Ala020 as-synthesized powder and presented in 

Figure 3.8(c). From the graph, it was observed that the densification process started around 

300°C, which further continued up to 1000 °C. The amount of densification in terms of 

shrinkage was estimated to be ~15.0 % at 1000 °C. It is assumed that apart from the removal 

of unburnt carbonaceous species, the transformation of La2Zr2O7 pyrochlore to the cubic LLZO 

phase could also occur during this high-temperature measurement process. The shrinkage as 

estimated was mainly due to the fusion of grains and formation of multifaceted morphology, 

which might have increased the packing density of particles during thermal treatment.  

3.3.4 Electrical Studies  

3.3.4.1 Solid Electrolyte  

The ionic conductivity of the LLZO material is strongly influenced by the crucible material 

used during the sintering study. As shown in Figure 3.9, samples sintered in Zr-based crucibles 

show lower conductivities in the range of 10⁻⁷ S/cm, whereas those delivered higher 

conductivity up to ~10⁻⁶ in Al-based crucibles. This difference can be attributed to cationic 

exchange and impurity incorporation from the crucible walls during high-temperature 

treatment, and is well established in the literature27–31. Al crucibles can promote partial Al-

doping, which stabilizes the cubic phase of LLZO material and enhances Li-ion transport 

across the grain boundaries. In contrast, Zr crucibles tend to suppress such incorporation, often 

leading to less conductive phases or higher grain boundary resistance. 

 

Figure 3.9 Ionic conductivity of LLZO pellets with different fuel-to-nitrate (F/N) ratios (Ala01-

Ala03) measured after sintering in (a) Zr-based crucibles and (b) Al-based crucibles.  

The temperature-dependent EIS spectral analysis was carried out for pristine LLZO pellets 

(Ala02) sintered at 1000 °C for 10 hours in air in a Zr-based crucible (after calcination in an 

Al-based crucible). The measurement was conducted from room temperature to 150C at 
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intervals. The Nyquist plots of EIS spectra of the LLZO pellet coated on both sides using an 

Au electrode at different temperatures are presented in Figure 3.10(a). All the spectra showed 

typical depressed semicircular characteristics of Li-blocking symmetrical cells comprising 

grain and grain boundary contributions from LLZO solid electrolyte.  

 

Figure 3.10 (a) Nyquist plot of LLZO pellet sintered at 1000C for 10 hours in air taken in the 

temperature range between RT to 150°C, and corresponding (b) Arrhenius plot showing 

variation of conductivities of LLZO pellet with respect to temperature and calculated activation 

energies, (c) FESEM micrograph of fractured surface of LLZO sintered pellet and their 

corresponding elemental line spectrum carried out by EDX. 

Although, the semicircles responsible for grain and grain boundary contributions could 

not be visible in the spectrum separately, however, the data could be resolved by fitting the 

curve with an equivalent circuit model comprising all the circuit elements; 

Re(RbCPEb)(RgbCPEgb), where Rb, Rgb, and Re are the resistances attributed to  bulk, grain 

boundaries and Au electrodes; CPEb and CPEgb represents the constant phase elements (CPE) 

originated from grain and grain boundaries. The equivalent circuit was given at the inset of 

Figure 3.10(a). Apart from the semicircles, the appearance of a straight line in the lower 



94 
 

frequency region, as observed in the spectrum, clearly suggested the intrinsic Li-ion conduction 

property of LLZO garnet. The room temperature EIS conductivity as measured showed 

somewhat noisy profiles at lower frequency region. However, with the increase in temperature, 

the EIS plots reflected the typical profiles of Li-ion blocking symmetrical electrodes. To 

measure the conductivity at different temperatures including grain and grain boundary 

contributions equation, σ=1/R.L/A was used; where, R; Resistance, L; thickness, A; area of the 

pellet. It is clearly visible from the plot that the total conductivity of LLZO garnet increased by 

an order of magnitude with an increase in temperature. The impedance imparted by the grain 

and grain boundaries was also found to be reduced at higher temperatures. The results obtained 

after fitting the plots with Z-view software were summarized in Table 3.4. 

Table 3.4 Variation in electrical properties at different temperatures (RT – 423K) of LLZO 

pellets sintered at 1000C for 10 hours in air.   

 

It is worthy to mention here that although the total conductivity at room temperature (1.10 x10-

7 S.cm-1) as obtained for developed LLZO garnet was found to be somewhat lower than the 

pristine LLZO materials synthesized by other reported high temperature solid state routes 

and/or wet chemical methods. The total activation energy [σT=Ae -Ea/TK
B, where, A is the pre-

exponential factor, Ea is the activation energy for ionic conduction, and KB is the Boltzmann 

constant] as calculated from the slope of the log(σT) versus 1000/T plot [as shown in Figure 

3.10(b) ] was estimated to be 0.42 eV, well matched to the other literature reports28,31. A 

comparison chart of pristine LLZO synthesized by different methodologies and their 

corresponding properties are dully summarized in Table 3.5. To further probe the reduction of 

conductivity at RT in developed LLZO, sintered pellets were polished and studied under 

FESEM microscope, and elemental mapping was carried out using EDX.  It is believed that 

the presence of Li2CO3 surface impurities as formed due to the exposure of sample in ambient 

Temp. 

(K) 

L 

(cm) 

A 

(cm2) 

Rb (Ω) Rgb (Ω) σb (S.cm-1) σgb (S.cm-1) σtotal (S.cm-1) 

RT 0.132 0.7698 68261 1.48E+06 2.51213E-06 1.16E-07 1.10E-07 

348 45359 4.09E+05 3.78051E-06 4.20E-07 3.78E-07 

363 27422 2.07E+05 6.25338E-06 8.28E-07 7.31E-07 

378 38005 1.20E+05 4.51204E-06 1.42E-06 1.08E-06 

393 23033 6.78E+04 7.44498E-06 2.53E-06 1.89E-06 

408 17470 4.09E+04 9.8157E-06 4.19E-06 2.94E-06 

423 10486 3.84E+04 1.63533E-05 4.46E-06 3.51E-06 
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atmosphere can diminish the ionic conductivity of LLZO to some orders19,20. However, no 

literature was found describing the role of La(OH)3 impurities produced in situ during the 

synthesis of LLZO garnet. As analysed by XRD (refer to Figure 3.7(a) ), we initially found 

La(OH)3 was typically formed as bulk impurities and during sintering, its crystallinity 

gradually increased, and we expected that La(OH)3 would probably remain at the grain 

boundaries. This definite loss of lanthanum from the LLZO matrix by making lanthanum-

deficient garnet LLZO during the synthesis process might be one of the reasons in our case for 

obtaining lowered conductivity. The FESEM micrograph and its corresponding line spectrum 

for elemental mapping, as shown in Figure 3.10(c), revealed that La was present both in grains 

and at the grain boundaries of LLZO. The line profiles of O, Al (originated from the crucible 

during calcination), La, and Zr, as shown in Figure 3.10(c), further demonstrated that 

lanthanum is predominantly found at the grain boundary, where the presence of Zr was very 

low or negligible. Although the conductivity is somewhat compromised, such a distribution of 

La at grain boundaries could possibly be beneficial to impede dendritic growth and could act 

as a sintering aid, improving the compact density of LLZO particles in pellets. Similar kinds 

of sintering aids were also used by several researchers to contain transgranular lithium 

migration32. 

The overall EIS studies thus demonstrated that Li-ion conductivity in engineered LLZO was 

found (1.1x10-7 S.cm-1) lowered due to presence of impurities such as Li2CO3 and La(OH)3, 

still activation energy as calculated was comparable to LLZO produced by different synthesis 

methodologies29,31. The presence of La(OH)3 as traced at the grain boundaries might be helpful 

in impeding Li dendritic migration. As reported in earlier literature, the interfacial modification 

to resist dendritic penetration was generally carried out by addition of sintering aids in LLZO 

matrix such as Li3PO4, Li3BO3, CuO, SiO2 etc31–34.The presence of such lithiated or non-

lithiated compounds helped in compaction of grains, suppression of additional phase 

formation, and also reduced grain boundary resistance. Therefore, it is expected that in-situ 

formed La(OH)3 at grain boundaries might be playing a similar kind of role in the present case 

also. It has been discussed in detail in the later sections by analysing electrochemical results 

and post-electrochemical findings.   

3.3.4.2 Solid Hybrid Electrolyte  

A solid hybrid electrolyte was prepared by impregnating the solvated ionic liquid into 

engineered LLZO pellets. The preparation and details steps were already discussed in Chapter 

2, Section 2.4.  The detailed electrical measurement of the hybrid electrolyte was presented in 
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Figure 3.11.  The SIL preferentially wets grain boundaries and surface pores. As a result, it 

creates a thin and ionically conductive interfacial layer where pre-solvated Li⁺ ([Li(G4)]⁺) can 

desolvate in a controlled way and feed into the 3-D Li⁺ pathways of LLZO. The hybrid 

electrolyte, therefore, aims to keep the mechanical and safety advantages of a ceramic with an 

improvement in wetting and interfacial kinetics.  

The ionic conductivity of solvated ionic liquid electrolyte was measured by fabricating an 

SS/SS cell with SIL soaked commercial PP separator. Figure 3.11(a) represents the Nyquist 

plot of PP-SIL and LLZO-SIL material. The ionic conductivity of LLZO-SIL and PP-SIL was 

found to be 8.20 × 10⁻⁵ S.cm⁻¹ and 1.13 × 10⁻⁴ S.cm⁻¹, respectively. Thus, the ionic conductivity 

of the LLZO-SIL hybrid is slightly lower than that of the liquid-dominated PP–SIL system. 

This is quite common, as the ionic transport in the hybrid must also traverse the ceramic matrix. 

However, the overall ionic conductivity of the LLZO pellet was enhanced to a significant extent 

after making a hybrid electrolyte. To measure the transference of LLZO-SIL hybrid electrolyte,  

 

Figure 3.11 (a) EIS spectra of PP-SIL, LLZO-SIL for conductivity measurements. (b) DC 

polarization curve of LLZO-SIL, along with the EIS spectra before and after polarization, (c) 

Nyquist plot of LLZO-SIL solid hybrid electrolytes in Li/Li symmetric cell, (d) Current vs. 

potential linear sweep voltammetric (LSV) plot at a scan rate of 2.0 mV s-1 of LLZO-SIL. 
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DC polarization was measured in a Li/Li symmetric cell at ΔV = 10 mV as shown in Figure 

3.11(b).  The EIS was measured before and after polarization. The transference number as 

calculated using the Bruce-Vincent-Evans equation35 (Equation 2.9 in Chapter 2), was found 

to be 0.47. This value is significantly higher than the ionic or liquid electrolyte system.  These 

results suggest that the hybrid electrolyte can support efficient Li+ transport with minimal 

polarization losses.  

To measure the interfacial resistance between the metal and solid hybrid electrolyte, EIS was 

taken in a Li/Li cell and presented in Figure 3.11(c) along with the equivalent circuit.  

Table 3.5 A comparison chart of pristine LLZO synthesized by different methodologies and 

their corresponding properties. 

The full cell electrochemical data of the developed pristine LLZO electrolyte in the cited references were not 

published yet. 

 

 

Electrolyte 

composition 

Synthesis 

Method 

Processing steps 

/Morphology 

Cond. (S.cm-

1)/ Activation 

energy (eV) 

Properties  Ref. 

 

 

 

 

 

 

 

 

 

 

Cubic-

Li7La3Zr2O12 

 

Solid-State  Multistep, 1200°C, 

36h /- 

3 ×10-4/ 0.30  High Conductivity, 

Low activation 

energy 

 

5 

Solution 

method 

One step, Calcination 

temp.750oC, 4h/ 

Agglomerated 

  

2.85 × 10-6 

/0.36  

Cubic LLZO at low 

temperature 

 

36 

Solid-State  Multistep, High 

Sintering 

Temperature/ Grain 

sized:10-30 μm 

 

2.1 × 10-4 

/0.34  

High Conductivity, 

low Activation 

Energy 

37 

Sol-gel  Multi-step, 1200°C, 

6h / Agglomerated 

 

5.1 × 10-6 

/0.57  

High temperature 

sintering, c-LLZO 

38 

 

 

Molten Salt 

Synthesis 

Single step/ 

Calcination Temp. 

900°C, 6h, Sintering 

Temp. 1100°C, 6-

18h/ 0.5- 2 μm sized 

facted structure  

- c-LLZO can be 

produced in a large 

volume 

39 

 

Alanine 

Assisted 

Combustion  

 

Single step, one pot 

synthesis, Calcination 

Temp. 900°C, 10h, 

Sintering temp. 

1000°C, 10h/ 

engineered 

nanocrystalline Neck-

fused morphology 

 

1.10 × 10-7/ 

Hybrid mode: 

3.3 × 10-4/0.42  

Single step, one pot  

low temperature 

synthesis, 

morphologically 

Engineered c- 

LLZO with 

excellent 

electrochemical 

properties 

 

 

 

 

This Work 
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After analyzing in the ZView software, the interfacial resistance is found to be 452.60Ω, 

suggesting good compatibility between the electrolyte and Li metal. The electrochemical 

stability window of the hybrid system was evaluated by linear sweep voltammetry (LSV) at 

ascan rate of 2.0 mV s-¹ as presented in Figure 3.11(d). A high potential window of 5.44V was 

observed for LLZO-SIL, which suggest that this hybrid electrolyte was suitable for any existing 

high-voltage cathode material lithium batteries. In summary, the hybrid electrolyte shows 

reduced grain boundary resistance, moderate lithium transference number, low interfacial 

resistance and a wide potential window. Thus, it will be interesting to measure the symmetric 

cell stability and full cell performance in the later section. 

3.3.5 Electrochemical Studies 

 3.3.5.1 Long cycling performance  

Li-symmetric cells provide a platform to describe the behaviour of Li metal anodes, since all 

electrochemical half-reactions occur on a Li surface40. Therefore, examination of Li metal 

plating/stripping processes in symmetric cell configuration helps in probing metal-ceramic 

interfacial activities and subsequent formation of Li dendrites. Here, Li-symmetrical cells were 

fabricated using optimized LLZO pellets soaked in SIL and cycled under incremental current 

densities ranging from 0.05 mA.cm-2 to 1.0 mA.cm-2 at RT.  The DC cycling profiles of the 

fabricated symmetric cell was presented in Figure 3.12(a). With lower current densities smooth 

cycling profiles are obtained, however, after reaching to a critical current density of 0.45 

mAcm-2, the profile showed typical pattern of soft short circuit. The CCD thus obtained here 

found comparably higher than the previously reported CCD values of pristine LLZO 

electrolytes41. 

The time dependent voltage profile of symmetric cell was given in Figure 3.12(b); the four 

dotted regions marked as I-IV are further displayed in their enlarged versions.  The average 

polarization value of symmetric cells under cycling at a current density of 0.05 mA.cm-2 was 

estimated to be ~ 0.12V, which reflected the lower energy barrier for both plating and stripping 

processes. It is mainly due to the fact that the engineered LLZO-SIL electrolyte matrix might 

have lowered the energy barrier required for the Li plating/stripping process, and reduced 

overall polarization of the cell. To further probe the efficiency of the LLZO electrolyte in 

symmetric configuration, the Li/LLZO-SIL/Li cell was galvanostatically charge-discharged at 

different temperatures of 30C, 40C, 50C and 60°C respectively and their corresponding 

potential vs. time profiles during cycling were shown in Figure 3.12(d). It was observed from 
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the plots that with increase in temperature, the energy barrier of Li plating/stripping process at 

metal-ceramic interfaces gradually decreased resulting in lowering of over potential. The initial 

polarization value at 30°C was found to ~ 0.15V, which at 60°C decreased to a value of ~ 0.05V.  

 

Figure 3.12 (a) DC cycling profile of Li/Li cells at room temperature with step current density 

of 0.05 to 1 mA cm−2 (b) Galvanostatic cycling profile of Li/LLZO-SIL/Li symmetric cell at 0.05 

mA.cm-2 for 200 hrs. (enlarged cycling profiles marked as (I–IV)). (d) Galvanostatic cycling 

profile of Li/LLZO-SIL/Li symmetric cell at temperature range of 30-60C, current density of 

0.05 mA.cm-2. 

Apart from that, the smooth cycling profiles as shown in Figure 3.12(c) also suggested 

that Li-ion transport phenomena became more facile through the LLZO-SIL hybrid structure 

at elevated temperatures. Thus, the above results revealed that the combined effect of 
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engineered LLZO and impregnated SIL has a distinct influence in minimizing overpotential by 

lowering the energy barrier for Li plating/stripping at the metal-ceramic electrolyte interfaces, 

improving unimpeded Li-ion transport through grains due to its lower grain boundary areas.  

3.3.5.2 Full Cell Performance 

 

Figure 3.13 (a) Specific capacity vs cycle number plot of  Li/LLZO-SIL/LMO full cell at 

different current densities; a1(step up;0.05-0.60 mA.cm-2), a2(step up ; 0.80-1.20 mA.cm-2) and 

a3(step down; 1.00-0.20 mA.cm-2), (b) typical charge discharge profiles of Li/LLZO-SIL/LMO 

full cell at different current densities (0.05-1.20 mA.cm-2), (c) their corresponding discharge 

capacity vs current density plots, (d) electrochemical impedance spectra for as-fabricated cell 

and the cell taken after cycling at various current densities and their corresponding equivalent 

circuit in the inset., (e) multi-cathode compatibility showing typical charge-discharge profiles 

of Li/LLZO-SIL/LMO, Li/LLZO-SIL/LFP and Li/LLZO-SIL/NMC111 full cell. 
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The electrochemical performance of solid-state lithium cell has been demonstrated in 

Figure 3.13. The cycle number vs capacity plot with step-up current densities ranging from 

0.05-1.2 mA.cm-2 is shown in Figure 3.13(a). The respective coulombic efficiencies were also 

plotted along with their cycling profiles. The cycling profiles as shown in Figure 3.13(a) of 

solid-state lithium cell were divided into three parts with respect to the current densities applied 

during testing; (a1) cycling profile (6 cycles each) at lower current densities ranging from 0.05-

0.60 mA.cm-2
, (a2) high current densities comprising 100 cycles each and (a3) reverse current 

densities of 1.00-0.20 mA.cm-2.In Figure 3.13(a1), at a lower current density of 0.05 mA.cm-

2, the cell delivered an average discharge capacity of 104.91 mAh.g-1 with >98 % coulombic 

efficiency. With further increase in current density to 0.10 mA.cm-2, a marginal decrease in 

average discharge capacity could be observed delivering average discharge capacity of 102.15 

mAh.g-1. The current densities then continuously increased to values of 0.20, 0.40 and 0.60 

mA.cm-2 and after 30 cycles, the average discharge capacity value of 68.04 mAh.g-1 was 

obtained at current density of 0.60 mA.cm-2.  The average discharge capacities as obtained in 

each of the said current densities (0.80, 1.00 and 1.20 mA.cm-2) were found to be 59.71 mAh.g-

1, 48.95 mAh.g-1 and 33.98 mAh.g-1 with ~100% coulombic efficiency respectively. After 

running 330 cycles in incremental current densities, the cell was subjected to reversing back 

by decreasing the current densities and their profiles are represented in Figure 3.13(a3). No 

significant changes in average discharge capacities could be observed while reversing the 

current densities. It clearly suggested that the cell delivered excellent rate capability in almost 

all current densities as given both in forward and backward steps maintaining their overall 

coulombic efficiency >98%. Figure 3.13(b) demonstrates typical charge discharge profiles at 

constant current (CC) mode between 3.0V-4.5 V at all current densities (0.05 -1.20 mA.cm-2) 

using engineered LLZO hybrid electrolyte against Li metal and LMO cathode delivering 

excellent coulombic efficiencies and charge-discharge characteristics of Li-LMO cell. To probe 

the cycling performance in terms of capacity fading at different current densities of Li/LLZO-

SIL/LMO was further represented in Figure 3.13(c). The plot describes the initial capacity, 

average capacity and capacity delivered at nth cycle at a particular current density. The results 

revealed that almost no capacity fading could be observed. This further corroborates that the 

ionic transport of Li across the hybrid electrolyte comprising engineered LLZO and SIL 

remained unimpeded thought out the tested current densities. On the other way, it also reflected 

the enhanced interfacial stability and well wettability of Li metal on LLZO-SIL hybrid 

electrolyte surface. The excellent rate performance at 0.80 mA.cm-2 (2C), 1.00 mA.cm-2 (4C), 

and 1.20 mA.cm-2 (6C), thus obtained in LLZO solid electrolyte, might be due to the 
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contributions from both engineered LLZO and SIL filler, which probably minimized the grain 

boundary resistance, enhancing fast lithium ion migration through the solid matrix. The details 

of electrochemical findings at different current densities were summarized and presented in 

Table 3.6.  

Table 3.6 Summary of electrochemical performance at different current densities of LLZO-SIL 

hybrid electrolyte in full cell configuration (Li/LLZO-SIL/LMO). 

 

The electrochemical performance of engineered LLZO was further extended to evaluate its 

multi-cathode compatibility against commercial LiFePO4 (LFP) and NMC-111 cathodes. The 

typical charge discharge profiles were presented in the Figure 3.13(d) along with LMO. The 

discharge capacities as obtained were calculated to be 104.26 mAh.g-1 (LMO), 146.77 mAh.g-

1 (LFP) and 170.54 mAh.g-1 (NMC111) respectively. The charge-discharge profiles using Li 

metal and engineered LLZO hybrid electrolyte against the commercial cathodes revealed 

excellent capacity retention both in charge and discharge modes.  

The electrochemical performances as obtained from the pseudo solid state cell against Li metal 

using engineered LLZO garnet in hybrid mode demonstrated excellent high rate capability 

Current 

density 

(mA.cm-2) 

Avg. 

C-rate 

Avg. 

 Charge 

Capacity 

(mAh.g-1) 

Avg. 

 discharge 

capacity 

(mAh.g-1) 

Coulombic 

Efficiency 

(%) 

Initial 

discharge 

capacity 

(mAh.g-1) 

Discharge 

capacity at 

nth cycle 

(mAh.g-1) 

0.05 0.085C 106.06 104.91 98.92 104.26 105.15 

0.10 0.17C 100.33 102.15 101.81 98.20 101.80 

0.20 0.37C 94.28 95.04 100.83 93.89 89.70 

0.40 0.85C 83.53 83.37 99.82 80.77 84.30 

0.60 1.57C 68.16 68.04 99.81 65.12 69.12 

0.80 2.39C 59.57 59.71 100.24 56.32 61.51 

1.00 3.64C 48.87 48.95 100.17 42.96 49.35 

1.20 6.34C 33.94 33.984 100.17 23.77 36.46 

1.00 4.22C 42.21 42.31 100.34 39.44 43.71 

0.80 2.44C 58.28 58.50 100.37 56.68 59.63 

0.60 1.45C 73.12 73.66 100.75 72.55 74.19 

0.40 0.84C 84.40 85.26 101.02 84.29 85.49 

0.20 0.37C 95.44 97.07 101.72 96.14 97.15 
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(0.05-1.20 mA.cm-2, equivalent to C/12-6C rate), coulombic efficacy (>98%) and long-term 

cycling performance (tested up to 360 cycles). This may be due to the fact that multifaceted 

microstructure in engineered LLZO with reduced grain boundary area (neck-formed) 

facilitated intergranular Li-ion transport, whereas transgranular dendritic growth might have 

retarded due to the presence of impurities at grain boundaries. The LLZO voids filled with SILs 

in hybrid electrolyte might have contributed fast ionic transport at high current density. To 

probe these phenomena, the cycled cells were further dismantled and the exhausted LLZO 

electrolyte was analyzed by XRD and FESEM.   

3.3.6 Post Electrochemical Studies 

Lihtium dendritic growth in metal batteries is inevitable due to the point contacts at the metal-

electrolyte interface42. Therefore, to observe the Lithium dendrite phenomena, Li/LLZO-

SIL/LI symmetric cells were cycled in step current densities ranging from 0.05-6.40 mA.cm-2 

at regular intervals of ~50 cycles, and impedance spectra were recorded both before cycling 

and after cycling. The EIS profiles along with its corresponding equivalent circuit in the in-set 

as shown in Figure 3.14(c) of freshly prepared and cycled cells also revealed a dramatic change 

in charge transfer resistance, Rct considered as cumulative impedance (R1 and R2) of both 

electrolyte and interfacial resistances, suggesting the metallic penetration of Lithium43.  

 
 

Figure 3.14 The digital images (a) taken for LLZO pellet before and (b) after plating of Li-

symmetric cell, (c) Impedance spectra Li-symmetric cell cycled cell before and after cycling at 

high current density of 6.4 mA.cm-2 for testing short-circuit, (d) FESEM micrographs of top 

surface of LLZO-SIL hybrid electrolyte showing “glacier flow” pattern (d1) and deep 

penetrating holes at places (d2). 
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Figure 3.15 (a) digital images taken at the interior of 2032 coin cell showing circular cathode 

films and LLZO electrolyte soaked in SIL, (b) Schematic representation of lithium solid state 

cell and the places where FESEM imaging done, (c)-(d) FESEM micrographs and 

corresponding elemental mapping of LLZO-SIL electrolyte, (e) FESEM micrographs of 

fractured surface and its enlarged version show in (f), Corresponding elemental mapping and 

line spectrum as presented in (g) & (h). 
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The symmetric cell was then dismantled, and the surface morphology was examined under 

FESEM as shown in Figure 3.14 (a),(b), and (d). It was observed that the colour of the freshly 

prepared LLZO pellet was completely changed and turned blackish [Figure 3.14(a) and Figure 

3.14(b) ]. It was reported elsewhere that the black spots on the short-circuited LLZO surface 

was probably due to lithium, growing through the grain boundaries or voids in LLZO44. 

Utilizing backscattered electron SEM and EDS, Ren et al.45 proposed that Li might grew 

through grain boundaries and interconnected pores in short-circuited LLZO. In this study, the 

surface morphology of cycled LLZO-SIL pellet as shown in Figure 3.14(d) showed large 

number of cavities at places. On further magnification, the cavities (as shown in Figure 

3.14(d1) and (d2)) were found to be deep and hollow in nature with interesting non-geometrical 

openings suggesting forceful penetration of unknown moiety, most probably lithium dendrites 

needle. This may be the first indirect observation as per our knowledge of lithium penetration 

through LLZO hybrid electrolytes.   The post-electrochemical study (full cell) was also carried 

out by dismantling the 2032 coin cells, as shown in Figure 3.15(a). The colour of cycled 

electrolyte pellets was found to remain the same as the as-fabricated one. The FESEM analysis 

was performed at the surface facing towards the cathode and at the cross-section of the cycled 

pellet, schematically presented and marked in Figure 3.15(b).  

 

Figure 3.16 (a) X-ray diffractograms of LLZO pellet before and after plating (b) The 

comparison of X-ray diffractograms of the LLZO pellet before and after cycling (Cell 

Configuration Li/LLZO-SIL/LMO). 

The microstructure and morphology of the particles found at the cathode facing surface 

of LLZO was similar to that of calcined LLZO powder (refer to Figure 3.8(a)). The neck-

formed grains with faceted microstructure could also be observed here. The selected area EDX 

profile, as shown in Figure 3.15(d), and the quantitative elemental mapping on the cathode-

facing surface of LLZO revealed that the molar ratio (in atomic wt.%) of Zr and La was nearly 

2:3, the typical stoichiometric proportion exists in LLZO garnet. The presence of aluminum 
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was also detected, which might have originated from the alumina crucible used for powder 

processing and sintering.  At the fractured surface, the microstructure as shown in Figure 

3.15(e) and its magnified version in Figure 3.15(f), was found to be somewhat changed due to 

the surface contamination of LLZO cycled pellet as the specimen had to exposed during 

polishing and sample preparation in ambient atmosphere. To understand the compositional 

features of the grain and grain boundaries at the cross-section of the LLZO pellet, qualitative 

line mapping was carried out using EDX, and the presence of elements both at grain and grain 

boundaries across the line is examined and shown in Figure 3.15(g)-(h). It was interesting to 

note that the presence of lanthanum at the grain boundary was found to be higher than that of 

grains, whereas Zr was detected inside the grains only. The results also corroborated the finding 

observed in LLZO sintered pellets as earlier.  

To further confirm the phases present in cycle LLZO, XRD was carried out, and the 

diffractograms are presented in Figure 3.16.  A comparison of XRD profiles of cycled-LLZO 

powder along with sintered LLZO powder revealed trace amount of La(OH)3, whereas an 

appearance of a new phase, Li0.5Al0.5La2O4 in cycled LLZO powder. This particular phase 

Li0.5Al0.5La2O4 probably originated during electrochemical cycling of LLZO electrolyte. The 

accumulation of lithium to form that particular phase might occur either by diffusing from the 

LLZO grains or from the SIL used for hybridization of the LLZO solid electrolyte.  Such in-

situ formation of Li containing stable phase in the LLZO solid electrolyte matrix might be one 

of the reasons for the high-rate capability and long cycling performance without short-circuit. 

Similar observation could also be detected for Li-symmetric cell operation of 200 hours 

configured with LLZO-SIL hybrid electrolyte as shown in the XRD patterns in Figure 3.16(a).     
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3.4 Conclusion 

In this chapter, a one-step alanine-assisted combustion process was optimized to synthesize 

engineered LLZO with neck-fused microstructures. Pristine LLZO showed reduced 

conductivity due to residual impurities. But when hybridized with solvated ionic liquid (SIL), 

the engineered LLZO delivers excellent electrochemical performance. Li/LLZO-SIL/LMO full 

cells delivered long-term cycling stability (>360 cycles), high coulombic efficiency (>99%), 

and superior rate capability, while symmetric cells demonstrated stable operation for over 200 

hours. A first-of-its-kind visualization of dendritic penetration by lithium inside the LLZO-SIL 

hybrid electrolyte matrix was demonstrated in a symmetric cell at a high current density of 6.4 

mA.cm-2. Post-cycling studies revealed that dendrite growth was mitigated by the engineered 

microstructure and the in situ formation of Li0.5Al0.5La2O4 at the grain boundaries. 

Furthermore, multi-cathode tests (LMO, LFP, NMC111) confirmed the versatility of the hybrid 

electrolyte. 

Overall, this work establishes that engineered LLZO-SIL hybrid electrolytes offer a 

scalable and effective route for developing high-performance pseudo-solid-state lithium metal 

batteries. 
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CHAPTER 4 

Stabilization of Metal-Solid Electrolyte 

Interface via Functional Layer (NH4F) and 

Solvated Ionic Liquid  

Summary & Graphical Abstract 

Stabilizing interfaces in solid-state lithium metal batteries remains challenging due to 

incompatibility, parasitic reactions, and uneven Li deposition at 

the metal/electrolyte boundaries. Here, we present a novel dual-

interfacial engineering strategy combining rapid NH₄F surface 

treatment and solvated ionic liquid (SIL) infusion in garnet-type 

pristine LLZO electrolytes to construct robust LiF-rich solid 

hybrid electrolytes (SHEs). This synergistic modification 

suppresses parasitic reactions, reduces interfacial degradation, and 

stabilizes lithium plating/stripping over extended cycling. Post-

cycling analysis confirms the presence of chemically stable 

interfaces and interphases. In full-cell configurations, the dual-

modified LLZO hybrid electrolyte demonstrates superior 

compatibility and excellent electrochemical performance at a 

higher current density. Thus, this chapter establishes that NH₄F-

SIL-assisted dual interfacial engineering is an effective and 

scalable approach to overcome interfacial limitations of garnet 

electrolytes for next-generation solid-state lithium metal batteries.  

 

 

Figure 4.1 Graphical abstract summarising the effects of dual interfacial strategy in pristine 

LLZO-based solid electrolytes for metal batteries. 

Objectives 

1. Improve interfacial 

wettability and Li⁺ 

transport. 

2. Suppress parasitic 

reactions and dendrite 

growth. 

Strategy 

Dual strategy via 

NH₄F surface 

treatment and SIL 

infusion. 
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4.1 Introduction 

Solid-state lithium metal batteries (SSLMBs) have recently gathered significant attention as 

one of the promising candidates among the various next-generation energy storage devices for 

high energy density and intrinsic safety towards electrification1,2. Conventional liquid 

electrolyte system fails miserably due to their limited energy density and safety issues with 

flammable electrolytes. The successful commercialisation of SSLMBs thus critically depends 

on the development of a robust solid electrolytes that can ensure both high ionic conductivity 

and interfacial stability against lithium metal1–4. Among the various groups of inorganic solid 

electrolytes, garnet-type Li7La3Zr2O12 (LLZO) satisfies most of the requirements for an ideal 

solid electrolyte due to its wide electrochemical stability window, high thermal stability, and 

reasonable bulk ionic conductivity. However, the practical deployment of LLZO in SSLMBs 

is hindered by two main interfacial challenges: (i) poor wettability and chemical instability at 

the metal/electrolyte interface, and (ii) surface contamination from atmospheric exposure, 

which results in rapid resistive layer formation (such as Li2CO3 and LiOH) during exposure to 

the air atmosphere. These challenges further lead to higher interfacial resistance and non-

uniform and uneven Li plating/stripping, resulting in premature death of the cell due to 

uncontrolled dendrite penetration1–4.  

 To stabilise the metal/electrolyte interface, various strategies are explored. Mainly, two distinct 

approaches were chosen by the researchers worldwide: (1) either by doing engineering at the 

metal anode-electrolyte interface using functional interlayers (nanosized fumed silica5, Si3N4
6, 

MoS2
7, Indium Tin Oxide layer8 and an Ag nanoparticle9) or (2) by changing the cell 

configurations e.g., by designing a monolithic cell10, application of  molten Lithium as a metal 

anode11,12 or by making composites13–16 /hybrid15,17,18 Solid-state electrolytes using Ionic 

liquids. Room temperature SILs are of particular interest owing to their thermal stability, low 

flammability, and wide potential window19.  

In this chapter, we introduce a dual interfacial engineering approach that combines (i) a rapid, 

low-temperature NH4F surface via wet chemical treatment and (ii) the solvated ionic liquid 

(SIL) infusion in a porous LLZO matrix. The NH4F treatment on the top of the bulk surface of 

LLZO material reacts with surface impurities, such as Li2CO3/LiOH species, to form a stable 

LiF-rich passivation layer20,21. As a result, the interfacial stability between Li metal and LLZO 

electrolyte was improved by reducing the parasitic reaction. However, the large grain boundary 

resistance with pores and voids of pristine LLZO restricted its performance in all solid-state 
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cell configurations1,2. Thus, a solid hybrid electrolyte is designed to improve the Li/LLZO 

interface further. Thus, infusion with the SIL ([Li(G4)]+TFSI- complex) enhances the ionic 

conductivity and interfacial wettability22,23. It also reduces the electronic leakage pathways, 

one of the major issues in cell failure19,24. Together, these modifications demonstrate the 

creation of a hybrid organic–inorganic interface that simultaneously improves the chemical 

stability, suppresses dendrite growth, and facilitates homogeneous Li⁺ flux during cycling. By 

systematically investigating the structural, microstructural, electrochemical, and post-mortem 

characteristics of solid hybrid electrolyte, this chapter establishes the efficacy of synergistic 

interfacial modification in enabling high-rate, dendrite-free, and long-life SSLMBs. 

4.2 Experimental 

4.2.1 Material Synthesis and Characterization 

The preparation of solid hybrid electrolytes involves three major steps. The first one was the 

preparation of cubic LLZO by alanine-assisted auto-combustion methods. Followed by wet 

chemical treatment via NH4F, and finally, the infusion of solvated ionic liquid into the pristine 

LLZO scaffold.  The detailed steps of the synthesis process are already discussed in Chapter 

2, Section 2.3.1. The wet chemical treatment on the top of the LLZO pellets was discussed in 

Section 2.3.4. Whereas the preparation of a solid hybrid electrolyte is discussed in Section 2.4. 

It is worth mentioning here that the solid hybrid electrolyte, after surface modification and SIL 

treatment, was directly compared with the surface-unmodified system to better assess the 

impact of surface modification on overall performance.  However, the SIL uptake for both cases 

was almost equal, 15±2wt%. Thus, it will be very interesting to measure various electrical and 

electrochemical performances in these systems. Table 4.1 describes the nomenclature of 

various electrolytes developed in this study. The details of characterization techniques are 

already discussed in Section 2.7. 

Table 4.1 Various modifications and corresponding nomenclature of NH4F and SIL modified 

solid or solid hybrid electrolyte. 

Modification Termed as 

Pristine LLZO LLZO 

Pristine LLZO with NH4F  LLZO-NH4F 

Pristine LLZO with SIL LLZO-SIL 

Pristine LLZO with NH4F and SIL LLZO-NH4F-SIL 
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4.2.2 Cell Fabrication and Testing 

The details of the cell fabrication and testing techniques are already discussed in Chapter 2, 

Section 2.6 and Section 2.7, respectively. In Short, after preparing the solid hybrid electrolyte 

(LLZO-SIL and LLZO-NH4F-SIL), various cells, symmetric (Li/Li, SS/SS) and full (Li/LMO) 

or asymmetric (Li/SS) coin cells were assembled as discussed in Chapter 2.  

4.3 Results and Discussion 

4.3.1 Microstructural Study 

The surface morphology of the pristine LLZO material before and after NH4F treatment is 

examined via FESEM, as illustrated in Figures 4.2 (a)-(i). In Figures 4.2(a), pristine LLZO 

powder calcined at 900°C shows a highly porous and interconnected network of agglomerated 

particles. It is worth mentioning here that a prominent lamellar-type structure of Li2CO3 is 

formed at the surface of the LLZO particle due to uncontrollable reactions between LLZO and 

atmospheric moisture, leading to Li⁺/H+ exchange reaction and carbonate deposition as 

discussed earlier. The presence of such insulating by-products is widely reported in LLZO 

systems and poses a significant barrier to Li⁺ transport at the electrolyte-electrode interface, 

contributing to increased interfacial resistance and dendrite formation20,21. Thus, removal of 

such phase is beneficial in terms of reducing interfacial resistance and retarded the penetration.  

Figures 4.2(b) and 4.2(c) show the top view of cross-sectional FESEM images of the sintered 

LLZO pellet at two different magnifications. At a magnified version, it is clearly seen that the 

surface of LLZO is greatly impacted due to the formation of Li2CO3 across the surface. After 

the surface treatment with NH4F, significant changes in the surface morphology of the LLZO 

top surface are observed. The surface in Figures 4.2(d) and 4.2(e) appears to be smooth and 

more uniformly covered with fine particles or a film-like structure, which might be due to the 

formation of a LiF-rich layer at the top surface of the pellet. Thus, a more homogeneous 

reaction of NH₄F with surface impurities such as Li2CO3 and LiOH in the LLZO is expected. 

To further confirm the chemical transformation induced by NH₄F treatment, elemental mapping 

is performed. The elemental distributions of oxygen, lanthanum, zirconium, and fluorine are 

shown in Figures 4.2(f)-(i), respectively. A uniform distribution of Oxygen (Figures 4.2f), 

Lanthanum (Figures 4.2g), and zirconium (Figures 4.2h) is observed across the surface, 

suggesting the formation of LLZO material. Most notably, Figures 4.2(i) clearly confirms the 

homogeneous incorporation of fluorine across the surface, validating the possible successful 

formation of a LiF-rich passivation layer following NH4F treatment. This LiF-rich interfacial 
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layer might play a critical role in enhancing interfacial stability by suppressing parasitic 

reactions, minimizing interfacial voids, and facilitating uniform Li-ion flux during cycling. 

Thus, it is interesting to see the structural, electrical, and electrochemical properties after NH4F 

surface treatment of pristine LLZO electrolyte. 

 

Figures 4.2 (a) FESEM micrographs of LLZO powder, (b) and (c) FESEM micrographs of the 

polished surface of LLZO sintered pellets at two different scales, (d) & (e) NH4F modified top 

surface of LLZO pellets at different scales. (f)-(i) Elemental mapping of NH4F modified LLZO 

pellet for O, La, Zr, and F, respectively.  

4.3.2 Structural Studies 

Figure 4.3(a) represents the X-ray diffraction patterns of pristine and NH₄F-treated LLZO 

pellets sintered at 1000 °C along with the JCPDS data of cubic (c-LLZO, PDF 00-064-0141).   

The major peak of both samples is consistent with the cubic garnet structure, along with 

impurities such as La(OH)3. The formation of such impurities and their effect on electrical and 

electrochemical properties are discussed in our previous work. In short, this phase, La(OH)3, 

can be treated as a surface impurity in La-containing materials, particularly under atmospheric 

exposure during synthesis and calcination. Importantly, the comparison between pristine and 

NH₄F-treated LLZO reveals that the surface fluorination process does not cause any distortion 
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or secondary phase formation within the bulk crystal lattice. The absence of peak shifts or 

additional reflections in the treated sample confirms that NH₄F selectively modifies the surface 

chemistry without compromising the structural integrity of the cubic garnet framework. 

Complementary evidence is provided by the Fourier transform infrared (FTIR) spectra shown 

in Figure 4.3(b). The pristine LLZO sample displays a distinct vibrational band at ~860–880 

cm⁻¹, which corresponds to carbonate (-CO3
2-) stretching modes, indicative of Li2CO3 

formation due to Li⁺/H⁺ exchange and subsequent reaction with atmospheric CO₂. After NH₄F 

treatment, this carbonate band is markedly suppressed, demonstrating the effective removal of 

Li₂CO₃ from the surface. Such a surface modification is particularly important because 

carbonate and hydroxide impurities are known to hinder interfacial wetting with lithium metal 

and increase charge-transfer resistance. Therefore, selective fluorination emerges as a viable 

strategy to tailor the surface chemistry of LLZO without compromising its intrinsic structural 

or electrochemical stability.  

 

Figure 4.3 (a) X-ray diffraction pattern of LLZO and LLZO-NH4F pellets sintered at 1000˚C 

along with the JCPDS file of cubic LLZO (c-LLZO). (b) FTIR spectra of -CO3 vibration for 

LLZO and LLZO-NH4F pellets.  

4.3.3 Electrical Studies 

In Figure 4.4(a), the Nyquist plot of the LLZO and LLZO-NH4F pellet is presented along with 

the equivalent circuit. The total conductivity is found to be 1.10×10-4 mS/cm for LLZO and 

2.43×10-3 mS/cm for NH4F-treated LLZO. Thus, the overall conductivity increases by a 

significant margin after the surface treatment. But, the overall conductivity of pristine c-LLZO 

is somewhat lower than the reported one (~10-5 S/cm), which might be due to the formation of 

La(OH)3 impurities, which are deposited at the grain boundaries as discussed in our previous 
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work. The Arrhenius plot as presented in Figure 4.4(b) reveals a notable reduction in activation 

energy from 0.42 eV (LLZO) to 0.39 eV (LLZO-NH₄F). Thus, the electrical measurement 

clearly established that the surface treatment improved the overall Li⁺ transport kinetics by 

reducing interfacial impedance due to the elimination of the insulating Li₂CO₃/LiOH layer. It 

is worth discussing here that the chemically treated LLZO showed a significant increment in 

overall conductivity, but the sintered pellet still delivered lower conductivity. To compensate 

for such a reduction, solvated ionic liquid is infused into the matrix of LLZO and LLZO-NH4F 

to enhance the Li metal anode/electrolyte interface stability and facilitate the lithium-ion 

movement across the thick electrolyte. Thus, it is interesting to investigate the combined effect 

of NH₄F treatment and SIL infusion on the ionic conductivity and electrochemical behaviour 

of the hybrid electrolyte. 

 

Figure 4.4 (a) Nyquist plot of LLZO and LLZO-NH4F pellets at RT, (b) Arrhenius plot showing 

variation of conductivities with respect to temperature to calculate the activation energies for 

both the developed electrolytes. 

The pristine LLZO solid electrolyte suffers from low ionic conductivity and poor interfacial 

compatibility with lithium metal due to Li2CO3 surface contaminants and limited Li⁺ mobility 

across grain boundaries, as discussed in the previous chapter (Chapter 3, Sec. 3.3.3). To tackle 

both issues, solvated ionic liquid and NH4F are used to modify the LLZO matrix. As earlier, 

we observed that the LLZO matrix provides better ionic transport with lower activation energy 

after modification with NH4F chemical treatment. To evaluate the combined impact of SIL and 

NH4F in the LLZO matrix, a series of electrochemical analyses is carried out and presented in 

Figure 4.5. To understand the role of solvated ionic liquid (SIL) in enhancing the ionic 

conductivity of LLZO-based hybrid electrolytes, the ionic contribution of SIL was separately 

estimated using a polypropylene (PP) separator soaked with SIL placed between two blocking 
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stainless-steel electrodes. The corresponding Nyquist plots of PP-SIL, LLZO-SIL, and LLZO-

NH4F-SIL are presented in Figure 4.5(a). Although SIL appears to enhance the conductivity 

of the LLZO matrix to a certain extent. However, LLZO-NH4F-SIL shows a conductivity of 

7.43 × 10⁻⁴ S·cm⁻¹, which is significantly higher than that of LLZO-SIL (8.20 × 10⁻⁵ S·cm⁻¹) 

and PP-SIL (1.13 × 10⁻⁴ S·cm⁻¹). This enhancement may be due to both the improved interfacial 

wetting and percolative conduction pathways facilitated by the LiF-rich NH₄F-treated surface.  

 

Figure 4.5(a) EIS spectra of PP-SIL, LLZO-SIL, and LLZO-NH4F-SIL for conductivity 

measurements. (b) Nyquist plot of LLZO-SIL and LLZO-NH4F-SIL solid hybrid electrolytes in 

Li/Li symmetric cell, with an inset showing the enlarged version of the plot. (c) DC polarization 

of LLZO-SIL and LLZO-NH4F-SIL using an ion-blocking SS electrode. (d) Current vs. 
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potential linear sweep voltammetric (LSV) plot at a scan rate of 2.0 mV s-1 of LLZO-SIL and 

LLZO-NH4F-SIL. (e) and (f) DC polarization curve of LLZO-SIL and LLZO-NH4F-SIL, 

respectively, along with the EIS spectra before and after polarization. 

It is worth mentioning here that although the ionic conductivity of both matrices is 

significantly altered, the SIL uptake for pristine and NH4F-treated LLZO is almost the same 

(~15±2 wt%). To understand the interface compatibility between Li metal and LLZO solid 

electrolyte, the interfacial resistance is estimated from the EIS spectra taken after fabricating a 

Li/Li symmetric cell with both the electrolyte and is presented in Figure 4.5(b), along with the 

corresponding equivalent circuit. It is found that the Li/LLZO interfacial resistance is reduced 

from 226.30 Ω (LLZO-SIL) to 41.17 Ω (LLZO-NH4F-SIL), demonstrating the superior 

compatibility of the treated electrolyte with Li metal. Thus, the EIS result suggests an improved 

Li+ flux at the electrode-electrolyte interface due to the LiF stabilizing interphases. Apart from 

the ionic conductivity and electrode-electrolyte interfacial resistance, the electronic 

conductivity of the hybrid electrolyte is a key parameter to assess the dendrite penetration in 

the metal batteries.  Typically, in the steady state condition in an ion-blocking electrode system, 

the steady state current can be due to electronic conduction of the electrolyte. To measure the 

steady state current, a DC polarization of 0.5V is applied to both electrolytes in an ion-blocking 

symmetric cell. The electronic conductivity from Figure 4.5(c) is found to be 1.58×10-6 S/cm 

for LLZO-SIL and 8.88×10-8 S/cm for LLZO-NH4F-SIL. Thus, NH4F treatment likely forms 

a stable LiF-rich passivation layer across the LLZO top surface, which can effectively block 

parasite reaction and reduce the risk of dendrite propagation. It will be interesting to evaluate 

critical current density and long-term plating/stripping behaviour with both electrolytes. The 

electrochemical stability window of both systems was evaluated by linear sweep voltammetry 

(LSV) at a scan rate of 2.0 mV s-¹ as presented in Figure 4.5(d), revealing that both electrolyte 

has a wide potential window>5V, suitable for high-voltage lithium batteries. The lithium 

transference number is also estimated using the Bruce-Vincent-Evans equation and presented 

in Figures 4.5(e) and 4.5(f) for LLZO-SIL and LLZO-NH4F-SIL, respectively. The inset 

shows the EIS spectra before and after polarization, along with the equivalent circuit. The 

transference number is found to be 0.47 for LLZO-SIL and 0.78 for LLZO-NH4F-SIL, 

suggesting that the insulating LiF layer suppresses the electron-likage pathways and improves 

percolation of Li+ carriers. In summary, the combination of NH₄F surface treatment and 

solvated ionic liquid infusion significantly enhances the ionic conductivity, interfacial 

compatibility, and electrochemical stability of LLZO-based solid electrolytes. The NH₄F-
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derived LiF-rich interphase reduces interfacial resistance and electronic conductivity while 

improving Li⁺ transport efficacy. These results demonstrate the effectiveness of dual interfacial 

engineering in overcoming critical limitations of garnet-type electrolytes and provide a strong 

foundation for further evaluation of lithium metal stability and high-rate cycling, as explored 

in the following sections. 

4.3.4 Electrochemical Studies 

4.3.4.1 Critical Current Density Measurement 

Critical current density (CCD) is the maximum endurable current density for a solid electrolyte 

before a short circuit or cell failure. It is an important parameter that directly reflects the rate 

of kinetics at the Li/solid electrolyte interface. CCD is directly influenced by both intrinsic 

factors, such as ionic/electronic conductivity of the electrolyte and surface chemistry, and 

extrinsic conditions like stack pressure, cell temperature, and pellet thickness, etc. Thus, in this 

study, all the external variables are held constant, allowing for a fair comparison between the 

intrinsic properties of LLZO-SIL and LLZO-NH₄F-SIL hybrid systems. To determine CCD, 

Li/Li symmetric cells were cycled using a stepwise current density protocol (ΔI = 0.05 

mA·cm⁻²) starting from 0.05 mA·cm⁻², as shown in Figures 4.6(a) for LLZO-SIL and Figure 

4.6(b) for LLZO-NH4F-SIL. Initially, a stable polarization for both the cells, followed by a 

sudden voltage drop, which indicates a soft short circuit in the system. It is interesting to 

observe that the presence of SIL reduced the risk of hard short circuit of the cell. The current 

density, just before the soft short circuit, is defined as the CCD. Thus, the CCD is found to be 

0.45 mA. cm-2 for LLZO-SIL and 1.45 mA. cm-2 for LLZO-NH4F-SIL, highlighting the 

superior interfacial stability and high-rate capability of the NH4F-treated system. To understand 

the voltage changes in correspondence with plating/stripping behaviour, the voltage profile in 

the critical current density test can be divided into three distinct segments. Firstly, the pre-spike 

region, where a stable plating/stripping with uniform distribution of Li+ flux is expected with 

low polarization voltage. Secondly, post-spike to pre-distortion region, where the metal 

filament started to grow rapidly, as a result of which an increasing trend in polarization voltage 

is observed. Lastly, the post-distortion region, where uncontrolled growth of metal filaments is 

expected to propagate and cause an internal short circuit. The prolonged stability of LLZO-

NH4F-SIL containing cells in the pre-spike region indicates effective mitigation of dendrite 

initiation and propagation. This is largely due to the LiF-rich interfacial layer formation during 

NH₄F surface treatment. Also, the presence of SIL further assists in Li⁺ wetting and 

homogenization at the metal/electrolyte interface.  
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4.3.4.2 Long Cycling Performance 

 

Figure 4.6 (a) & (b) DC cycling profile of LLZO-SIL and LLZO-NH4F-SIL hybrid electrolyte 

at RT with step current density of 0.05mA.cm-2 for the measurement of critical current density 

(CCD) respectively, (c) Voltage profile and (d) Voltage hysteresis of Li/Li Symmetric cells at 

RT over 1200 cycles at a current of 0.20 mA.cm-2 for LLZO-SIL & LLZO-NH4F-SIL. 

To evaluate the long-term cycling behaviour and interfacial stability of the developed hybrid 

electrolytes, a symmetric cell in Li/electrolyte/Li is fabricated. The galvanostatic 

plating/stripping behaviour was measured at 0.20 mA.cm-2 at room temperature for over 1200h 

for both cells and presented in Figures 4.6(c). In the voltage profile, both cells displayed a 

stable cycling behaviour to a certain extent. However, after a few initial cycles, a sudden 

voltage drop is observed for LLZO-SIL electrolytes, which indicates a soft short circuit. This 

is likely caused by the unstable interfacial Li deposition and uncontrolled filament growth due 

to point contact. In comparison, the LLZO-NH4F-SIL cell delivers excellent long-term stability 

with low polarization voltage over 1200 hours. No sign of soft circuit is also observed 

throughout the test. The observed voltage hysteresis, as shown in Figure 4.6(d), remained low, 
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which confirms the formation of a chemically and mechanically stable interface that can sustain 

prolonged lithium plating/stripping without any degradation. This enhanced performance 

might be due to the LiF-rich interphase formation by the NH₄F treatment, which not only 

improves wetting and interfacial contact with lithium metal but also acts as an electronically 

insulating, ionically conductive barrier that suppresses dendritic growth and parasitic reactions. 

The evolution of voltage hysteresis and coulombic efficiency (CE) during the entire cycling 

period is presented in Figure 4.6(d). The LLZO-NH4F-SIL system maintained an average 

hysteresis of approximately 0.22 V with an average coulombic efficiency of ~99.66%. This is 

due to efficient charge transport and minimal accumulation of interfacial resistance, and the 

highly reversible nature of Li plating/stripping and minimal formation of inactive “dead Li.” 

In contrast, the LLZO-SIL cell shows an increase in voltage hysteresis with cycling with 

repetitive short circuit, and an average CE of ~99.04% is observed. This behavior suggests an 

interfacial degradation, which is due to unstable Li nucleation and non-uniform current 

distribution. Thus, these results clearly demonstrate that the dual interfacial strategy combining 

NH₄F surface modification with SIL infusion significantly enhances interfacial robustness and 

electrochemical reversibility.  

To investigate the interfacial behavior under various current densities, both the symmetric cells 

are subjected to stepwise cycling from 0.05 mA·cm-2 to 0.40 mA·cm-2, followed by a step down 

to 0.05 mA·cm-2, as shown in Figure 4.7(a). Cells with LLZO-SIL hybrid electrolyte deliver 

stable behavior at 0.05 and 0.10 mA·cm-2 but show rapid voltage polarization and instability 

beyond 0.20 mA·cm-2. At 0.40 mA·cm-2, the voltage reached the voltage cutoff limit (±1 V), 

which indicates the large polarization due to instability at Li/LLZO. However, the presence of 

SIL successfully recovers the cell when cycled again at 0.05 mA·cm-2. This suggests that the 

SIL can mitigate the interfacial instability to some extent at a lower current density. However, 

a stable interface is necessary for long-term suppression of dendrite propagation at higher 

current densities. In comparison, the LLZO-NH4F-SIL cell demonstrated stable and symmetric 

voltage profiles across all current densities. Even after the current density was returned to 0.05 

mA·cm-2, the cell retained its original behavior, which reflects the high interfacial stability at 

the metal/electrolyte interface. Figure 4.7(b) presents the corresponding voltage hysteresis and 

coulombic efficiency. For LLZO-SIL, the hysteresis increased significantly at 0.40 mA·cm⁻². 

A sign of soft circuit is also visible at 0.20 mA.cm-2 with an increase in coulombic efficiency 

(>101%). Interestingly, LLZO-NH4F-SIL maintained consistently low hysteresis and a high 

coulombic efficiency above 99.8% throughout the test.  
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Figure 4.7 (a) Voltage profile and (b) Voltage hysteresis of Li/Li Symmetric cells at RT over 

600 cycles at different current densities (0.05-0.40 mA. cm-2) for LLZO-SIL & LLZO-NH4F-

SIL. (c) A summary plot denoting average voltage hysteresis and average coulombic efficiency 

at various current densities for both cells. 3D DRT pattern taken at before cycling (BC), after 

100, 200, 300, 500, and 600 cycles for Li/Li cells containing (d) LLZO-SIL, (e) LLZO-NH4F-

SIL electrolytes. (f) Typical Fitted deconvoluted DRT pattern corresponding to various 
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electrochemical process in the relaxation time scale for hybrid electrolyte (LLZO-NH4F-SIL) 

(Before Cycling). 2D contour plots of DRT intensities vs. cycling time for (g) LLZO-SIL and 

(h) LLZO-NH4F-SIL. (i) Fitted deconvoluted DRT pattern for both the hybrid electrolyte taken 

at before cycling.  2D contour plot showing the Variation of resistances during cycling 

associated with different polarization peaks for (j) LLZO-SIL and (k) LLZO-NH4F-SIL 

electrolyte. 

Figure 4.7(c) presents a summary of the corresponding average voltage hysteresis and 

coulombic efficiency with respect to current densities. This clearly highlights the superior 

interfacial reversibility, mechanical integrity, and current-handling capability of LLZO-NH4F-

SIL-based electrolyte. In summary, it is clearly evident that the synergistic effect of SIL with 

NH₄F treatment in the LLZO matrix likely enhances the surface lithophilicity, stabilizes the 

interphase, and suppresses dendritic growth.  

4.3.4.3 Post-mortem Studies after Long Cycling Performance   

4.3.4.3.1 Dynamic Interfacial Evolution via DRT  

To maintain long-term cycling stability, it is very important to understand the interfacial 

evolution under dynamic Li plating/stripping conditions. Post-cycling EIS followed by 

Distribution of Relaxation Times (DRT) analysis is carried out on Li/LLZO-SIL/Li and 

Li/LLZO-NH4F-SIL/Li cells after each current density of operation, as presented in Figure 

4.7. The 3D DRT plots as presented in Figures 4.7(d) for LLZO-SIL and Figure 4.7(e) for 

LLZO-NH4F-SIL, provide a temporal fingerprint of resistance contributions at different 

relaxation times. Both the DRT patterns can be categorized into four different regions according 

to their relaxation time. The region R I is situated at the high frequency region or with have 

lowest relaxation time (τ~6×10-6 to 4×10-5 s) corresponding to peak P1. Mainly, the contribution 

of grain boundary (GB) resistance and contact resistance is observed in the regions. It is worth 

noting that the bulk resistance of the hybrid electrolyte is beyond the measurable resolution 

due to the negligible contribution to the total resistance. In our scenario, the contribution of 

contact resistance can be ignored due to the presence of SIL throughout the interfaces. The 

resistance R1 corresponds to peak P1, almost stable for LLZO-NH4F-SIL, but it keeps 

increasing for LLZO-SIL, which suggests that the NH₄F surface modification effectively 

suppresses the grain boundary degradation of LLZO material. Similarly, in region R II (τ 

~4×10-5 to 6×10-3 s), the observed peaks reflect the interphase-related kinetics, such as SEI 

formation and evolution (P2), along with possible contributions from electrochemically active 
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or resistive secondary phases (P3)
25. It is clearly seen that the intensity of both the peaks (P2 

and P3) for the LLZO-NH4F-SIL cell does not change significantly, which suggests the 

formation of a stable and robust interfacial layer. This suggest that the interfacial layer 

effectively maintains ion transport and suppresses further degradation. For the LLZO-SIL cell, 

the high intensity P3 peak before cycling suggests the formation of   a resistive interfacial layer 

due to the presence of surface impurities, and consequently, poor wettability is expected. 

However, the subsequent decrease in P3 intensity upon cycling suggests that the infused 

solvated ionic liquid (SIL) improves the interface compatibility. It is possibly by redistributing 

the surface species and forming a more uniform and ionically conductive interphase. The 

intensity corresponding to peak P2, which denotes the SEI resistance, for the LLZO-SIL cell 

initially decreases during low current density operation, indicating the formation of a stable 

solid electrolyte interphase initially. However, a significant increase in P2 after the soft short-

circuit, suggests that interfacial instability or SEI breakdown due to uncontrolled Li dendrite 

penetration Peak P4 and P5 at the region R III correspond to interfacial resistance (due to 

physical contact) and charge transfer resistance at the metal/electrolyte interface25–29. 

Interestingly, the intensities of peak P4 vanish completely after the voltage reaches the cutoff 

limit (at 0.40 mA. cm-2) for LLZO-IL, suggesting a collapse or transformation of the interfacial 

zone. This is possibly due to localized short-circuiting, mechanical breakdown of the 

interphase, or dendrite-induced disruption of the charge transfer pathway. Although the 

intensities of both peaks remain stable for the LLZO-NH4F-SIL electrolyte. At the lower 

frequency region, the kinetics due to diffusion or mass transfer are generally observed. The 

peak intensities for both electrolytes are changed to a certain extent. However, a significant 

peak shift is observed for the LLZO-SIL cell at high current density operation. This may be 

due to sluggish diffusion kinetics, likely arising from interfacial degradation or increased 

tortuosity in Li⁺ transport pathways after the formation of dead Li.  

A typical fitted deconvoluted DRT pattern of LLZO-NH4F-SIL is presented in Figure 4.7(f) 

to understand the series of electrochemical processes with respect to the relaxation time scale. 

Typically, six relaxation peaks (P1-P6) can be resolved as discussed earlier. At high frequencies, 

P₁ corresponds to grain boundary resistance. The intermediate frequency region shows P₂ and 

P₃. They are associated with interphase kinetics such as SEI formation (P2) and contributions 

from resistive surface impurities or secondary phases(P3). In the mid-frequency regime, P₄ and 

P₅ may be due to charge-transfer resistance at the Li/electrolyte interface. At the low-frequency 

region, peak P₆ mostly represents the diffusion-related kinetics26,27. The comparative spectra 
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before cycling, as presented in Figure 4.7(i), describe the distinct interfacial characteristics of 

the two hybrid electrolytes. LLZO-SIL shows relatively stronger intensities for P2 and P3, 

suggesting the presence of unstable SEI components and poorer interfacial wettability. Also, 

the broader P4 and P6 peaks indicate higher charge-transfer kinetics and sluggish Li⁺ transfer 

pathways. In comparison, LLZO-NH4F-SIL shows very low polarization contributions across 

all regions, suggesting that the surface fluorination effectively stabilizes various interphases 

and interfaces, resulting in improved Li⁺ transfer kinetics and homogeneous transport across 

the modified interface.  

The two-dimensional contour plots provide deeper insight into the temporal evolution of 

resistance contributions during Li plating/stripping more clearly. For LLZO-SIL (Figure 

4.7(g)), the contour intensity gradually increases with cycling, especially relaxation time 

associated with P1, P2, P5, and P6. As discussed earlier, SIL successfully solves the wettability 

issues with cycling, which is clearly seen(P3). The growth of P1 and P2 signifies the continuous 

SEI breakdown, accumulation of resistive phases, and non-uniform interphase evolution. In the 

later cycle, the contours broaden and the intensity increases, which indicates the accelerated 

interfacial instability and uncontrolled dendritic activity at higher current densities. As a result, 

we observe a soft short circuit and an abrupt increase in coulombic efficiency in later cycles. 

Thus, the unstable contour pattern reflects the failure of the SIL-only hybrid system at higher 

current densities to maintain a robust and stable interface. In comparison, LLZO-NH4F-SIL 

(Figure 4.7(h)) shows a remarkably stable contour profile throughout prolonged cycling. The 

intensities corresponding to P2 and P3 remain nearly unchanged, and no new resistive features 

emerge. This stability confirms that dual strategies suppress resistive interphase growth and 

sustain homogeneous Li⁺ transport across the electrolyte interface. There is no contour 

broadening over 600 h, which clearly establishes the robustness of the modified hybrid 

electrolyte in resisting dendrite-related interfacial disruption. 

The 2D contour plots of polarization resistances provide the complementary evidence of these 

contrasting behaviors as observed earlier. In LLZO-SIL (Figure 4.7(j)), the resistances 

associated with grain boundaries (R1), interfacial (R₂), and diffusion (R6) kinetics increase 

steadily with cycling, reflecting progressive interfacial degradation. The polarization map 

becomes more intense and uneven at the higher current densities. This may be due to localized 

resistance build-up and non-uniform Li deposition. Conversely, LLZO-NH4F-SIL (Figure 

4.7(k)) demonstrates almost constant polarization resistances throughout extended cycling.  
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Figure 4.8 FESEM micrographs and corresponding EDX and elemental mapping after long 

cycling (1200h). (a) & (b) FESEM micrograph of LLZO-SIL electrolyte at two different scales, 

(c), (d), (e) FESEM micrograph of LLZO-NH4F-SIL electrolyte at three different scales. (f)-(j) 

corresponding to EdX and elemental mapping of LLZO-NH4F-SIL electrolytes. (k) 

Corresponding EdX at the localized crystalline area. High-resolution XPS spectra of post-

cycled symmetric Li/LLZO-SIL/Li and Li/LLZO-NH4F-SIL/Li cells after long-term cycling 

(1200h). (l) & (o) C 1s spectra, (m) & (p) F 1s spectra. (n) & (q) S 2p spectra. 
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The resistance contributions remain stable and uniform, indicating that the fluorinated hybrid 

electrolyte sustains a mechanically and electrochemically stable interface. Thus, the 

comparative DRT analysis highlights the critical importance of surface engineering with liquid 

therapy for stabilizing various interfaces and interphases during long-term cycling. It will be 

interesting to relate this signature to microstructures and structural evidence in the later section. 

4.3.4.3.2 Microstructural and Structural Studies 

To further validate the interfacial stabilization of the dual strategy, post-mortem structural and 

surface analyses were carried out on both the symmetric cells after long-term cycling and are 

presented in Figure 4.8. The FESEM micrographs of LLZO-SIL, as shown in Figures 4.8(a) 

and (b), reveal surface degradation, with porous and fragmented features due to severe dendrite 

penetration and unstable SEI growth during long cycling. This is expected from our earlier 

observation in DRT studies. Although the LLZO-NH4F-SIL hybrid electrolyte (Figures 4.8(c)-

(e)) shows a dense and uniform surface morphology without evidence of any dendritic growth. 

At higher magnification, as shown in Figure 4.8(e), a crystalline microdomain is visible, which 

was further probed by localized EDX analysis (Figure 4.8(k)). Interestingly, this region not 

only shows La, Zr, O, and F elements but also a noticeably stronger sulfur signal compared to 

the surrounding region. This suggests that decomposition products from the TFSI anion in the 

solvated ionic liquid may preferentially accumulate in certain crystalline sites of the modified 

interphase. The presence of sulfur at this localized crystalline region could indicate partial 

trapping of anion-derived fragments within the stabilized fluorinated matrix. This can 

immobilize and prevent further propagation of parasitic decomposition across the interface. 

EdX and Elemental mapping of the NH₄F-treated electrolyte is further studied and presented 

in Figures 4.8(f)-(j). The elemental mapping and EdX also showed homogeneous distributions 

of La, Zr, O, and F, with localized sulfur enrichment. But no severe phase segregation is 

observed. The strong and uniform F distribution suggests the formation of a LiF-rich interphase 

that ensures uniform and homogeneous ion movement with a stable SEI.  High-resolution XPS 

spectra were recorded for both cycled symmetric cells to probe the surface chemistry after long-

term operation (1200 h). For the LLZO-SIL hybrid electrolyte as presented Figures 4.8(l)-(n), 

the C 1s spectrum shows strong peaks ~284.6 eV (C–C/C–H) and ~286.5 eV (C–O/C-O-C for 

G4), 287.8 eV (O-C-O, C=O) and 292.5 eV (-CF3). These findings indicate that during 

extended cycling, parasitic reactions between Li metal and residual carbonate impurities with 

solvent-derived decomposition may generate an insulating layer at the interface. The F 1s 

spectrum shows a weak 685 eV (LiF) and a strong peak near 688.6 eV (-CF3), which suggests 
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that LiF formation is uneven and discontinuous across the interface. The S 2p region shows 

multiple peaks at ~161.5 eV and ~163.1 eV, which generally correspond to reduced S species 

or degraded TFSI-. These contributions suggest a continuous decomposition of the TFSI anion 

in the SIL, which destabilizes the interface and correlates with the rising polarization 

resistances as seen earlier. In comparison, the LLZO-NH4F-SIL hybrid electrolyte shows 

markedly different spectral features as presented in Figures 4.8(o)-(q). The C 1s spectrum in 

Figure 4.8(o), multiple peaks are observed at ~284.6 eV (C–C/C–H) and ~286.0 eV (C–O/C-

O-C for G4), 286.6 eV (O-C=O), and 292.4 eV (-CF3). Thus, suppression of carbonate species 

via NH4F treatment suggests that it may mitigate the parasitic reactions at the interface. The F 

1s spectrum is dominated by a sharp and intense peak at ~684.9 eV, which is characteristic of 

LiF. A minor peak at 688.1 eV corresponds to residual fluorinated organic fragments. This 

suggests that the surface treatment by NH4F further promotes a stable LiF-rich interphase 

formation. The S 2p spectra show weaker features overall. Mainly, the peaks shifted toward 

higher binding energies (~164-169 eV), which are typically associated with oxidized sulfonyl 

species (-SO2
-, -SO3

-). The reduced intensity and upward binding energy shift suggest that 

instead of widespread TFSI decomposition as seen in LLZO–SIL, sulfur species are stabilized 

in localized domains (consistent with the sulfur enrichment observed in the crystalline region), 

where they are immobilized and less electrochemically active. Thus, the comparative XPS 

analysis clearly demonstrates that while LLZO-SIL undergoes extensive carbonate and 

sulfonyl decomposition with poor LiF formation, LLZO-NH4F-SIL develops a robust LiF-

enriched interphase with suppressed carbonate formation and stabilized sulfur species. These 

chemical features directly correlate with the stabilization of various interfaces and interphases 

via a dual strategy. Thus, it will be interesting to measure the full cell application using this 

hybrid system.  

4.3.4.4 Full Cell Performance 

Figure 4.9 (a) describes the effect of the dual interfacial strategy in metal batteries. The 

electrochemical performance of full cells containing LLZO-SIL and LLZO-NH4F-SIL hybrid 

electrolytes with a LiMn2O4 (LMO) cathode and lithium metal anode in a quasi-solid-state 

configuration is presented in Figure 4.9 (b)-(e). Figure 4.9(b) presents the rate perforamnce at 

various current densities from 0.05 to 1.20 mA·cm⁻² and then returns to 0.05 mA·cm⁻² to check 

the reversibility. Both cells show stable cycling with high coulombic efficiencies (>98%) across 

all current steps, which validates the quasi-solid nature of the hybrid electrolytes. 
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Figure 4.9 (a) Schematic representing stabilization of interfaces via dual strategies. 

Electrochemical full cell performance of LLZO-SIL and LLZO-NH4F-SIL using LiMn2O4 

cathode and Li anode, (b) Rate performance study at different current densities ranging from 

0.05-1.20 mA.cm-2, (c) Typical charge-discharge profile at a current density of 0.05mA.cm-2, 

(d) High-rate capability at 1C, (e) High-rate capability of LLZO-NH4F-SIL hybrid electrolyte 

at 2C. (f) Nyquist plot of LLZO-NH4F-SIL before and after cycling, along with fitted data 
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derived from DRT, (g) Corresponding DRT Plot, (h) Fitted DRT data with distinct peaks after 

cycling, with an inset showing the variation in polarization resistances corresponding to 

different peaks before and after cycling. XPS analysis after post cycling of LLZO-NH4F-SIL 

cell showing (i) C 1s, (j) F1s, and (k) S2p spectra. 

 However, the LLZO-SIL cell shows noticeable capacity degradation beyond 0.6 mA·cm⁻², 

whereas the LLZO-NH4F-SIL cell maintains higher capacities at all the current densities. At 

0.05 mA.cm-2, LLZO-SIL delivers an average discharge capacity of 104.91 mAh.g-1, whereas, 

LLZO-NH4F-SIL delivers a capacity of 120.64 mAh.g-1. Similarly, at 0.60 and 1.20 mA.cm-2, 

LLZO-NH4F-SIL deliver an impressive discharge capacity of 97.14 and 83.44 mAh.g-1, 

respectively. Whereas, the LLZO-SIL cell shows very poor discharge capacity of 68.04 and 

26.78 mAh.g-1, respectively, at that current density. When the current density is reduced to the 

initial value, LLZO-SIL and LLZO-NH4F-SIL deliver an average discharge capacity of 97.07 

and 117.9 mAh.g-1, which suggests that both the electrolytes maintain reversibility even after 

high current density of operation. The galvanostatic charge-discharge (GCD) profiles at 

0.05 mA·cm⁻² are shown in Figure 4.9(c). The cell with LLZO-NH4F-SIL electrolyte delivers 

a higher initial discharge capacity of 122.24 mAh·g⁻¹. Whereas, LLZO-SIL delivers an initial 

discharge capacity of 106.25 mAh·g⁻¹. This might be due to the formation of a stable interfacial 

layer and low overpotential as estimated earlier. The high-rate cycling behavior at 1C is shown 

in Figure 4.9(d), where the LLZO-NH4F-SIL hybrid electrolyte outperforms the LLZO-SIL 

cell after 100 cycles. The cell with LLZO-SIL electrolyte retains about 71% of its capacity after 

100 cycles. Whereas, no capacity loss is observed for the LLZO-NH4F-SIL cell. It is worth 

mentioning here that the increase in capacity around the 40th cycle for LLZO-NH4F-SIL might 

be due to electrolyte redistribution, SIL wetting, and activation of interfacial pathways. It is a 

common phenomenon in quasi-solid-state systems during initial stabilization cycles. The 

LLZO-SIL cell suffers from gradual capacity fading, likely due to interphase instability and Li 

depletion at the interface, which aligns well with the symmetric cell performance as discussed 

earlier section. The high-rate capability at 2C is tested using the LLZO-NH4F-SIL hybrid 

electrolyte to validate the mechanical and electrochemical robustness of this dual interfacial 

strategy as presented in Figure 4.9(e). The cell retains about 85% of its initial discharge 

capacity even after 200 cycles with an excellent average coulombic efficiency of >98%. This 

performance thus correlates with the stable plating/stripping behaviour and minimal resistance 

fluctuation during stability performance in the earlier section. In summary, the LLZO-NH4F-

SIL system demonstrates superior interfacial compatibility, high-rate capability, and long-term 
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cycling stability. To understand the interfacial behaviour, DRT and XPS measurements are 

discussed in the later section. 

4.3.4.5 Post-mortem Studies after Full Cell Performance 

To further probe the interfacial stability of LLZO-NH4F-SIL hybrid electrolyte after 

electrochemical full cell performance, post-cycling EIS and DRT analyses were conducted, 

followed by surface chemical characterization via XPS, and presented in Figure 4.9(f)-(k). The 

Nyquist plots before and after cycling (Figure 4.9(f)) clearly show that the impedance profile 

of the cell remains unchanged due to improved interfacial stabilization. In the corresponding 

DRT plot as presented in Figure 4.9(g), the deconvoluted relaxation peaks corresponding to 

grain boundaries, interphase kinetics, contact or interfacial kinetics, charge-transfer resistance, 

and diffusion contribution, no significant change was observed according to their position. 

Although a significant reduction was observed in intensities corresponding to peaks P3 and P7, 

this further strongly suggests the formation of a stable SEI layer and faster diffusion kinetics 

even after repeated charge-discharge operation. Importantly, a new ultrafast relaxation mode 

(P₁, τ ~10-6s) appears after cycling, which is absent or merged with the grain boundary 

distribution before cycling.  This might be due to the redistribution of the solvated ionic liquid 

(SIL) within the LLZO matrix during electrochemical cycling. The corresponding polarization 

resistance distribution in the inset in Figure 4.9(h), along with the fitted DRT peaks, suggests 

the formation of a stable SEI.  The increment in P1 and P2 might be due to the decomposition 

of SIL during cycling. Thus, the dual interfacial modification in the LLZO system successfully 

stabilizes the various interfaces and interphases. Post-mortem XPS spectra as presented in 

Figure 4.9(i)-(k) provide a key chemical pattern further supporting this electrochemical 

stability. The C 1s spectrum in Figure 4.9(i) shows hydrocarbon (284.6eV) and ether/carbonyl 

peaks (286-287 eV) with no carbonate contamination. On the other hand, the F 1s spectrum 

(Figure 4.9(j)) is dominated by a sharp LiF peak (684.6 eV) and a small contribution from 

organic -CFₓ fragments at ~687.5 eV. This correlates with our earlier observation, suggesting a 

LiF-rich layer in stabilizing the interface. The S 2p region at Figure 4.9(k) shows peaks 

between 166-169 eV corresponding to oxidized sulfonyl species, but with reduced intensity 

and absence of low-binding-energy reduced sulfur species. This suggests that the 

decomposition of the TFSI anion is minimized. These results are in strong agreement with the 

earlier observation in symmetric cell performance, where uniform F distribution and localized 

sulfur trapping in crystalline interfacial regions were observed in the FESEM spectra. Overall, 

the combined EIS, DRT, and XPS results validate that the dual modification strategy produces 
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a chemically robust, LiF-rich interphase that sustains stable electrochemical kinetics during 

full-cell cycling. This explains the excellent long-term cycling performance and high 

Coulombic efficiency observed in Figure 4.9(b)-(e), and further reinforces the conclusion that 

NH₄F and SIL dual interfacial engineering provides a scalable route to overcoming interfacial 

instability in garnet-type solid electrolytes. The interfacial stabilization is further probed in 

detail during the 1st and 10th charge and discharge cycles by measuring EIS at various SOC and 

DOD, which were presented in Figure 4.10. The upper two rows (a–f) present the fitted DRT 

spectra for the first charge (a) and first discharge (d) together with their corresponding 2-D 

intensity contours (b, e) and normalized resistance maps (c, f), while the lower two rows (g–l) 

show the same sequence after ten cycles (10th charge g, 10th discharge j with contours h, k and 

resistance maps i, l). In the fitted spectra (a, d, g, j) the same set of principal relaxation features 

(P₂–P₇) is observed throughout, occupying consistent relaxation-time windows that can be 

associated with bulk conduction, interphase kinetics, charge-transfer processes and diffusion-

controlled behaviour; however, the character of these peaks evolves substantially between the 

1st and 10th cycles. During the 1st cycle the spectra are broader, especially in the high-

frequency/short-τ region, and the high-frequency response appears as a smeared shoulder rather 

than a discrete feature, indicating an immature, heterogeneous interfacial state where very fast 

processes are masked by overlapping polarizations. The 2-D DRT intensity contours (b, e) 

make this clear: intensity during the first cycle is concentrated in the intermediate τ bands with 

SOC/DOD-dependent growth and a diffuse high-frequency background, signifying active 

formation and modulation of interfacial layers under polarization. By the 10th cycle the fitted 

spectra sharpen markedly and a distinct ultrafast component at the shortest relaxation times 

becomes resolvable, while P₂–P₇ retain their nominal positions but with reduced broadening 

and less SOC/DOD drift, consistent with interphase maturation and homogenization of ion-

transport pathways. The corresponding 2-D intensity maps (h, k) therefore show well-confined, 

narrow bands for each relaxation mode and a clear separation of the ultrafast band from the 

mid-frequency interphase features, reflecting stabilized kinetics across charge and discharge. 

The resistance contribution maps (c, f, i, l) further corroborate this temporal evolution: in the 

first cycle the bulk of the transient resistance changes are borne by the mid-frequency channels 

(R₂–R₄), which track interphase formation and charge-transfer modulation, whereas by cycle 

10 the resistance landscape has re-partitioned so that a small but distinct short-τ resistance (R₁) 

is measurable and the mid-frequency resistances settle to nearly constant values. Together, 

these observations indicate that the cell transitions from a formation regime—dominated by 
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evolving interfacial chemistry and heterogeneous contact—to a steady state in which interfacial 

contacts and transport pathways are consolidated. 

 

Figure 4.10 Deconvolution of electrochemical process via DRT analysis. DRT spectra at 

various (a) SOC and (d) DOD during 1St cycle. Corresponding 2d intensity contour during (b) 

charge and (e) discharge, and their normalized resistance contour in (c), (f), respectively. 

Similarly, DRT spectra at the 10th cycle during (g) charge and (j) discharge. Their 

corresponding intensity contour at (h) and (k) during charge and discharge, respectively. The 

2d contour of normalized resistance during (i) charge and (l) discharge process. 
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Also, the ultrafast contact/GB dynamics are separated out, and the overall polarization is 

reduced and more uniform across SOC/DOD, explaining the improved electrochemical 

stability recorded elsewhere in this work. Figure 4.10 presents the evolution of interfacial 

processes via DRT in the Li/LLZO-NH4F-SIL/LMO full cell during the 1st and 10th 

charge/discharge cycles. The DRT spectra at the 1st charge (Figure 4.10(a)) and discharge 

(Figure 4.10(d)) show broad and overlapping relaxation features that can be denoted as peaks 

P2-P7, consistent with multiple simultaneous processes including grain boundary contribution, 

interphase kinetics, charge-transfer reactions, and diffusion contributions in the earlier studies. 

However, in the very high-frequency region (τ ~10-6-10-5 s), no discrete ultrafast peak is 

observed during the 1st cycle. This might be due to the fact that the initial interface is immature, 

dominated by the dynamic formation of SEI-like layers and unstable contact resistances. The 

corresponding 2D intensity contours presented in Figures 4.10(b) and 4.10(e) further support 

this interpretation. The normalized resistance maps shown in Figures 4.10(c) and 4.10(f) reveal 

that most of the resistance contributions during the first cycle arise from R₂-R₄ and R6 

(interphase and charge-transfer and diffusion regimes), indicating that the interface is still 

undergoing active reorganization. In comparison, after 10 cycles in Figures 4.10(g) and 4.10(j), 

the spectra sharpen significantly, and a rise of a distinct ultrafast relaxation mode (P₁ at τ ~10⁻⁶ 

s) is visible. This feature might be due to the redistribution of the solvated ionic liquid (SIL) 

within the LLZO matrix and the interaction at the cathode interface (due to liquid electrolyte), 

which creates a new rapid Li⁺ transport pathway. Importantly, the positions of P2-P7 remain 

consistent with the 1st cycle, but their intensities become narrower and more stable. The 2D 

contour maps of normalized intensity as presented in Figures 4.10(h) and 4.10(k) display well-

confined, sharp relaxation bands with minimal SOC/DOD drift. This suggests that the ion-

transport pathways have homogenized. In nature.  Correspondingly, the resistance contour plots 

in Figures 4.10(i) and 4.10(l) show that by the 10th cycle, the mid-frequency resistances 

stabilize, while a small but discrete contribution from R₁ appears, consistent with ultrafast 

interfacial kinetics separated from the slower interphase dynamics. Overall, the comparison 

between the 1st and 10th cycles clearly demonstrates the transition from a “formation regime” 

to a “steady state regime”.  Thus, this dual interfacial engineering (NH4F+SIL) establishes a 

robust LiF-rich and organic-inorganic hybrid interphase. These results strongly correlate with 

the low hysteresis, stable coulombic efficiency, and robust morphology evidenced in the earlier 

section. Thus, the dual-modification approach is a powerful interfacial engineering strategy in 

metal batteries.  
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4.4 Conclusion 

In this chapter, a dual interfacial engineering (via NH4F chemical treatment and SIL infusion) 

strategy was systematically investigated to overcome the intrinsic interfacial limitations of 

garnet-type pristine LLZO solid electrolytes in lithium metal batteries. Structural and 

microstructural studies suggest that the surface treatment via NH4F removed surface impurities 

and produced a LiF-rich passivation layer without a change in the cubic garnet framework. 

Complementary SIL infusion in the LLZO matrix, enhancement in Li⁺ transportation by 

improving interfacial wettability was observed. Extensive electrical, electrochemical, and post-

electrochemical studies demonstrate that dual interfacial engineering via NH₄F treatment and 

SIL infusion synergistically enables both chemical stabilization and kinetic enhancement at the 

Li/LLZO interface. The combined strategy establishes a scalable route toward high-

performance, dendrite-free, and long-life solid-state lithium metal batteries, providing critical 

insights into the role of hybrid organic-inorganic interphases in garnet electrolytes. 
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CHAPTER 5 

Probing the Microstructural Effect of Solid 

Electrolytes on the Performance of Solid-

State Lithium Metal Batteries 

Summary & Graphical Abstract 

Garnet-type solid electrolytes often show large voids and irregular grain structures, resulting 

in high grain boundary resistance and uncontrolled lithium 

dendrite growth in metal batteries. In this chapter, a bio-

inspired exo-templating approach was introduced to address 

these challenges. An attempt for the first time using water 

hyacinth demonstrated the feasibility of transferring plant-

derived microstructures into Ga-doped LLZO, yielding plate-

like morphologies with moderate ionic conductivity and 

stable cycling at the symmetric cell level. In this direction, a 

cellulose exo-templating strategy was developed to produce 

a highly interconnected structure, which significantly 

reduced grain boundary resistance and enhanced lithium-ion 

transport. Further infusion of solvated ionic liquid (SIL) into 

the engineered LLZO matrix improved wettability at the 

Li/electrolyte interface, suppressed dendrite penetration, and 

enabled stable cycling for extended durations with high critical current density. Thus, this 

chapter systematically compares engineered LLZO with conventionally prepared garnets and 

highlights the benefits of hybrid solid electrolytes for high-performance lithium metal batteries. 

 

Figure 5.1 Graphical abstract illustrating the effects of microstructure engineering of solid 

electrolyte in metal batteries. 

Objectives 

1. To facilitate the ionic 

movement across grains 

and grain boundaries. 

2. Impeded the Li dendritic 

growth in metal batteries. 

Strategy 

Microstructural 

engineering with Liquid 

therapy.  
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5.1 Introduction 

Garnet-type LLZO, despite its high ionic conductivity and chemical stability, often suffers from 

high grain boundary resistance, interfacial instability with Li metal, and uncontrolled dendrite 

growth. These issues are closely linked to the presence of voids, irregular grain structures, and 

poor interfacial contact1. Microstructural engineering of solid electrolytes is one of the most 

promising ways to restrict these problems2,3. Recently, Heo et al. explored a mesoscopic 

computational method capable of establishing the significance of microstructure for ion 

conduction in garnet-type cubic phase LLZO material, and also correlated the synthesis 

conditions of garnet to its performance4. Horii et al. developed a 1-D continuum model and 

predicted that grain size, grain boundary thickness, and void fraction have a profound effect on 

overall battery performance at high-rate conditions5.  

The templates or bio-scaffolds offer plenty of room to engineer the material structures, similar 

to the template’s morphology. In the last two decades, varieties of bio templates such as 

bacteria,6,7 egg shell membrane,8 paper,9 fruits,10 etc have been used to synthesize metals, 

alloys, metal oxides, semiconductors, ceramics, and composite materials. Depending on the 

nature of their synthesis, Ozin et al.11 proposed that Bio-templating methods may be classified 

in three broad categories, i.e., Negative Template method, Positive Template method, and 

Surface Step Edge Template method. Among them, Exo-templating offers an easy synthesis 

option where a bio-scaffold is used as a sacrificial template and removed at the end of the 

synthesis process, resulting in an exo-pattern of the template used. Recently, Raja et al. 

successfully synthesized BaBi0.2Co0.35Fe0.45O3-δ (BBCF) perovskite-type oxygen separation 

membrane with “Nano-rod” microstructure using Water Hyacinth (Eichhornia crassipes) as 

exo-template and obtained a two-fold increase in electronic conductivity compared to the 

conventionally prepared BBCF materials.12 However, the impact of the engineered 

microstructure of the solid electrolyte on electrical and electrochemical performances remains 

limited in the literature. One of the probable reasons is due to the complexity and bottleneck in 

making all-solid-state lithium metal batteries (ASSLMBs). There are major bottlenecks 

reported in ASSLMBs: (i) instability of the interface between SSEs and the electrode, causing 

unwanted chemical reactions with the generation of large interfacial impedance, and finally 

loss of anodic contact, and (ii) transgranular lithium dendritic migration across the grain 

boundaries of the solid electrolyte, posing a threat to short circuit13,14. Thus, careful engineering 

of microstructure and configuration is needed to address high-performance metal batteries. 
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In the present chapter, we aimed to develop an engineered Ga doped LLZO 

(Li6.25La3Ga0.25Zr2O12) solid inorganic electrolyte scaffold infused with solvated ionic liquid 

(SIL) as a hybrid solid electrolyte (HSE). The garnet electrolyte was microstructurally 

engineered to develop (1) a unique “plate-like” LLZO (LLZOWH) by mimicking the 

intercellular structure of WH fibers, (2) interconnected LLZO (LLZOCET) via a cellulose exo-

templating process to achieve high Li-ion mobility across the grains. The pore filled with 

solvated ionic liquid (SIL) was introduced to enhance the wettability between LLZO and Li 

metal- a process may be termed as “liquid therapy,” which is very effective, as we observed in 

Chapter 3. This dual modification is designed to reduce the interfacial resistance, suppress 

dendritic penetration, and improve electrochemical performance. Thus, this chapter 

systematically compares engineered LLZO with conventionally prepared garnets via gel 

combustion process (LLZOGC) and highlights the benefits of bio-templating and SIL infusion 

for high-rate, long-life lithium metal batteries.  

5.2 Engineered Plate-like LLZO  

5.2.1 Experimental 

5.2.1.1 Material Synthesis and Characterization  

Gallium-doped Li7L3Z2O12 (Li6.25La3Ga0.25Zr2O12, LLZOWH) was synthesized using a water 

hyacinth (Eichhornia crassipes) bio-template to obtain a plate-like microstructure. A sol-gel 

precursor with 10% excess Li was mixed with WH powder (10:1 v/w), followed by calcination 

at 500 °C and 900 °C to get cubic LLZOWH powder. Detailed synthesis steps are described in 

Chapter 2, Section 2.3.3.2. The detailed characterization techniques are already discussed in 

Section 2.7. Various synthesis processes and corresponding sample codes of Ga doped LLZO 

solid electrolyte Material were presented in Table 5.1.  

Table 5.1 Synthesis process and corresponding sample codes of Ga doped LLZO solid 

electrolyte Material. 

Synthesis Process Termed as 

Gel Combustion LLZOGC 

Exo-templating using WH LLZOWH 

Exo-templating using Cellulose LLZOCET 
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5.2.1.2 Cell Fabrication and Testing 

The detailed cell fabrication and testing techniques are already discussed in Chapter 2, Section 

2.6 and Section 2.7, respectively. In Short, all the sintered pellets were infused with a solvated 

ionic liquid (LiTFSI/tetraglyme, 1:1 mol ratio). Symmetric (Li/Li, SS/SS), asymmetric (Li/SS), 

and full (Li/LMO) coin cells were then fabricated using the procedures described in Chapter 

2, Section 2.6. 

5.2.2 Results and Discussion 

5.2.2.1 Thermal Studies 

The major component in raw water hyacinth (WH) biomass is 20% cellulose, 33% 

hemicellulose, and 10% lignin as estimated by Bolenz et al.15, and Gressel et al.16. Therefore, 

the study of the thermal behaviour of raw 

WH fiber is necessary before conducting 

the exo-templating process. It is also 

required to estimate the ash content in WH 

fiber after thermal treatment. The thermal 

analysis is carried out using TGA-DTA for 

raw WH fibers (oven dried at 250ºC for 4 

h) from RT to 1200 ºC at a heating rate of 

10 ºC /min in air and presented in Figure 

5.2(a). The profile revealed three distinct 

weight losses of 10%, 85% and 91% at 

temperatures around 250ºC, 535 ºC, and 

900 ºC, respectively. From RT to 250ºC, 

the initial weight loss of 10% corresponds 

to the removal of water from WH fibers. 

Thereafter, the decomposition of 

cellulose, hemicellulose, and lignin in 

WH fibers takes place, which is reflected 

by two exothermic peaks at 334ºC and 535ºC in the DTA curve. The weight loss continued up 

to 900ºC resulting in total weight loss of 91%. No significant weight loss could be observed up 

to 1200ºC. From the above thermogram, the ash content in raw WH fiber as estimated to be 

around 9% up to 900ºC. It also suggested that the alkali and acid pre-treatment might be able 

 

Figure 5.2 TGA and its corresponding DTA 

plots of (a) raw WH fiber, (b) Ga-LLZO-Gel, 

and (c) WH-Ga-LLZO-Gel from RT to 1200°C. 
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to remove some impurities17–19. However, the intrinsic metallic elements present in the WH 

fiber, which were converted into metal oxide during thermal treatment, remained as residual 

ash. The elemental composition of the ash is presented in Figure 5.3. Figure 5.2(b) and Figure 

5.2(c) describe the thermal behaviour of Ga-LLZO-Gel produced by dehydrating a 

stoichiometric mixture of nitrate salts of Li, La, Zr, and Ga in aqueous medium using alanine 

as a chelating agent and WH fiber mixed Ga-LLZO-Gel (10:1 v/w %), termed as WH-Ga-

LLZO-Gel, respectively. 

The thermal decomposition profile of Ga-LLZO-Gel showed multi-step weight losses up to 

900ºC. An initial sharp weight loss measuring ~66% up to 400ºC is attributed to the exothermic 

decomposition of nitrates and metal-alanine 

complexes, followed by another weight loss of 

11% up to 585ºC, which is due to the formation of 

the tetragonal phase of Ga-doped LLZO, 

accompanied by the release of absorbed CO2 and 

atomic rearrangement of the pyrochlore La2Zr2O7 

phase20. A weight loss estimated to be ~ 4%  in the 

temperature range of  585ºC-900ºC is assigned to 

phase transition from Tetragonal to Cubic phase in 

Ga doped LLZO, which is also reflected by the 

corresponding endothermic peak at ~585ºC in the 

DTA curve. No significant weight loss could be 

detected after 900ºC for Ga-LLZO-Gel, as shown 

in Figure 5.2(b). The thermal profile of WH fiber 

mixed with Ga-LLZO-Gel also followed a similar 

trend to that of Ga-LLZO-Gel, as shown in Figure 5.2(c). No significant change in the nature 

of the thermal profile could be observed apart from a slight difference in total weight loss of 

~6% compared to Ga-LLZO-Gel, which might be arising due to the presence of impurities in 

raw WH fiber (ash content).   

5.2.2.2 Structural Studies  

X-ray diffractograms of WH fiber and LLZOWH, both calcined at 900ºC for 5 h in air, are 

presented in Figure 5.4(a) along with standard JCPDS files of cubic-LLZO (PDF 00-064-

0141) and tetragonal-LLZO (PDF 00-064-0140). The WH fibers showed two small peaks at 2θ 

=17.9ºand 21.7 º, which correspond to the 101 and 002 planes of crystalline cellulosic phases.36 

Figure 5.3 Typical EDX spectrum 

and its corresponding elemental map 

of raw WH fiber, calcined at 900ºC. 
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Several other peaks were found in the calcined powder of WH fibers might have originated due 

to inherent metal oxide impurities such as PbO2, MgO, CdO, Fe3O4, Mn3O4, Cr2O3, etc12. The 

quantitative phase analysis of the powder XRD pattern of LLZOWH powder calcined at 900ºC 

revealed the presence of both cubic (42.5%) and tetragonal (56.9%) LLZO phases along with 

a trace amount of non-detectable impurities. 

 

Figure 5.4 (a) X-ray Diffractograms of raw WH fiber and LLZOWH powders calcined at 900oC 

for 5 h in air.  (b) FTIR spectra of raw WH fiber and (c) FTIR spectra of LLZOWH powder 

calcined at 900ºC. 

 FTIR spectroscopy is carried out to identify the changes in (a) raw WH fiber dried at 250ºC 

and (b) LLZOWH powder after being calcined at 900ºC. WH fiber consists of three main 

functional groups, namely cellulose, hemicelluloses, and lignin, along with metal salt 

impurities. The characteristic peaks of cellulose, lignin, and hemicelluloses for WH-fiber are 

thus reflected in the spectra as shown in Figure 5.4(b) at peak positions 1626, 1426, 1314, 

1105 cm-1 21,22. A broad peak appeared at 3434 cm-1 is assigned to the O-H vibration of absorbed 

water by the fiber21,23,24. Several minor peaks are also recorded at 781, 610, 478 cm-1, which 

might be originated from the metal oxide impurities in the fiber. The FTIR spectra of exo-

templated LLZOWH powder calcined at 900ºC is shown in Figure 5.4(c). Similar to that of 

WH fiber, distinct peaks of O-H vibration are also observed at 3436 and 1633 cm-1 due to 

absorbed moisture by LLZOWH calcined powder. The LLZO powder readily reacts with 

moisture and spontaneously takes part in Li+/H+ ion exchange to form surface active Li2CO3 

layer25.In Figure 5.4(c), two distinct characteristics peaks of Li2CO3 are also detected at peak 
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positions 1417 and 866 cm-1 suggesting the formation of surface active Li2CO3 phase in 

LLZOWH25. Such surface contamination is unavoidable and is responsible for lowering ionic 

conductivity in the garnet. The spectra also reflected two minor peaks appeared at the lower 

wavenumber region of 596 and 508 cm-1 and assigned to M-O vibrations of Zr-O and La-O 

respectively25,26.  

Table 5.2 The peak positions and its corresponding assignment for raw WH fiber and LLZOWH 

powder calcined at 900 °C. 

Raw WH fiber LLZOWH Powder 

Peak Position 

(cm-1) 

Peak assignment Peak Position (cm-1) Peak assignment 

 

    

3434 

(Broad, sharp) 

 

O–H stretching, Moisture 3436 

(Broad, sharp) 

O–H stretching, 

Moisture 

2924 

(Narrow, 

sharp) 

 

C–H stretching,Cellulose 1633 

(Sharp) 

δ(H2O) Absorbed 

Moisture 

1626 

(Sharp) 

C=O vibration, 

characteristic group of 

lignin and 

Hemicellulose 

 

1417 

(Sharp) 

C-O stretching, 

characteristic peak 

of Li2CO3 

1426 

(minor) 

C-H bending, the presence 

of lignin contents in the 

fiber. Or C-O cellulose 

 

1264 

(minor) 

unknown 

1385 

(minor) 

 

O-H organic/Phenolic 

type 

1090 

(minor) 

unknown 

1314 

(minor) 

characteristic group of 

lignin and hemicellulose, 

C-H 

 

1044 

(minor) 

unknown 

1105 

(Sharp) 

- C–O–C vibration in 

cellulose and 

hemicelluloses 

 

866 

(Sharp) 

C-O stretching, 

characteristic peak 

of Li2CO3 

781 

(minor) 

 

Unknown 801 

(minor) 

unknown 

610 

(minor) 

 

Unknown 596 

(minor) 

Zr-O Characteristic 

band 

478 

(minor) 

Unknown 508 

(minor) 

La–O vibration 
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The FTIR findings obtained in the present study are summarized in Table 5.2, describing peak 

positions and their corresponding peak assignment. To further confirm the phases, Raman 

spectra were recorded for LLZOWH-900 

calcined powder. It is reported that the LLZO 

tetragonal phase shows a higher number of 

spectral features compared to its cubic 

polymorph due to its distorted Li+ ion 

arrangement and/or lower symmetry27. The 

Raman spectra as observed in Figure 5.5 could 

be typically categorized in three regions - (I) a 

low frequency region below 300 cm-1 

responsible for translational modes of mobile 

cations, (II) an intermediate frequency range 

between 300-550 cm-1 where cubic phase 

exhibits broad and partly overlapping band and 

tetragonal phase shows higher number of 

peaks, (III) the high frequency range above 550 

cm-1 could be assigned to the vibrational 

stretching of ZrO6 octahedra. In Figure 5.5, at 

low frequency region number of peaks are found at 96 cm-1, 159 cm-1, 178 cm-1, 191 cm-1, 258 

cm-1 representing the existence of tetragonal phase along with cubic phase, which showed 

broad and overlapping peaks characteristics of cubic phase LLZO in the intermediate region.   

Apart from these two phases, possible appearance of impurity phases particularly Li2CO3 

during calcination process of LLZO garnet material is unavoidable and it is treated as surface 

contaminant for LLZO25,27.   

It is also believed that Li2CO3 formation occurred between interaction of H2O and LLZO 

through Li+/H+ exchange when exposed to ambient atmosphere26,28,29. Although trace surface 

contamination of Li2CO3 could not be verified by XRD, but detected during FTIR analysis as 

presented in the next sub-section. A very minute quantity of constituent oxide such as La2O3 

could also be present in the calcined powder which formed due to loss of lithium at high 

temperature.  It is previously observed in TGA analysis that WH fiber produces an ash 

amounting to ~ 9 wt % in the final product powder when calcined at 900ºC (as observed in 

 

Figure 5.5 Raman Spectra for LLZOWH 

powders calcined at (a) 900oC and (b) 

1000oC in air. 

 

LLZOWH-900 

LLZOWH-1000 
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Figure 5.2(a)). Thus, the appearance of few unknown metal oxides peaks in the diffractogram 

of LLZOWH-900 possibly be originated from the ash of WH fiber. 

5.2.2.3 Microstructural Studies  

In exo-templating synthesis methodology the process and place (i.e., confined space) of 

impregnation of precursor gel inside targeted template play an important role for defining 

particle’s morphology. Inside WH petiole fibrous unit, two confined spaces are available for 

gel impregnation namely vascular tissue xylem and aerenchyma cells. Raja et al. reported on 

BBCF-based MIEC membrane; we carefully impregnated BBCF precursor gel into the empty 

tubular spaces confined by the cell walls of WH-fiber12.  

  

Figure 5.6 (a) SEM micrograph of WH dried petioles and (b) FESEM image of LLZOWH 

powder calcined at 900oC 

 

 

Figure 5.7 Schematic illustration of origin of plate like morphology of LLZOWH(WH-Ga-

LLZO) powder calcined at 900oC(The colour of the impregnated gel gradually changes to 

darker shade as the temperature increases prior to decomposition and nucleation) 
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Controlled heat treatment for the removal of the template resulted in a nanorod-like BBCF 

morphology. In the present study we attempted to load the gel in aerenchyma cells (a tissue 

with large, empty, and polygonal cell structure) to mimic its polygonal pattern. Polygonal-

shaped aerenchyma cells with discrete cell boundaries are observed in the SEM image as given 

in Figure 5.6(a), which resulted in multifaceted “plate-like” morphology after exo-templating. 

Figure 5.6(b) shows the FESEM micrograph of LLZOWH calcined powder showing plate-like 

particles with an average thickness of 100-120 nm.  

Such unique morphology in LLZOWH powder might originate from mimicking the polygonal-

shaped aranchyma cells present in the WH fiber, which provided a scaffold for the synthesis of 

Ga-LLZO.The formation mechanism of plate-like morphology has been illustrated 

schematically in Figure 5.7. During the gel loading process, the cellular confined space of the 

WH fiber becomes filled with the constituent gel of LLZO. On heat treatment, two processes 

simultaneously occur: (1) thermal shrinkage of the WH template and (2) dehydration of the 

aqueous LLZO-Gel in the confined space. Therefore, a reduction in WH template dimension 

(volume) is expected whereas the volume of gel is also reduced due to the removal of water 

from its matrix. On further heating, the gel decomposition starts, resulting in nucleation and 

grain growth of the desired phase inside the thermally squeezed template. On further increase 

calcination temperature, the WH scaffold or template is finally removed producing plate like 

exo-templated microstructure of LLZO garnet. As shown in SEM micrograph of Figure 5.6(a), 

the raw WH fiber showed an average length of the template around 50-100 µm, however the 

900oC calcined LLZO powder revealed a plate like morphology with average length scale of 

0.5-1.0 µm (Figure 5.6(b)).   

 

Figure 5.8 The schematic representation showing proposed path to obtain (Left) Nano-rod 

arrays12 and (Right) ‘Plate like” morphology via exo-templating method mimicking inter-
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cellular structures (pore channels for nanorod arrays and aerenchyma cells for plate like 

morphology) of WH fiber 

The reason behind of such reduction of length scale from raw fiber to calcined powder is due 

to the dimensional shrinkage of template at high temperature as explained above. It is worthy 

to mention here that the use WH fiber as an exo-template can offer typically two types of 

morphologies; (a) when the gel impregnation occurs in the tubular xylem of WH fiber, it 

produces nanorods,14 and (b) when gel loading is done inside aerenchyma cells, it develops 

“Plate like” morphology as observed in LLZOWH calcined powder. This formation process of 

nanorods and plate-like morphology is illustrated schematically in Figure 5.8 for 

understanding the above phenomena happening during the gel loading process. 

 

Figure 5.9 (a)-(b) TEM images and corresponding elemental compositions of LLZOWH at 

900oC and (c)-(d) for 1000oC calcined powders.  

To further analysis of microstructure and morphology, TEM images are taken for LLZOWH 

powders calcined at 900oC and 1000oC along with their elemental composition using EDX and 

the micrographs are presented Figure 5.9(a)-(d). The average particle size as measured for 

900oC calcined powder is found to be less than 100 nm. The presence of agglomerated 

morphology could also be visible in Figure 5.9(a). The elemental composition as shown in 

Figure 5.9(b) revealed the presence of La, Zr, Ga along with trace amount of Al, likely 

originated from the Al-crucible during calcination. In Figure 5.9(c), a discrete plate-like 

morphology of LLZOWH powder calcined at 1000 °C could be identified. The thickness of 

oriented plates is measured in the range of 40-120 nm. The EDX profile as shown in Figure 
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5.9(d) is found to be similar in nature to that of LLZOWH powder calcined at 900oC. The 

cryptographic information by analyzing HRTEM could not be realized this time due to electron 

beam-irradiation damage to the samples. It needs further refinement in imaging parameters and 

specimen preparation procedures.  

5.2.2.4 Electrical Studies  

 

Figure 5.10 Room temperature AC impedance plots of LLZOWH pellets sintered at (a) 900 °C, 

(b) 1000 °C, (c) 1100 °C, and (d) 1200 °C. The inset shows the corresponding equivalent 

circuit.   

Figure 5.10 shows the room temperature AC impedance plots of LLZOWH pellets sintered at 

(a) 900ºC, (b) 1000ºC, (c) 1100ºC and (d) 1200ºC in air.  All the profiles comprise of two 

depressed semicircles along with diffusion tail; the first semicircle appeared at low frequency 

region is due to the contribution of the grain boundary and second at high frequency is 

attributed to the grain or bulk properties of LLZOWH pellets. The appearance of a straight-line 

tail at a lower frequency using Li-ion blocking Ag electrodes suggests that the synthesized 

LLZOWH garnet is intrinsically Li-ion conductive in nature30. An equivalent circuit model 

comprising circuit elements Re(RbCPEb)(RgbCPEgb) has been used here to fit the curves as 

shown in the inset of Figure 5.10(a)-(d) ,  where Rb, Rgb, and Re are the resistances representing 

bulk, grain boundaries and Ag electrodes; CPEb and CPEgb represents constant phase elements 

originated from grain and grain boundaries. The total conductivity is determined by adding Rb 

and Rgb. The contribution of grain and grain boundaries in total conductivity of LLZOWH 



151 
 

pellets sintered at different temperatures is summarized in Table 5.3. The conductivity values 

(S/cm) are calculated using the equation, σ=
1

𝑅
.

𝑙

𝐴
 ; where, R=Resistance, Ɩ= thickness, A=area 

of the pellets. 

The sintering temperature vs conductivity values which include σb, σgb and σtotal are plotted in 

Figure 5.11. The plot showed that a highest bulk conductivity (σb) value of 3.94x10-5 S/cm 

could be obtained for 

LLZOWH sample sintered at 

1000ºC. It also observed that 

the bulk conductivity (σb) 

gradually reduces as the 

sintering temperature 

increases. On the other hand, 

with the increase in sintering 

temperature from 900ºC to 

1000ºC, the grain boundary 

resistance initially decreased, 

however no further significant 

reduction in impedance could 

be observed on elevated 

sintering temperature.  This 

may due to the fact that with 

increase in sintering 

temperature, a slight stoichiometric loss of lithium may result in appearance of secondary 

phases which may accumulate at the grain boundary blocking Lithium-ion migration. To 

identify the phases, present in the pallets sintered at 1000ºC, 1100ºC and 1200ºC, XRD is 

performed and the corresponding X-diffractograms are shown in the Figure 5.12(a). The XRD 

profile of the pellet sintered at 1000ºC showed all the major peaks assigned for cubic garnet, 

however, with increase in sintering temperature, pyrochlore type La2Zr2O7 phases started 

appearing as visible in the inset of Figure 5.12(a). It is observed that the magnitude of splitting 

of peaks (640, 552, 642 peaks) in cubic phase of LLZO gradually increases with the increase 

in sintering temperature. A phase transformation from cubic to pyrochlore type structure could 

be observed for the pellet sintered at 1200ºC. To further confirm the phases formed at different 

 

Figure 5.11 Plot showing variation of Grain, grain 

boundary and total conductivities of the pellets w.r.t to 

sintering temperatures (900oC, 100oC, 1100oC and 

1200oC). 
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sintering temperatures of 1000oC, 1100oC and 1200oC, quantitative phase analysis is carried 

out.  

Table 5.3 Variation of conductivity of LLZOWH pellets sintered at different temperatures.  

 

The results revealed that at 1000oC, the major phase is cubic amounting to 71.6%, with 25.8% 

Li2CO3 surface impurity phase which appeared during post-sintering stage due to unavoidable 

surface reaction25,29. The cubic phase of sintered at 1000oC is further confirmed by Raman 

spectroscopy as shown in Figure 5.5, which indicated less number of peaks characteristic to 

the cubic LLZO type phase 

 

Temp./

oC, 10 

hours 

Thickn

ess 

(cm) 

Area 

(cm2) 

Rb 

(Ω) 

σb 

(S/c

m) 

Rgb 

(Ω) 

σgb 

(S/cm) 

RTotal 

= Rb+ 

Rgb (Ω) 

σTotal 

(S/cm) 

900 0.22 0.8075 330000 8.33x

10-7 

7.23x1

06 

3.8x10-

8 

7.56 

x106 

3.63x10-7 

1000 0.145 0.4254

5 

8658 3.94x

10-5 

1.38 

x105 

2.46x1

0-6 

1.38 

x105 

2.32x10-6 

1100 0.180 0.4254

5 

24737 1.71x

10-5 

1.32 

x105 

3.2x10-

6 

1.56 

x105 

2.69x10-6 

1200 0.172 0.4026 220000 1.94 

x10-6 

8.61 

x105 

4.96 

x10-7 

1.08x 

x106 

3.96 x10-

7 
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Figure 5.12 (a) XRD diffractograms of LLZOWH pellets sintered at 1000oC,1100oC and 

1200oC in air, (b)-(c) EDX profile and elemental map of the LLZOWH pellet sintered at 1000oC 

in air. 

With increase in sintering temperature at 1100oC, the amount of cubic phase reduced to 63.3% 

along with Li2CO3 (32.3%) and trace amount of other oxide impurities. At 1200oC, the cubic 

phase found transformed into pyrochlore type La2Zr2O7 phases (24.2%), La(OH)3 (34.5%) and 

Li2CO3 (31.8%) phases.  

In summary, EIS results revealed that the maximum exhibited total Li-ion conductivity (bulk 

+ grain boundary) is found to be 2.69x10-6 S/cm for Ga-LLZO pellet sintered at 1100ºC, 

whereas the highest bulk conductivity of 3.94x10-5 S/cm could be measured in the pellet 

sintered at 1000ºC. Similar kind of trend in bulk conductivities are also observed by Afyon et 

al. due to slight reduction of density from 76% at 950ºC to 69% at 1100ºC for Ga doped LLZO 

sample synthesized by modified Sol-gel method31.   The total conductivity value is appeared to 

be somewhat lower than the previously reported literature values for Ga-doped LLZO with 

similar compositions which might be due to the poor densification of the LLZOWH pellets32–

34. The presence of large number of voids is confirmed by FESEM micrographs on fractured 

surface of the pellet sintered at 1000ºC and shown in Figure 5.12(b) with corresponding EDX 

profile.  Elemental mapping carried out on the fractured surface of the pellet is also given 

Figure 5.12(c) describing the presence of constituent elements both at grain and grain 

boundaries in fractured surface apart from void areas. 

5.2.2.5 Electrochemical Studies  

To evaluate galvanostatic cycling performance with configuration of Li/LLZOWH/Li, 

lithium symmetric cell is fabricated and tested by step ascending current densities at room 

temperature. For that purpose, in the present study we have introduced solvated ionic liquid 

(SIL) to effectively reduce the interfacial resistance and enhance the interfacial stability of 

metallic Li at both surfaces of LLZOWH pellet. Ionic liquids (ILs) offer intrinsic ionic 

conductivity and its use considered as one of the best well-known procedures where one can 

achieve good interfacial wettability of lithium metal anode with LLZO SSE garnet35–37. The 

galvanostatic cycling performance of lithium symmetric cells tested at different current 

densities are presented in Figure 5.13(a). The initial current density is fixed to 28 µA/cm2 and 

gradually increased every after completion of 50 cycles. The cycles are performed with an 

initial set program of [Charging @+28 µA/cm2, 30 min] - Rest (10 min)- [discharging@ -

28µA/cm2, 30 min] -Rest (10 min), Voltage range ± 1.0V. The positive and negative potentials 
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in the curve signify the corresponding Li stripping and plating processes. It is observed that at 

lower current density of 28 µA/cm2, the cell performed lithium stripping/plating process 

continuously up to 50 cycles with stable polarization. With further increase in the current  

 

Figure 5.13 Electrochemical galvanostatic profile of Li/LLZOWH/Li symmetric cell (a) at 

various current densities from 28-452 µA.cm-2 (b) enlarged cycling profiles as marked (I)-(V) 

in (a), (c) Electrochemical impedance plot of symmetric cell before and after plating. 

density step wise, smooth cycling profiles are recorded.  The enlarged view of cycling profiles 

at ascending current densities as marked I to V in the Figure 5.13(a) by dotted lines are 
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presented in Figure 5.13(b) describing the symmetrical polarization during lithium 

stripping/plating process. At high current density of 452 µA/cm2, a large polarization could be 

detected which might be originated from the loss of contact of Li electrode to the solid 

electrolyte surface, which increased the Lithium/electrolyte interfacial resistance. This is very 

common issue faced during cycling of garnet electrolytes because of the poor contact 

wettability and lack of interphase between Li metal and electrolyte35,37. A drastic increase in 

polarization, instead of a short circuit, forced the cell to be disconnected after completion of 

295 hours of lithium stripping/plating process. To measure the effect of dendritic penetration 

of metallic lithium anode in to the LLZOWH solid state electrolyte, impedance spectroscopy 

is taken for the symmetric cell before and after lithium plating and the spectra is given in Figure 

5.13(c). It described that the electrolyte and interfacial resistance of LLZOWH-SIL electrolyte 

slightly decreases after 295 h of operation. This may be due to the fact that the penetration of 

lithium metal through grain boundary of LLZOWH electrolyte might be sluggish in nature. It 

is also proposed that the unique plate like grain might be responsible to increase the lithium 

dendritic diffusion path length through grain boundaries.  

5.2.2.6 Post-Electrochemical Studies  

To understand the lithium deposition through grain boundaries in LLZOWH, the cycled cell is 

dismantled and the pellets are examined under FESEM as shown Figure 5.15(a)-(d). A 

significant change in colour of both the surfaces 

of the cycled pellet is observed. The black spots 

are found at places on the surfaces suggesting the 

point of metallic contacts or growth. The FESEM 

micrographs of top and fracture surfaces as shown 

in Figure 5.15(c) and Figure 5.15(d), revealed 

that the primary grain structure as seen before 

plating is found to be somewhat distorted from its 

original structure (as shown in Figure 5.12(b)). 

This may be due to the penetration of metallic 

anode through grain boundaries or voids during 

cycling. A very few numbers of micro-cracks 

were found in the grain boundary region of cycled pellet as seen in the FESEM micrographs 

of fracture surface of the cycled pellet, which might be due to the dendritic penetration of 

metallic lithium across the grain boundary. EDX spectrum taken at the fractured surface of 

 

Figure 5.14 EDX spectrum of the 

fracture surface of LLZOWH after 

galvanostatic cycling. 
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cycled LLZOWH pellet also presented Figure 5.14 to better understand the topographic change 

in grains and grain boundaries. It showed that no significant changes either in the grain structure 

or elemental homogeneity of LLZOWH electrolyte could be found. The unique microstructure 

as obtained through exo-templating process possibly hindered the dendritic migration of 

metallic anode in LLZOWH electrolyte by increasing the diffusion path length across the grain 

boundaries. The increased polarization with incremental current densities without short-circuits 

in the fabricated lithium symmetric solid-state cell comprising LLZOWH electrolyte might be 

due to the effect of unique microstructure obtained by exo-templating process, as presented 

illustrated schematically in Figure 5.15(e). 

 

Figure 5.15 (a) Dismantling of 2032 Coin cell after galvanostatic cycling, (b) FESEM 

micrograph of cycled LLZOWH pellet, (c) & (d) FESEM micrographs of top and fracture 

surfaces of cycled LLZOWH pellet and (e) Schematic illustration of metallic anodic deposition 

through exo-templated and conventionally prepared solid-state electrolyte 
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5.3 Engineered Interconnected LLZO  

5.3.1 Experimental 

5.3.1.2 Material Synthesis and Characterization  

Gallium-doped Li7L3Z2O12 (Li6.25La3Ga0.25Zr2O12, LLZOWH) was synthesized using a 

cellulose paper to obtain an engineered interconnected morphology. The detailed synthesis 

process is described in Chapter 2, Section 2.3.3.3. In short, a sol-gel precursor (constituent 

nitrates with a stoichiometric ratio along with fuels in DI water) was prepared. The gel was 

dropped carefully on the commercial cellulose paper for soaking via capillary action. After the 

process, the soaked paper was transferred to the furnace for calcination. Similarly, the 

remaining gel was allowed to further heat for gel combustion. Various synthesis processes and 

corresponding sample codes of Ga doped LLZO solid electrolyte Material were presented in 

Table 5.1. The detailed characterization techniques are already discussed in Section 2.7.  

5.3.1.2 Cell fabrication and testing 

The detailed cell fabrication and testing protocols are already discussed in Chapter 2, Section 

2.6 and Section 2.7, respectively. In Short, all the developed solid electrolyte pellets were 

infused with a solvated ionic liquid (LiTFSI/tetraglyme, 1:1 mol ratio). Various coin cells were 

then fabricated using the procedures described in Chapter 2, Section 2.6. 

5.3.2 Results and Discussion 

5.3.2.1 Thermal Studies 

The calcination temperature for the exo-

templating process was selected by 

performing the TGA/DTA analysis of pure 

cellulosic paper and the gel-impregnated 

paper up to 1200 °C in air. Their thermal 

profiles were given in Figure 5.16, which 

described that after 900 °C, no weight loss 

could be detected in gel-soaked paper. On the 

other hand, the TGA plot of pure cellulosic 

paper also suggested that around 3 wt.% of 

residual ash could be found after thermal 

 
Figure 5.16 TGA and its corresponding 

DTA plot of bare Cellulose paper (ClP) and 

Ga doped LLZO gel-soaked Cellulose 

paper (ClP-Ga) from RT to 1200°C. 
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degradation of pure cellulosic paper. Therefore, it is expected that such residual mass could 

also be present in the Ga doped LLZO powder when calcined in air at 900 °C for 10 hours. 

5.3.2.2 Structural Studies 

X-ray diffractogram of LLZOCET and LLZOGC powders calcined at 900°C and 1000°C along 

with standard JCPDS patterns of tetragonal-LLZO (PDF 00-064-0140) and cubic-LLZO (PDF 

00-064-0141) are presented in Figure 5.17(a). At 900°C, all the major peaks in the 

diffractograms could be indexed as cubic LLZO (c-LLZO) for LLZOCET and LLZOGC 

powders along with impurities of La(OH)3 and Li2CO3. However, these impurities were found 

to be disappeared when calcination temperature was elevated to 1000°C. At this temperature, 

a new secondary phase La2O3 appeared along with cubic LLZO. In our previous experience, 

we found that La(OH)3 and La2O3 usually present as secondary phase along with cubic 

polymorph of LLZO. The origin of such impurities was well described in our previous 

reports.38 Typically lanthanum based impurities such as La(OH)3 or La2O3 in any lanthana 

material appeared as surface impurities during high temperature calcination and exposure of 

bulk powder in open atmosphere.38,39 Recently, Fleming et al. established a correlation between 

the rate of formation of surface impurities such as La(OH)3 or La2O3in lanthana materials with 

respect to surface area and morphological features of the materials.39On the other hand, the 

origin of formation of Li2CO3 phase particularly during synthesis LLZO garnetis mainly due 

to the Li+/H+ exchange process between the garnet and atmospheric moisture.40–42The presence 

of such Li2CO3non-conducting surface layer on LLZO garnet sometimes may cause lowering 

the Li-ion conductivity and can impede the densification process of LLZO during sintering.  

To further confirm the presence of desired cubic LLZO phases, Raman Spectroscopy and FTIR 

spectroscopy were carried out for LLZOCET calcined powder. Figure 5.17(b) shows the 

Raman spectra of LLZOCET samples calcined at 900°C and 1000°C.  Earlier Raman studies 

on LLZO and related lithiated materials demonstrated that vibration of heavy La cation 

observed at 100 cm-1 and 150 cm-1 and the Zr-O bond stretching observed around 640 cm-1 and 

the internal mode of LiO6 and LiO4 appeared in the range of 200-300 cm-1 and 350-500 cm-1 

range respectively.43,44 It is reported that the LLZO tetragonal phase exhibit a greater number 

of spectral features when compared to its cubic polymorph.43–45 This distinction arises 

primarily due to the distorted arrangement of Li+ ions and the lower symmetry present in the 

tetragonal structure. Thus, Raman spectra of LLZOCET can be categorized into three distinct 

regions. Firstly, a low-frequency region below 300 cm−1, which corresponds to the translational 
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modes of mobile cations. Secondly, in the mid-frequency range between 300 and 550 cm−1, 

where the cubic phase exhibits a broad and partially overlapping band, while the tetragonal 

phase shows a higher number of distinct peaks. Lastly, in the high-frequency range above 550 

cm−1, where the peaks can be assigned to the vibrational stretching of ZrO6 octahedra.43–45  

Figure 5.17 (a) X-ray diffractogram of LLZOGC and LLZOCET calcined at 900°C and 1000 

°C in air; (b) & (c) Raman and FTIR spectra of LLZOCET powders calcined at 900 °C and 

1000°C respectively. 

Figure 5.17(c) describes the FTIR spectra of LLZOCET powders calcined at 900°C and 

1000°C. In the FTIR spectra, no evidence of La(OH)3 was detected in the LLZOCET sample 

calcined at 900°C. However, prominent -OH vibration peaks at 3449 cm-1was observed in both 

the samples, which were attributed to absorbed moisture. Additionally, characteristic peaks 

corresponding to Li2CO3 were identified, showing C-O stretching at peak positions of 1432 

and 866 cm-1 in both the calcined powders. Moreover, various strong peaks were also observed 

at 1639, 1551, 1114, 1088, and 1021 cm-1 in both the calcined powders which were associated 

with different stretching and bending vibrations of residual hydrocarbons and organic moieties. 

Furthermore, several low-intensity peaks below 800 cm–1 were observed, indicating the 
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presence of characteristic Zr-O and La-O vibrations in both the calcined powders.38,46So, FTIR 

and Raman Spectroscopy results as obtained validated the existence of cubic phase of LLZO 

in all the calcined powders. 

5.3.2.3 Microstructural Studies 

Typically, within polycrystalline materials, the diversity in microstructure arises from a range 

of factors, including grain size, grain shape, the favoured alignment of distinct grains, the 

coexistence of different phases, and the spatial arrangement of these phases.47 In our scenario, 

although the presence of different impurity phases is same in both the powders (LLZOGC and 

LLZOCET) but the grains and grain boundaries and their orientation are significantly 

influenced the overall performance of solid electrolyte as they play a crucial role to provide 

accessible conduction pathways for lithium ion across the solid state electrolyte. Recent 

computational studies employing phase-field grain growth model as reported by Heo et al. 

described that in LLZO the microstructural features at both the atomistic and mesoscopic scales 

can make a significant impact in ionic conductivity.4 Here, we tried to focus on the effect of 

microstructure and interconnectedness among the particles in LLZO obtained via cellulose exo-

templating process directly on the electrochemical performance in pseudo-solid state lithium 

metal cell. And for comparison, LLZO powder has also been synthesized by conventional gel 

combustion process. Figure 5.18(a) and Figure 5.18(b) showed the FESEM images of LLZO 

calcined powders synthesized via GC and CET methods respectively. LLZOGC revealed an 

agglomerated morphology with wide distribution in their primary particle size ranging from 

40-100 nm. The local sintering effect was also seen as large numbers of neck-fused particles 

are observed; which further formed hard agglomerates to reduce their high surface energy. On 

the contrary, LLZO synthesized by CET method showed distinct interconnected morphology 

with fused-grain structure. The growth of the particles as seen in Figure 5.18(b) seemed to be 

followed along the direction of crosslinked cellulosic fibrous during high temperature 

calcination, which on removal of cellulosic template resulted in networked type interconnected 

morphology. Therefore, FESEM studies clearly revealed two distinct microstructures of LLZO 

synthesized by two different methods. The further confirm the grain growth in LLZOCET 

along entangled fibers of cellulosic template, TEM images were taken and presented in Figure 

5.18(c). A spectacular networked morphology was observed with interconnected sub-micron 

sized grains in LLZOCET. To further understand the microstructural features of LLZO after 

sintering at 1000C for 10 hours, the FESEM images were taken on the LLZO pellets both on 

the top surfaces and fractured surfaces.  
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Figure 5.18 (a) & (b)FESEM micrographs of  LLZOGC and LLZOCET, respectively, (c) TEM 

micrographs of LLZOCET along with its enlarged view in the in-set;(d) & (e) FESEM 

micrographs of top surfaces of LLZOGC, LLZOCET pellets respectively along with enlarge 
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version (f), FESEM micrographs of polished and fractured surface of (g) LLZOGC and (h) 

LLZOCET pellets; (i) Grain size distribution of LLZOGC, (j) &(k) are EDX profiles and 

elemental map of LLZOGC pellet; (l) & (m) EDX profile and elemental map of LLZOCET 

pellet. 

Figure 5.18(d) and Figure 5.18(e) represent the FESEM images of the top surface of LLZOGC 

and LLZOCET pellets, respectively. It is suggested that LLZO synthesized by gel combustion 

is likely to be more porous with a large number of cavities/voids on the top surface than that of 

LLZOCET. The surface topology of sintered LLZOCET pellets, as shown in Figure 5.18(f) at 

high magnification, corroborated the nature of the interconnectedness of the grains even after 

high-temperature sintering at 1000 °C. To explore more microstructural characteristics and 

probe close to the grains and grain boundaries in LLZOGC and LLZOCET, their sintered 

pellets were fractured and polished properly. In Figure 5.18(g), the micrograph of the fractured 

surface of LLZOGC revealed agglomerated particles, whereas in Figure 5.18(h), the 

networked type morphology of LLZOCET grains was clearly visible. Few irregular shaped 

grains in LLZOGC were marked in Figure 5.18(g) and their corresponding distribution was 

calculated using ImageJ software resulting a wide distribution in their corresponding grain 

sizes, as shown in Figure 5.18(i). EDX and elemental mapping was also carried out at the 

fracture polished surfaces of both the pellets- LLZOGC and LLZOCET. Figure 5.18(j) and 

Figure 5.18(k) represented the EDX and elemental mapping of the LLZOGC pellet, 

respectively, demonstrating the presence of the constituent elements both at the grains and grain 

boundaries. In case of LLZOCET, the EDX and elemental mapping of LLZOCET were also 

carried out to confirm the presence of constituent elements at the interconnected grains was 

and the results were shown in Figure 5.18(l) and Figure 5.18(m). It will be thus of interesting 

to correlate such unique microstructural features obtained via CET method with other 

interfacial phenomena, its electrical   and electrochemical properties. 

5.3.2.4 Electrical Studies 

Microstructure plays a crucial role in ion transport phenomena for polycrystalline materials. In 

such ion transport process grain boundary between the crystals in a polycrystalline body 

behaved differently from its bulk counterparts and their presence markedly affects the 

properties of the material. The diffusion or ionic transport is usually faster at grain boundaries 

compared to the grains. In the present scenario, the network interconnected morphology of Ga-

LLZO was obtained by high temperature sintering process. The X-ray diffraction analysis also 
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suggested the presence of secondary phases as La2O3, Li2CO3 etc. (Figure 5.17(a)). Therefore, 

the possibility of coherent boundaries between the grains may arise along the unlike phases. To 

study the effect of grain boundaries on the lithium ionic transport properties of synthesized 

cellulose templating materials, thus electrochemical impedance spectroscopy was carried out 

of sintered LLZO pellet with Au blocking electrode. The EIS spectra of both LLZOGC and 

LLZOCET sintered pellets are presented in Figure 5.19(a) along with their equivalent circuits. 

Here, equivalent circuit consists of two major resistive parts originated from grain (Rb) and 

grain boundary (Rgb).  

 

Figure 5.19 (a) Nyquist plot of LLZOGC and LLZOCET pellets sintered at 1000°C at RT. (b) 

Arrhenius plot of LLZOGC and LLZOCET and calculated activation energies from slopes. (c) 

EIS spectra of PP-SIL, LLZOGC-SIL and LLZOCET-SIL using SS blocking electrode. (d) 

Nyquist plot of LLZOGC-SIL and LLZOCET-SIL in Li/Li symmetric cell (e) DC polarization 

of LLZOGC-SIL and LLZOCET-SIL using ion blocking stainless steel electrode (f) Current vs 

potential linear sweep voltammetric (LSV) plot at a scan rate of 2.0 mV s–1 of LLZOGC-SIL 

and LLZOCET-SIL. 

The Zˈ vs-Zˈˈ plot as obtained further analysed with Z-view software which suggested 

the grain resistance of 8.6kΩ and 6.7kΩ and grain boundary resistance of 121.4kΩ and 61.5kΩ 

for LLZOGC and LLZOCET respectively. The values revealed two times decrease in grain 

boundary resistance obtained for LLZO material synthesized by templating method compared 

to LLZOGC. The total conductivity as calculated from the EIS spectrum for LLZOGC and 

LLZOCET were found to be 1.28×10-3mS/cm and 2.52×10-3mS/cm respectively. The overall 
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ionic conductivity of LLZO garnet as measured was found to be somewhat lower than by other 

reported LLZOs synthesized by high-temperature solid-state routes and/or other wet chemical 

methods.[23,34,36,37,39] The obvious reasons might be due to the formation different 

secondary phases during synthesis.38,41,44,46The activation energies for lithium-ion conduction 

process for both LLZOGC and LLZOCET were calculated based on Arrhenius equation [σT 

=Ae−E
a
/TK

B, where A is the pre-exponential factor, Ea is the activation energy for ionic 

conduction, and KB is the Boltzmann constant] from 333-423K. Figure 5.19(b) represents 

log(σT) vs 1000/T plot of LLZOGC and LLZOCET with resultant activation energies of 

0.59eV and 0.37eV respectively. As the lithium transport phenomena in solid electrolyte 

predominately follow the grain boundary path, therefore it is expected that having lowered 

activation energies of the lithium-ion mobility through LLZOCET might be much faster than 

LLZOGC. 

It is worthy to mention here although the microstructurally altered (LLZOCET) 

electrolyte showed reduces grain boundary resistance compared to LLZOGC with regular 

morphology, the sintered pellet still delivered lower conductivity due to the presence of 

secondary phases (La2O3, Li2CO3 etc.). To compensate such reduction in conductivity, solvated 

ionic liquid (SIL) was infused in Ga-LLZO. The presence of SIL assisted in two ways; 1) 

enhance Li metal anode and hybrid electrolyte compatibility and 2) facilitated lithium 

movement across thick sintered electrolyte (thickness ~0.8-0.9mm). The use of SIL thus has 

been termed here as “liquid therapy” to acquire the required conductivity for solid state metal 

battery operation. Here, the contribution in conductivity offered by the SIL in LLZO sintered 

pellets was separately estimated using a polypropylene (PP) separator soaked with SIL 

sandwiched between two blocking electrodes. 

The soaking ability of PP was estimated to be 952 % with respect to its dry weight. The 

EIS spectrum of PP-SIL is presented in Figure 5.19(c) along with SIL impregnated LLZOGC 

and LLZOCET pellets. The nature of the spectrum and corresponding equivalent circuit 

showed quasi-capacitance type straight line behaviour which on analysis revealed the ionic 

conductivity value of 0.113 mS/cm for PP-SIL, 0.129 mS/cm for LLZOGC and 0.215 mS/cm 

for LLZOCET-SIL. Thus, the ionic conductivity offered by SIL definitely aided to enhance the 

ionic conductivity at least two order of magnitudes than that of LLZO pellet. To further 

refinement of resistive contributions in solid electrolytes during electrochemical cycling 

against lithium, EIS were further carried out for LLZGC-SIL and LLZOCET-SIL sandwiched 

between Li metal anode (symmetric cell). EIS spectrum along with equivalent circuit was 
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demonstrated in Figure 5.19(d) which indicated that the charge transfer resistance was found 

to be around two times less in case of LLZOCET-SIL cell compared to LLZOGC-SIL cell, 

although the amount of impregnation of SIL in both the cells was found to be same (~ 18% 

w/w ratio).  

Furthermore, the Li metal wettability 

with the developed ceramic electrolytes 

also significantly differs between 

LLZOGC and LLZOCET. The 3D 

interconnected network morphology of 

LLZOCET electrolyte offered better 

wettability with Li metal interface 

which reflected by the reduction of 

charge transfer resistance. The 

entangled LLZOCET grains (Figure 

5.18(f)) have better access to SIL than 

the agglomerated LLZOGC electrolyte. 

Hence, it is expected that the interfacial 

compatibility of networked LLZO definitely be beneficial in solid state full cell and also Li 

metal symmetric cell performance. Apart from ionic conductivity, the electronic conductivity 

of developed hybrid electrolytes is also measured by applying DC polarization at 0.5V in anion 

blocking symmetric cell as shown in Figure 5.19(e). Typically, in a steady state condition, the 

steady state current can be attributed to electronic conduction as the electrodes are acting as 

ion blocking.48Thus, the electronic conductivity as calculated from the DC polarization curve 

was found to be 2.26×10-7 S/cm for LLZOGC-SIL cell and 7.59×10-8 S/cm for LLZOCET-SIL 

cell. These values of electronic conductivity are well matched with the previous 

literatures.48,49In general, solid electrolyte with low electronic conductivity is expected to be 

less affected by lithium dendritic formation and help in increase in critical current densities 

(CCD) of the solid electrolytes.49 It will be thus interesting to calculate the CCD in symmetric 

cell for both the electrolytes. In later section, it has been discussed in details. 

The working electrochemical potential window is one of the important factors to check the 

durability of lithium batteries as well as the suitability of electrolyte materials against 

commercial cathode materials. As shown in Figure 5.19(f) the curve displayed the profiles of 

the developed electrolytes using linear sweep voltammetry (LSV) ranging from 0 to 7V at room 

 

Figure 5.20 DC polarization curve of LLZOGC-

SIL and LLZOCET-SIL with an inset plot showing 

no transference variation. 
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temperature. The electrochemical potential window thus obtained were found to be 5.0V for 

LLZOGC-SIL and 5.2V for LLZOCET-SIL which suggested that the both the hybrid 

electrolytes seemed to be suitable for high voltage lithium batteries. DC polarization curve of 

LLZOGC-SIL and LLZOCET-SIL with initial and steady state current before and after 

polarization was presented in Figure 5.20.  The tLi
+ was calculated using Bruce-Vincent-Evans 

equation (Equation 1) and the it was found to be 0.56 for LLZOGC-SIL and 0.74 for 

LLZOCET-SIL respectively. In summary, the measured electrical properties of developed 

electrolytes inferred that template assisted synthesis as produced engineered morphology 

delivered significant reduction in grain boundary resistance, enhancement in lithium-ion 

transport efficacy at room temperature and lowered activation energy than the conventionally 

prepared LLZO. The potential window as measured was also found to be compatible with most 

of the existing commercial cathodes. 

5.3.2.5 Electrochemical Studies 

5.3.2.5.1 Critical Current Density Measurement  

To calculate the critical current density (CCD) of the electrolytes (LLZOGC and LLZOCET), 

the symmetric cells were galvanostatically charge discharge at a current density of 0.05 to 1.0 

mA/cm2 with a step current density of 0.05 mA/cm2. The potential vs time plot for both the 

electrolytes was presented together in Figure 5.21(e). The regions (Region I and Region II) 

were identified in the profile where soft short circuit could be detected for both the electrolytes. 

The CCD for LLZOGC-SIL was estimated to be 0.40 mA/cm2 and 0.70 mA/cm2 for 

LLZOCET-SIL symmetric cell describing two times increase in current density for engineered 

LLZO electrolyte. Hence, the aforementioned findings illustrates that the combined influence 

of the engineered LLZO and incorporated SIL exerts unique effect in diminishing 

overpotential. Therefore, the results obtained from EIS and CCD studies provides additional 

support for the significant role played by the engineered microstructure. It helps in inhibiting 

the growth of lithium dendrites and reducing the charge transfer resistance at the solid metal 

interface. 

5.3.2.5.2 Long cycling performance  

Solid state lithium metal batteries (SSLMBs) suffer from failure related to Li dendritic induced 

short circuit and contact loss at metal anode-ceramic electrolyte interface. [1,4,5,7-10] The 

kinetic involved in such failures are related to the platting and stripping of Li at the interface. 
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Such failure may also be facilitated in reduction of critical current density (CCD), the rate 

determining state of lithium kinetics in solid state battery. At solid electrolyte interface, several 

phenomena such as ion diffusion, lithium metal nucleation growth, formation of voids and 

parasite reactions are found to be detrimental for successful operation of SSLMBs.50–54  

 

Figure 5.21 (a) Voltage profile and (b) voltage hysteresis of Li/Li Symmetric cells at RT over 

1350 cycles at different current density (1-500 at 0.05 mA.cm-2, 501-1000 at 0.10 mA.cm-2 and 

1001-1350 at 0.20 mA.cm-2)with two distinct hybrid electrolytes(LLZOGC-SIL & LLZOCET-

SIL), (c) and (d) EIS spectra before and after electrochemical cycling of LLZOGC-SIL and 

LLZOCET-SIL cell, (e) DC cycling profile of Li/Li symmetric cell of both the electrolyte at RT 

with step current density of 0.05 mA.cm-2 in the range of 0.05 to 1.00 mA.cm-2. 

The study of electrochemical behaviour of LLZO sandwiched between two lithium 

metal foil is thus a useful technique to understand the solid electrolyte compatibility with Li 

metal in SSLMBs. Here, lithium symmetric cells were fabricated using LLZOGC-SIL and 

LLZOCET-SIL electrolytes and undergone lithium platting/stripping process for more than 

1350 hours at room temperature (27°C). The platting/stripping profiles at different current 
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densities such as 1 to 500 hours at 0.05 mA/cm2, 501-1000 hours at 0.10 mA/cm2 and 1001-

1350 hours at 0.20 mA/cm2weredemonstrated in Figure 5.21(a)(a1-a3) respectively. For 

current density 0.05 mA/cm2, LLZOCET-SIL cell showed an average polarization of 0.082V 

at 1st cycle and 0.102V at 500th cycle, whereas LLZOGC-SIL cell showed 0.087V and 0.136V; 

which suggests that the Li platting/Stripping process was more stable in LLZOCET-SIL cell 

compared to LLZOGC-SIL cell. The insets in Figure 5.21(a)(a1), (as marked I and II) shows 

the symmetrical lithium platting stripping profiles of two electrolytes. From 501-1000 hours of 

operation, the current density increases to a 0.10 mA/cm2 as shown in Figure 5.21(a)(a2). Such 

two-fold increase in current densities resulted a slight increase in average polarization of 

0.246V and 0.187V for LLZOGC-SIL and LLZOCET-SIL electrolyte respectively. In the inset 

the symmetric charge discharge profile as presented were taken from the portion as marked III 

and IV from the profile. On further increasing of current density to0.20 mA/cm2, the LLZOGC-

SIL cell was showed asymmetrical platting stripping profile as shown in Figure 5.21(a)(a3). 

After 1068 cycles (hours) LLZOGC-SIL cell was found to be short circuited as presented (as 

marked V and VI in the inset). On the other hand, engineered LLZOCET-SIL cell performed 

exceptionally, where cycling stability with negligible voltage fluctuations and no sign of short 

circuit was observed till 1350 cycles which corroborated the Li dendritic growth might be 

significantly retarded in LLZOCET. The cycling stability and short circuit phenomena could 

also be observed in voltage hysteresis curve as shown in Figure 5.21(b). In general, the voltage 

hysteresis is the difference between the voltages of Li stripping and platting. This voltage 

hysteresis mainly originated due to the interfacial instability and can be determined by the 

current density, different interfacial properties and overall charge transfer resistance of the cell. 

At a current density of 0.05 mA/cm2 and 0.10 mA/cm2, the voltage hysteresis remained almost 

constant for LLZOCET-SIL cell than that of LLZOGC-SIL cell. At current density of 0.20 

mA/cm2, the Li platting/stripping of LLZOGC-SIL cell showed an irregular fluctuating voltage 

profile due to the unstable interfacial stability between Li metal and ceramic electrolyte. A 

certain drop in hysteresis voltage was observed for LLZOGC-SIL cell after 1068 cycles 

because of the dendrite induced soft short-circuit. The voltage hysteresis of Li plating/stripping 

of LLZOCET-SIL cell was found to be stable without any irregularities. The result thus 

obtained from stripping/platting behaviour suggested that interconnected engineered 

morphology facilitated the lithium platting and stripping kinetics and also abled to impede short 

circuit. To look into the fate of charge transfer process, electrochemical impedance 

spectroscopy was also carried out for both the symmetric cells before and after cycling. The 

Nyquist plots of LLZOGC-SIL and LLZOCET-SIL cells before and after electrochemical 
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cycling were presented in Figure 5.21(c) and Figure 5.21(d) along with their equivalent 

circuit. It is worth to mentioned here that we have denoted R1 and R2 as a bulk and grain 

boundary resistances of hybrid electrolyte and R3 as an interfacial resistance between Li metal 

and electrolyte which further termed as charge transfer resistance or Rct. The charge transfer 

resistance of LLZOGC-SIL cell was found drastically reduced to 577.7Ω to 4.2 Ω revealing 

short circuit phenomena inside the cell after prolonged operation of 1350 cycles, whereas 

engineered LLZOCET-SIL cell showed no such significant change in charge transfer 

resistance. The Rct values remained 289.0 Ω to 272.8 Ωbefore and after cycles.  

 

Figure 5.22 (a) EIS spectra of a lithium symmetric cell of LLZOCET electrolyte pellet without 

using SIL, (b) Symmetric cell performance of LLZOCET electrolyte without SIL showing very 

high polarization voltage at a current density of 0.05 mA.cm-2. 

It is worthy to mention here that the solid-state cells with LLZOCET electrolyte (without 

impregnating SIL) could not be found operational due the high interfacial resistance and large 

polarization voltage at room temperature offered by metal-ceramic electrode electrolyte 

interface. The results were demonstrated in EIS plot in Figure 5.22(a) and symmetrical cell 

performance in Figure 5.22(b). The charge transfer resistance of LLZOCET without SIL was 

found to be 114.7kΩ, a significantly higher value which can retard facile Li transport at the 

metal-electrolyte interface.  The symmetric cell performance as measured in Li/LLZOCET 

(without SIL)/Li also suggested a large polarization voltage around 4V even at a lower current 

density of 0.05 mA/cm2 during room temperature operation. Therefore, such observation 

typically compelled us to use SIL into LLZOCET matrix. 

5.3.2.5.3 Electrochemical Cell Performance 

In Figure 5.23(a), we envisaged the lithium transport mechanism across the developed 

electrolytes. The Li-ion movement through conventionally prepared LLZOGC possibly 
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hindered due to large grain boundary resistances offered by the irregular microstructure, 

whereas, Li-flux across the networked LLZOCET structure proved to be higher. To support this 

hypothesis, SSLMBs were fabricated with both the electrolytes using LiMn2O4 cathode and Li 

anode. Figure 5.23(b) and Figure 5.23(c), displayed the typical charge discharge profiles at 

current densities 0.1-3.0 mA/cm2 of LLZO electrolyte derived from two synthesis methods. 

The severe loss in discharge capacity at high current density could be found for LLZOGC-SIL 

cell compared to LLZOCET-SIL. Figure 5.23(d)(d1-d3) demonstrate the cycling profile of 

LLZOGC-SIL (Li/LLZOGC-SIL/LMO) and LLZOCET-SIL (Li/LLZOCET-SIL/LMO) at 

current densities ranging from 0.10 to 3.0 mA/cm2.  

 

Figure 5.23 (a) Schematic representation of Li-ion transport across LLZO prepared by two 

different methodologies (GC and CET processes); (b-c) Typical charge-discharge profiles of 

LLZOGC and LLZOCET electrolytes (cell configuration Li/LLZO-SIL/LMO) at different 

current densities; (c) Typical charge-discharge profiles of LLZOGC cell at different current 
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densities.; (d) Rate performance study of LLZOGC and LLZOCET electrolytes up to 572 cycles 

comprising different current densities- (d1) 1-66 cycles @ 0.1-2.0 mAcm-2, (d2) 67-566 cycles 

@ 2.5-3.0 mAcm-2 and (d3) 567-572 cycles @ 0.1 mA.cm-2.; (e-f) showing the EIS spectra of 

LLZOCET cells before and after cycling along with their equivalent circuit in the in-set.; (g) 

High rate capability study at 1C rate for both LLZOGC and LLZOCET electrolytes along with 

their coulombic efficiencies. 

A comparison of specific capacities and coulombic efficiencies were also been reflected in the 

plot at various current densities. It is worthy to mention here that an initial decrease in 

capacities could be observed for both the cells, which might be due the sudden change in the 

step current densities, however both the cells recovered their capacities in later cycles. At a 

lower current density of 0.1 to 0.2 mA/cm2 both the cells showed average discharge capacity 

of ~105-101 mAh/g and ~104-102 mAh/g respectively. The average coulombic efficiency at 

those current densities is also found more than 98%. With further increasing current densities, 

from 0.4 to 3.0 mA/cm2, a significant decrease in specific capacity could be observed at 

LLZOGC-SIL cell compared to LLZOCET-SIL cell. However, coulombic efficiency offered 

by both the cell was found similar. The average discharge capacity along with their average 

coulombic efficiency, corresponding C-rate and capacity retention with respect to initial 

capacities were summarised in Table 5.4. At current density of 1.6 mA/cm2, LLZOGC-SIL cell 

was found to suffer ~80% fading of its initial capacity whereas engineered LLZOCET-SIL still 

delivered 61.1% of its initial capacity. The cells were cycled at high current density of 2.5 and 

3.0 mA/cm2for more than 250 cycles each. It was found that the specific discharge capacity of 

LLZOGC-SIL cell was measured to be 7.16 and 2.79 mAh/g equivalent to 6.79% and 2.64% 

retention of its initial capacity. Interestingly, at those same current densities, engineered LLZO 

cell still delivered 45.46 and 32.87 mAh/g discharge capacities which were equivalent to the 

43.77% and 31.65% retention of capacity. After performing 566 cycles, the current density was 

reduced to its initial current density of 0.10 mA/cm2 and both the cell was found to delivered 

more than ~95% of their initial specific capacities. The cycling profile carried out for more 

than 570 cycle using both LLZOGC-SIL and LLZOCET-SIL Electrolyte suggested that the Li 

mobility across the solid electrolyte is highly dependent on its microstructure. The network 

LLZO possible facilitated lithium-ion conduction at higher current densities than that of 

conventionally prepared solid electrolyte (Gel combustion method).  
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Table 5.4 Summary of electrochemical performance at different current densities of developed 

hybrid electrolytes in full cell configuration (Li/LLZO-SIL/LMO) (showing excellent rate 

capability and coulombic efficiency). 

 

In both cell the contribution of solvated ionic liquids (SIL) in lithium-ion movement 

across the electrolyte is similar thus, the poor performance of LLZOGC-SIL might be due its 

polycrystalline grain and corresponding grain boundary resistance which retarded fast ionic 

mobility at high current densities. To understand the intrinsic charge transfer mechanism at 

electrode-electrolyte interface EIS techniques was carried out before and after electrochemical 

cycling of LLZOCET-SIL cell as shown in Figure 5.23(e) and Figure 5.23(f) respectively. Post 

electrochemical impedance study further revealed that the charge transfer resistance 

significantly decreases even after performing 572 cycles. This finding corroborated the facile 

ionic mobility across network LLZOCET electrolyte.  

Current 

Density 

(mA cm-2) 

Corres. Avg. C-

rate (Up to 20% 

DOD) 

Avg. Coulombic 

Efficiency  

(in %) 

Avg. Discharge 

Capacity  

(mAh g-1) 

Cap. Reten. W. 

r. t. initial/ 

Reversible 

Capacity loss 

(in %) 

 LLZO

GC 

LLZO

CET 

LLZO

GC 

LLZO

CET 

LLZO

GC 

LLZO

CET 

LLZO

GC 

LLZO

CET 

0.10 0.2C 0.2C 101.99 96.51 105.39 103.86 - - 

0.20 0.4C 0.4C 100.72 98.41 101.03 102.29 95.86 98.49 

0.40 0.8C 0.8C 100.02 98.93 89.12 97.68 84.56 94.05 

0.60 1.4C 1.3C 99.88 98.88 74.61 92.71 70.79 89.26 

0.80 2.3C 1.8C 99.74 98.99 60.35 87.93 57.26 84.66 

1.00 3.4C 2.4C 99.90 98.94 51.78 81.87 49.13 78.82 

1.20 5.5C 3.1C 100.12 98.97 38.19 75.30 36.24 72.50 

1.40 7.6C 4.0C 100.29 98.90 32.46 69.21 30.80 66.64 

1.60 - 4.9C 100.49 98.99 21.95 63.47 20.82 61.11 

1.80 - 5.8C 100.92 99.14 18.55 60.84 17.60 58.57 

2.00 - 7.0C 101.47 99.31 13.93 56.21 13.22 54.12 

2.50 - 10.8C 100.15 99.47 7.16 45.46 6.79 43.77 

3.00 - 18.0C 100.12 99.41 2.79 32.87 2.64 31.65 

0.10 0.2C 0.2C 99.84 98.67 100.58 105.18 -4.56 0 
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Table 5.5 A comparison chart of different electrochemical performances of engineered 

LLZO.  

Electrolyte  

 

σ at RT 

(S/cm) 

t 

(μm) 

E0 

(V) 

tLi
+ 

at 

RT 

Stability 

(h) 

Initial 

Capacity 

(mAh.g-1) 

/Cathode 

Capacity 

retention 

properti

es 

Re

f. 

 

3D coral like 

LLZO/PVDF – 

LiClO4/CPE 

 

 

1.51 × 

10−4 

 

100 

 

 

4.7 

 

0.47 

 

Stable 

over 200 

cycles 

 

 

168.3 

@0.1C 

/LiFePO4 

 

95.2% 

over 200 

Cycles 

at 1C 

 
55 

3D 

LLZAO/PEO- 

LiTFSI/CPE 

 

2.51 × 

10−4 

240 

 

5.58 0.53 stable 

over 400 

cycles 

167.2 

@0.1C 

/LiFePO4 

80 % 

after 100 

cycles at 

0.2C 

56 

LLZO 

Templated by 

Bacterial 

Cellulose 

/PEO-

LiTFSI/CPE 

 

1.12 × 

10−4 

70-

100 

 

6.0 - - - - 57 

LLZO 

Templated by 

Silk Template/ 

PEO-

LiTFSI/CPE 

 

8.89 × 

10−5 

(30°C) 

- 5.1 0.49 

(50°

C) 

stable 

over 700 

cycles  

149.3 

@0.2C 

(50°C) 

/LiFePO4 

107.2 

mAh g − 

1 after 

500 

cycles at 

1 C 

(50°C) 

58 

LLZO fibers 

using bio-mass 

template 

Kapok 

 

1.13 × 

10−4 

- - - - - - 59 

LLZO derived 

from 

lignosulfonate/

cellulose 

nanofiber (LS-

CNF) / PEO-

LiTFSI/CPE 

 

1.37 × 

10−4 

- 5.4 0.59 stable 

over 

400h 

 

146 

@0.1C 

/LiFePO4 

100% 

after 100 

cycles 

at0.5C  

60 

Hydrogel-

derived LLTO 

framework/ 

PEO/CPE 

 

8.8× 

10-5 

- - - - - - 61 
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3D garnet 

framework 

using the 

polyurethane 

foam as 

template/ PEO-

LiTFSI/CPE 

 

1.2 × 

10−4 

260 5.6 0.33 stable 

over 360 

cycles 

138 

@0.5C 

/LiFePO4 

92.1% 

after 

50 

cycles at 

0.5C 

62 

Neck-fused 

Engineered 

LLZO/ 

Solvated Ionic 

liquid/SHE 

 

3.3 × 

10−4 

~800

-

1000 

5.44 - stable 

over 

200h 

104.91 

@0.05 

mA/cm2 

/LiMn2O4 

- 38 

Interconnected 

LLZO/Solvate

d Ionic 

liquid/SHE 

2.15 × 

10−4 

~800

-900 

(Bul

k) 

5.2 0.74 Stable 

over 

1350h 

 

103.8 

@0.1 

mA/cm2 

/LiMn2O4 

94% 

after 

70 

cycles at 

1C 

Th

is 

W

or

k 
CPE, SHE, and CD stand for composite polymer electrolyte, solid hybrid electrolyte, and current density, 

respectively. 

The interconnectedness in particle morphology thus found responsible for faster ionic mobility 

as well as small grain boundary resistance.  

A summary of the electrochemical performances of engineered solid electrolyte materials was 

presented in Table 5.5 comparing with LLZOs synthesized by different methodologies. While 

doing literature survey, a limited number of articles were found which used engineered LLZO 

as solid matrix to make SHE, rather composite type electrolytes were available which are made 

of engineered solid electrolyte incorporated or embedded within the matrix of polymer and 

lithium ion conducting salts. It is worthy to mention here that the degradation of capacity at 

high-rate condition is directly related to the interrupted Li-ion movement both across the 

electrolyte and electrodes (anode and cathode) used. Here, LLZOCET thus needs to be further 

probed to explore the structural integrity (cubic polymorph) after cycling. In this context, the 

cycled cells were dismantled and their structural and microstructural features were examined 

under FESEM, XRD, FTIR. The details of the study will be discussed in next sub-section. 

5.3.2.6 Post-electrochemical Studies 

Figure 5.24 focuses major three aspects of post-mortem analysis of LLZOCET cycled cells; 

(1) (a) & (b) morphological features of lithium facing surfaces of LLZOCET electrolyte in 

symmetric cell configuration (Li/LLZOCET-SIL/Li), (2) (c)-(e) deterioration of Li-LLZO 

interface due to dendritic growth in full cell configuration (Li/LLZOCET-SIL/LiMn2O4) and  
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Figure 5.24 Microstructures of anode facing surfaces of LLZOCET electrolyte in symmetric 

cell configuration (Li/LLZOCET-SIL/Li)  (a) before cycling and (b) after cycling;  In full cell 

configuration (Li/LLZOCET-SIL/LiMn2O4) (c) showing the microstructure of anode facing 

surface of LLZO electrolyte comprising microcracks (region-I) and voids (region-II); The 

magnified view of microstructures of  (d) region-I and (e) region-II;  (f) X-ray diffraction 

patterns of LLZOCET electrolyte before and after cycling along with enlarged view of 

significant peaks;  (g) FTIR spectra of LLZOCET-SIL electrolyte before and after cycling. 
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(3) structural changes in compositional level in LLZOCET electrolyte due to long term cycling. 

In a symmetric cell configuration, the FESEM images of the top surfaces of the LLZOCET 

electrolyte both before and after cycling revealed that the networked microstructure almost 

remained the same even after prolonged charge-discharge cycles, as shown in Figures 5.24(a) 

and (b). However, in full configuration, the results seemed to be different. The top surface of 

the LLZOCET cycled electrolyte facing the lithium anode side showed a few black spots 

(Region-I) and voids, which were found to be different compared to the overall surface 

(Region-II) of the electrolyte, as demonstrated in Figure 5.24(c). The dark spots (region-II) 

were further magnified to look into the details. Several interlinked cracks were found, which 

might be due to the penetration of dendrites originating from point contacts between the 

Lithium metal anode and the ceramic LLZOCET electrolyte, as shown in Figure 5.24(d). On 

the contrary, in region II, the major fraction of the electrolyte surface showed unchanged 

interconnected morphology as it was before cycling, as shown in Figure 5.24(e).  

The selected area EDX profile of anode facing LLZOCET-SIL pellet after full cell performance 

(572 Cycles) was also presented in Figure 5.25, 

suggesting the presence of all the constituent 

metal ions (La, Zr, and Ga) along with F and S 

from SIL. The cycled electrolyte was further 

probed to understand the compositional changes 

or phase changes after cycling of the LLZOCET 

electrolyte. Figure 5.24(f) describes the X-ray 

diffractograms of the LLZOCET electrolyte both 

before and after cycling. The diffraction patterns 

clearly indicate that the desired cubic phase 

remained intact even after long cycling. 

Moreover, the major impurities, such as La2O3, which were present initially in the electrolyte 

powder, were found to be reduced. The quantitative phase analysis of cycled LLZOCET 

electrolyterevealed93.5% cubic LLZO phase along with 0.3% La2O3 and La2Zr2O7 pyrochlore 

phase, amounting to 6.2% (initially, before electrochemical, the phase of c-LLZO was found 

to be 87.4%, La2O3 was found to be 11.5%, and LaAlO3 was 1.2% in calcined powder). The 

XRD analysis thus suggested lanthanum deficiency as present in the LLZOCET electrolyte 

before cycling electrochemically, fulfilled by the formation of a more cubic phase and 

lanthanum diffused to the garnet electrochemically. Such phenomena were also detected in our 

 

Figure 5.25 EDX profile of LLZOCET-

SIL pellet after full cell performance 

(572 Cycles). 
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previous report, where lanthanum was present as La(OH)3  impurity in pristine LLZO powder, 

diffused back to the LLZO matrix during cycling. 38 The structural effect was further 

investigated and compared using FTIR spectra of LLZOCET electrolyte before and after 

cycling, as described in Figure 5.24(g). All the characteristic peaks of LLZO, as appeared in 

the spectra, remained the same even after cycling. Several other residual peaks were visible, 

which correspond to the solvated ionic liquids used in the LLZOCET electrolyte. The overall 

post-mortem analysis revealed no change in interconnected engineered morphology in 

LLZOCET, which might be responsible for long cycle life and high C-rates. Lithium dendritic 

penetration in terms of cracks and voids could be visible on the anode-facing surface due to 

point contacts of electrolyte with the metallic anode surface.   

Table 5.6 Pictorial representation of various properties/parameters of Ga doped LLZO 

material synthesized by three different synthesis processes. (SHE: Solid Hybrid Electrolyte) 

Properties/ 

Parameter 

Gel Combustion WH Exo-Templating Cellulose Exo-

Templating 
 

Phase 
 

c-LLZO+Impurities 
 

 

c-LLZO+Impurities 
 

c-LLZO+Impurities 
 

 

Powder 

Morphology 

 

 
 

 

 

 

 
 

 

TEM 

Morphology 

 

 

 

 
 

 

 

Pellet  

Morphology 

 

 
 

 

 

 

 

 

σb (mS/cm) 
 

 

0.019 
 

 

0.039 
 

 

0.026 
 

 

σSHE(mS/cm) 
 

 

0.129 
 

 

0.179 
 

 

0.215 
 

 

Rint. (Ω.cm-2) 
 

 

655.70 
 

 

245.05 
 

 

328.47 
 

 

Cycling 

Stability 
 

 

Short at 1068h 
 

295h without short 
 

1350h without short 
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5.4 Conclusion 

This chapter demonstrated the successful application of bio-inspired exo-templating routes to 

engineer the microstructure of Ga-doped LLZO garnet electrolytes for SSLMBs. In the first 

case, a biowaste material is used for deriving a unique ‘plate-like’ microstructure of a cubic 

Ga-doped LLZO (Li6.25La3Ga0.25Zr2O12) solid-state electrolyte by mimicking the intercellular 

polygonal structure of WH fibrous tissues. The developed exo-templating method resulted in 

cubic phase LLZO at a lower temperature of 1000 °C. The synthesized Ga-doped LLZO solid 

electrolyte showed a bulk Li-ion conductivity in the order of 10-5 S/cm. The results obtained 

by three different synthesis processes, resulting in three distinct morphologies, are summarized 

in Table 5.6. Where shaded regions describe the SIL incorporation in the LLZO matrix. 

In a similar direction, commercial cellulose paper was used as a sacrificial template to obtain 

an interconnected LLZO microstructure through an exo-templating process. Compared to 

conventionally prepared LLZO by gel-combustion process, the developed engineered 

electrolyte showed a twofold reduction in grain boundary resistance with lower activation 

energy. Further infusion with solvated ionic liquid (SIL) resulted in improved wettability, 

suppressed dendritic penetration, and delivered stable Li plating/stripping for over 1300 h with 

a critical current density of 700 µA cm-2. Full-cell studies with LiMn2O4 cathodes and Li anode 

delivered superior rate performance and cycling stability. Overall, this chapter establishes that 

microstructural engineering plays a critical role in delivering the high performance of garnet-

based solid-state electrolytes for lithium metal batteries. 
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CHAPTER 6 

Introduction of Dual Therapy in Solid-

State Lithium Metal Batteries 

Summary & Graphical Abstract 

Large grain boundary resistance, uneven pores, and uncontrolled dendrite growth in solid 

electrolytes hinder their practical use in solid-state lithium 

metal batteries. These issues lead to poor ionic transport, 

uneven lithium deposition, and premature failure. In this 

direction, this chapter explores a dual approach combining 

solid therapy (via NiO sintering aid) and liquid therapy 

(using a solvated ionic liquid, SIL) in the Ga-doped 

Li7La3Zr2O12 (Ga-LLZO) matrix. Solid therapy is 

effective in reducing the grain boundary resistance and 

enhancing the densification of the LLZO matrix. Whereas 

liquid therapy helps in facile ion transportation across the 

metal/electrolyte interface. This synergistic dual strategy 

successfully minimizes the SIL uptake, reduces interfacial 

impedance, and suppresses dendrite growth in workable 

solid-state lithium metal batteries.  

 

Figure 6.1 Graphical abstract illustrating the effects of dual therapy in metal batteries. 

Objectives 

1. Enhanced stability at the 

metal/electrolyte interface. 

2. Retarded Transgranular Li 

dendritic migration across 

the grain and grain 

boundaries. 

Strategy 

Solid (Via NiO sintering aid) 

and Liquid Dual Therapy 

(Via Solvated Ionic Liquid). 
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6.1 Introduction 

All-solid-state lithium batteries (ASSLBs) emerged as an alternative battery configuration 

comprising solid electrolytes, which have the potential to offer higher energy/power density, 

temperature stability, and safety for the successful deployment in EVs. It can also unlock the 

possibility of using Lithium metal anode (specific capacity 3860 mAhg-1) and high voltage 

cathode (~5V) 1,2. Among the various type of solid electrolyte, garnet Li7La3Zr2O12 (LLZO) is 

one of the most researched solid electrolytes due to its excellent chemical stability, high ionic 

conductivity (~1 mS cm−1), wide potential window of 0-6 V vs. Li+/Li and low electronic 

conductivity of ~10−8 S cm−1 (RT) 3,4. Owing to these several advantages of LLZO, this solid 

electrolyte still needs to be further refined prior to use in ASSLBs 5,6. The lowering of 

interfacial resistance at the anodic interface (Li side), fast Li-ion transportation across the thick 

solid LLZO during cycling, and prevention of dendrite growth through grain boundary still 

pose challenges to its successful application in ASSLBs 7.  

Recently, researchers tried to increase the density in the LLZO matrix to improve the overall 

ionic conductivity, lowering the thickness of the electrolyte and suppressing the dendrite 

growth  8–12. One of the strategies to achieve higher densification in LLZO solid electrolytes is 

to use additives with LLZO powder. Qin et al. reported that 5wt% excess of La2O3 additive can 

enhance the ionic conductivity, critical current density (CCD), and overall electrochemical 

performance of Ta-doped LLZO (LLZTO)12. The addition of sintering aids, such as Li3PO4, 

CuO, Li4SiO4, etc, is also found to be effective in increasing densification through the 

formation of new intermediate phases at grain boundaries8–14. While most of these previous 

studies were found to be focused on improving the ionic conductivities of the LLZO 

compositions, it is now essential to probe the overall battery performance, which establishes a 

correlation between the densification of LLZO with interface-related kinetics, cycling 

behavior, dendrite formation, etc.  

In Chapter 5, we demonstrated that the engineering of the microstructure in LLZO is effective 

for faster ionic mobility and stable cycling performance. However, this engineered LLZO was 

found to be inadequate in lowering interfacial resistance to a greater extent. We also explored 

a strategy to use SIL both at the anode-electrolyte interface & in the bulk of the LLZO ceramic. 

The results obtained from the studies clearly demonstrated that faster Li-mobility could be 

achieved using SIL, a strategy we named “liquid therapy” for obtaining excellent cyclability 

and high coulombic efficiency (up to 6C) (Chapter 3). While using SIL-based liquid therapy 

in SSEs, it is worth mentioning here that SIL does not provide enough support during prolonged 
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operation at high currents. The post-mortem analysis of the cycled cells revealed an interesting 

phenomenon: the surface of the solid electrolyte was attacked by Li-dendrite penetration 

discretely at places. This is probably due to the SIL failure at that region, which triggers the 

contact of Li metal with the electrolyte surface, resulting in dendritic growth (Chapter 5). 

In this chapter, a first-of-its-kind approach is introduced where both “liquid therapy” (via 

solvated ionic liquid) and “solid therapy” (using NiO sintering aid) have been used in LLZO 

SEs. The choice of NiO as a sintering aid in the LLZO system is based on a rational design 

strategy targeting solid-phase sintering behavior. On further modification, solvated ionic liquid 

(SIL) was also infused in LLZO to increase Li ion mobility, which we called liquid therapy. 

NiO addition improves densification and reduces the grain boundary resistance by forming 

lithiated K2NiF4-type phase at the grain boundary. Thus, the SIL concentration reduces. This 

synergistic approach is expected to minimize interfacial resistance, suppress dendrite 

formation, and enhance long-term cycling stability.  This chapter thus explored a new 

dimension of using solid and liquid therapy in LLZO-based SEs for application in SSLMBs by 

systematically analyzing electrochemical responses and cell performance.  

6.2 Experimental 

6.2.1 Material synthesis and characterization 

The detailed material synthesis and characterization techniques are already discussed in 

Chapter 2, Section 2.3.3.4 and Section 2.7, respectively. In Brief, Ga-doped LLZO was 

synthesized by the alanine-assisted auto-combustion method, followed by the incorporation of 

NiO in varying amounts (0-1 wt%) before sintering at 1000°C for 10h. Composition and 

corresponding sample codes of NiO-incorporated solid electrolyte were presented in Table 6.1.  

Table 6.1 Composition and corresponding sample codes of NiO-incorporated solid electrolyte 

composites. 

Composition Termed as 

0wt% NiO GN000 

0.25wt% NiO GN025 

0.50wt% NiO GN050 

0.75wt% NiO GN075 

1 wt% NiO GN100 
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6.2.2 Cell fabrication and testing 

The detailed cell fabrication and testing techniques are already discussed in Chapter 2, Section 

2.6 and Section 2.7, respectively. In Short, after densification with various concentrations of 

NiO, the pellets were infused with a solvated ionic liquid (LiTFSI/tetraglyme, 1:1 mol ratio), 

which was termed as liquid therapy. For various electrochemical testing, symmetric (Li/Li, 

SS/SS) and full (Li/LMO) or asymmetric (Li/SS) coin cells were assembled as discussed in 

Chapter 2.  

6.3 Results and Discussion 

6.3.1 Structural and Dilatometry study 

X-ray diffractogram of all developed electrolytes sintered at 1000°C and commercial NiO 

powder, along with the JCPDS file of c-LLZO, is presented in Figure 6.2(a). In all the 

developed electrolytes, the significant peaks could be indexed as cubic LLZO powder along 

with the impurities such as La(OH)3, La2O3, LaAlO3, La2Zr2O7, Li0.5La2Al0.5O4 and 

Li0.5La2Ni0.5O4 
15. Interestingly, despite NiO's addition, no characteristic NiO peak is detected 

in the X-ray diffraction (XRD) patterns of the NiO-added Ga-doped LLZO samples. It is worth 

mentioning here that the disappearance of NiO peaks in the XRD patterns of the NiO-added 

Ga-doped LLZO samples suggests that NiO either fully reacts with the LLZO matrix during 

high-temperature sintering, becomes highly dispersed or amorphous, falling below the XRD 

detection limit.  However, a notable trend is observed in the presence of different impurity 

phases and their relative intensities. Here, we have divided the impurities into two distinct 

categories: lithiated impurities (such as Li0.5La2Al0.5O4 and Li0.5La2Ni0.5O4) and non-lithiated 

lanthanide-based impurities (such as La(OH)3, La2O3, LaAlO3, La2Zr2O7). The calculation of 

lithiated and non-lithiated impurity phases was performed using Rietveld refinement of XRD 

patterns with PANalytical HighScore Plus with the PDF-4+ database for referencing. All GN 

samples (GN000 to GN100) were refined using the same procedure and refinement model to 

ensure consistency across the series. The software internally calculates phase fractions based 

on refined scale factors and crystallographic constants. Lithiated impurities included 

Li₀.₅La₂Ni₀.₅O₄ and Li₀.₅La₂Al₀.₅O₄, while non-lithiated phases included La₂O₃, La₂Zr₂O₇, 

LaAlO₃, and La(OH)₃.  

In any lantana material, lanthanide impurities such as La(OH)3 and La2O3 appear as surface 

impurities formed during high-temperature calcination or exposure to an air atmosphere16–18. 

In our previous chapter (Chapters 3 and 5), the origin of such impurities and 



187 
 

 

Figure 6.2 (a) X-ray diffractograms of developed electrolytes along with commercial NiO 

powder, (b) Variation of quantification of phases concerning the different solid electrolytes 

composition, (c) & (d) FTIR and RAMAN spectra of all developed solid electrolytes 

respectively, (e) Dilatometry study to measure the linear shrinkage of all developed sintered 
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pellets as a function of temperature from RT-1200°C. (f) Schematic representation illustrating 

the effect of NiO as a sintering aid in the Ga-doped LLZO matrix. 

their effect on electrical and electrochemical performances are discussed in detail 17,19. In short, 

these surface impurities are generally deposited at the grain boundaries and increase the overall 

grain boundary resistance of the solid electrolyte 20. The formation of La2Zr2O7 in cubic LLZO 

is now well understood and is attributed to lithium loss during high-temperature sintering 21. 

This secondary phase can coexist with the c-LLZO matrix. On the other hand, contamination 

of aluminium (Al) from the alumina crucible during the sintering process is another significant 

factor impacting the LLZO matrix 22. The uncontrolled incorporation of Al leads to other 

secondary phases, such as LaAlO3 and Li0.5La2Al0.5O4 
4,17. Specifically, the presence of non-

lithiated lanthanide-based impurities such as La(OH)3, La2O3, La2Zr2O7, and LaAlO3 varies 

with the concentration of NiO.  For the GN000 sample, non-lithiated lanthanide impurities 

constitute 24.8% of the total phase, with La(OH)₃ alone accounting for 21.5%, while the 

remaining 74.8% consists of cubic-phase LLZO (c-LLZO). As the NiO content increases in the 

Ga-doped LLZO matrix, the non-lithiated lanthanide impurities initially decrease but then 

increase with the further addition of NiO. Specifically, these impurities are 12% in GN025, 

7.9% in GN050, 11% in GN075, and 15.5% in GN100. These non-lithiated lanthanide phases 

tend to accumulate in the grain boundaries, reducing the overall grain boundary conductivity 

of the LLZO materials. In addition to non-lithiated lanthanide impurities, new K2NiF4-type 

lithiated impurities, specifically Li0.5La2Al0.5O4 and Li0.5La2Ni0.5O4, are observed in the NiO-

added samples. The formation of the K₂NiF₄-type layered oxide phase, specifically 

Li0.5La2Ni0.5O4, in the GN system is attributed to the solid-state reaction between NiO and the 

La-rich LLZO matrix during high-temperature sintering (1000 °C). Mechanistically, Ni²⁺ from 

NiO can react with excess La₂O₃ in the local environment to form a Ruddlesden–Popper 

(K₂NiF₄-type) structure, which is known to accommodate layered perovskite-type stacking 

(AO)(ABO₃)ₙ, particularly in La-Ni-O systems. The formation is promoted in the presence of 

Li⁺, La³⁺, and Ni²⁺, especially under slightly reducing or Li-rich conditions at high temperature. 

This transformation is consistent with literature reporting the in situ formation of 

Li₀.₅La₂Cu₀.₅O₄ and related phases during sintering of CuO with garnet-type LLZO. In this 

study, the presence of the K2NiF4 phase Li0.5La2Cu0.5O4 was found at 700°C when 1 wt% of 

CuO was added as a sintering aid in Ta-doped LLZO material10. In the present study, as the 

NiO content increases in the Ga-doped LLZO matrix, the presence of these K2NiF4-type 

lithiated impurities also rises from 4.4% in GN025 to 17.2% in GN100. Consequently, the 
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amount of Li0.5La2Ni0.5O4 is expected to increase, as the amount of Al in Ga-doped LLZO 

depends on its reaction with the alumina crucible and the specific experimental conditions. This 

phase may then accumulate at the grain boundaries in the Ga-doped LLZO matrix. It is worth 

mentioning here that we also detected the presence of Li0.5La2Al0.5O4 in the same samples, 

despite Al already being present in the LLZO matrix (Source: Al crucible). This Al-based phase 

was not observed in Ni-free samples, suggesting that the presence of NiO promotes the 

segregation or crystallization of both Al- and Ni-containing K₂NiF₄-type phases. The Rietveld 

refinement showed good agreement with the measured data as discussed earlier, but inclusion 

of both Li0.5La2Al0.5O4 and Li0.5La2Ni0.5O4 phases resulted in only a marginal change over 

models with a single K₂NiF₄-type phase. Also, the increasing trend in K2NiF4-type phase with 

an increase in NiO concentration suggests the possible solid solution behavior or overlapping 

features.  

 Table 6.2 The quantification of various phases present in all the developed electrolytes 

 

However, the contribution of such a phase could not be resolved as both belong to the K₂NiF₄-

type phase with space group I4/mmm. The site occupancy refinement may resolve this, but it 

could not be performed due to limitations of the existing software version. Given the 

complexity in precisely identifying the variation of these K2NiF4 phases with increasing NiO 

content in c-LLZO, complementary techniques such as neutron diffraction or X-ray absorption 

spectroscopy may be necessary for accurate differentiation between Li0.5La2Al0.5O4 and 

Li0.5La2Ni0.5O4 phases. Figure 6.2 (b) illustrates the variation of phase quantification 

concerning the different compositions of solid electrolytes. The variation of different phases in 

all the developed electrolytes is further summarized in Table 6.2. The c-LLZO phase is 83.6% 

in GN025, 80.2% in GN050, 72.9% in GN075, and 67.4% in GN100 solid electrolytes. The 

Compound Quantification (%) 

 GN000 GN025 GN050 GN075 GN100 

cubic-LLZO 74.8 84.3 80.2 72.9 67.4 

La2O3 1.5 6.1 3.0 2.4 2.7 

La(OH)3 21.5 2.8 1.7 1.8 3.0 

La2Zr2O7 2.2 2.5 2.6 6.6 9.5 

Lithiated K2NiF4-type 

compounds  

0 3.1 11.9 16 17.2 

LaAlO3 0 1.2 0.6 0.2 0.3 
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quantitative refinement parameters of all the samples, including profile residual (Rp), weighted 

profile residual (Rwp), expected R-factor (Rexp), and goodness-of-fit (χ²), are summarized in 

Table 6.3. All samples have χ² values between 1.61 and 2.06 and good Rp, Rwp values, 

indicating excellent fitting quality and reliable structural modeling. These results confirm the 

preservation of the cubic LLZO phase across all samples and support the presence of Ni-

induced K₂NiF₄-type phases, consistent with phase evolution trends discussed. In summary, as 

the NiO content increases in the Ga-doped LLZO matrix, the amount of cubic LLZO decreases. 

Concurrently, the amount of non-lithiated lanthanide impurities initially decreases and then 

increases. Additionally, the amount of K2NiF4-type lithiated impurities, such as Li0.5La2Ni0.5O4, 

steadily increases.  

Table 6.3 Rietveld refinement parameters for all the developed electrolytes. 

Sample Rp (%) Rwp (%) Rexp (%) χ² 

GN000 9.66 13.93 8.64 1.61 

GN025 3.72 5.04 2.99 1.68 

GN050 4.16 5.88 2.98 1.97 

GN075 4.19 5.80 2.90 1.99 

GN100 4.20 5.95 2.88 2.06 

 

To further confirm the presence of the c-LLZO phase in all the sintered pellets, FTIR and 

RAMAN spectroscopy are carried out. In Figure 6.2(c), FTIR spectra of GN000, GN025, 

GN050, GN075 and GN100 materials are presented. Characteristic peaks of C-O stretching at 

1427 and 867 cm-1 are present for all the sintered pellets due to the formation of Li2CO3 
23. The 

origin of the Li2CO3 phase in the LLZO matrix is now well established, which formed due to 

the Li+/H+ exchange process during air exposure. Other characteristic peaks such as 1471, 

1385, 1188, and 1081 cm-1 are observed, attributed to the different stretching and bending 

vibrations of residual hydrocarbons and organic moieties. Additionally, several low-intensity 

peaks below 800cm-1 are detected, suggesting the presence of La-O and Zr-O vibration in the 

FTIR spectra of all the sintered pellets. The RAMAN spectra of GN000, GN025, GN050, 

GN075, and GN100 materials are illustrated in Figure 6.2(d). Heavy La cation vibration is 

observed at 100cm-1 and 150cm-1, and Zr-O bond vibration is observed above 550 cm-1 17. The 

LiO6 and LiO4 vibrations become evident in the 200-300 cm-1 and 350-600 cm-1 range, 

respectively, as earlier studies on LLZO and related lithium-containing material suggested. 
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Additionally, the tetragonal polymorph of LLZO exhibits more spectral features than its cubic 

form. In the low-frequency range below 300 cm⁻¹, the vibrations are attributed to the 

translational modes of the mobile cations. The cubic phase shows few broad and partially 

overlapping peaks in the mid-frequency range (300-550 cm⁻¹). Peaks above 550 cm⁻¹ are likely 

due to the vibrational stretching of ZrO6 octahedra. Thus, the FTIR and Raman spectroscopy 

results confirm and further support the presence of the cubic phase of LLZO in all the 

developed electrolyte materials. It is worth mentioning here that the Li-O vibrational modes 

associated with the lithiated K2NiF4 type phases were observed at 602 cm-1 and 560 cm-1, which 

indicates the partial contributions from Li-containing layered structures such as 

Li0.5La2Ni0.5O4. However, the La-O and Ni-O vibrational modes, indicative to K2NiF4-type 

phase are likely due to spectral overlap with the dominant cubic LLZO modes and the relatively 

low intensity of signals10.  

The dilatometry study on the sintered pellets aims to evaluate thermal expansion properties and 

any volume changes associated with NiO addition. Figure 6.2(e) presents the shrinkage 

variation over time for all the sintered pellets. Due to the difference between the actual sintering 

condition (1000°C for 10 hours with a rate of 2°/min) and the conditions during the dilatometry 

measurement (RT-1200°C with a rate of 10°/min, holding 30mins), these results offer a general 

indication of shrinkage behavior with temperature rather than an exact quantification. Figure 

6.2(e) shows a dramatic difference in the shrinkage behaviors between Ga-doped LLZO 

material and NiO-added LLZO materials. For all the solid electrolyte samples, the initial grain 

growth can be attributed to the coarsening of particles and the formation of grain boundaries 

24.  Among the different solid electrolytes, a high initial grain growth of 1.23% was observed 

at 300°C for the GN000 solid electrolyte, whereas the least grain growth of 0.24% was 

observed for GN075 at 284°C. Maximum initial growths of 0.90% around 340°C, 0.71% 

around 294°C, and 0.46% around 264°C are observed for GN025, GN050, and GN100, 

respectively. Similarly, GN000 shows a grain growth of 0.77% at 1000°C, whereas GN075 

shows a maximum linear shrinkage of 2.58% at that temperature. After 1200°C, GN000 shows 

a maximum linear shrinkage of 19.09%, and GN100 shows a minimum shrinkage of 2.51%. 

This sudden shrinkage may be attributed to converting the c-LLZO phase to the pyrochlore 

La2Zr2O7 structure due to severe lithium loss at high temperatures. A systematic change in 

initial grain growth and linear shrinkage at higher temperatures was observed after NiO was 

added to the Ga-doped LLZO matrix. A schematic was presented in Figure 6.2(f) illustrating 

the possible role of NiO as a sintering aid in the Ga-doped LLZO matrix. The formation of a 
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K2NiF4-type lithiated phase might be deposited at the grain boundaries of LLZO. Thus, NiO 

can be used to tailor the microstructural stability of the solid electrolyte, and it will be 

interesting to correlate the structural and microstructural features in the next section. 

6.3.2 Microstructural Study 

In polyphase materials, microstructural diversity is influenced by geometrical factors and the 

mutual distribution of multiple impurity phases25. In this scenario, the presence of different 

impurity phases and their distribution are altered after NiO is added to the Ga-doped LLZO 

matrix, as suggested by the X-ray diffraction pattern. This alteration in impurity phase 

distribution could significantly affect the material's overall performance, particularly in ionic 

conductivity and density. Also, the X-ray diffraction data suggests that NiO interacts with the 

Ga-doped LLZO matrix, potentially diffusing into grain boundaries, leading to changes in 

phase composition and microstructural evolution. Recent computational studies using a phase-

field grain growth model, as reported by Heo et al., demonstrate that in LLZO, microstructural 

characteristics at both the atomic and mesoscopic scales can significantly influence ionic 

conductivity26. Figures 6.3 (a)-(c) represent the FESEM micrographs of polished and fractured 

sintered pellets (sintered at 1000°C for 10 hours) of GN000, GN050, and GN100, respectively. 

For GN000, a less compact structure with large pores and cavities is observed. In contrast, 

GN050 displays a more compact structure with fewer and smaller pores and cavities, although 

more NiO-containing phases at the surface are observed for GN100. Such porosity and phase 

distribution variations could influence the overall electrical and electrochemical properties. For 

instance, a dense structure with fewer pores, as seen for GN050, might offer reduced ionic 

resistance compared to a more porous structure like GN000. Conversely, the increased presence 

of NiO in GN100 may enhance specific surface reactions but can also lead to potential issues 

such as increased grain boundary resistance. The FESEM micrograph and line spectra of 

GN100, as shown in Figure 6.3(d), reveal the presence of La at both grain and grain boundaries 

and the presence of Zr maximum at the grain and minimum at the grain boundaries. Conversely, 

the presence of Ni is prominent at maximum at the grain boundaries and minimum at the grain, 

as shown in Figure 6.3(d1-d4). Point EdX is taken to investigate the elements present at the 

grain and grain boundaries, as shown in Figures 6.3(e) and (f). At the grain, La, Al (originating 

from the crucible during the calcination process), Zr, Ga, and O suggest the presence of c-

LLZO material in GN100. The absence of Ni in the grain thus further corroborates that Nickel’s 

role is more related to microstructural modifications than bulk doping. On the contrary, at the 

outside of the grain, the presence of La, Ni, Al, and O indicates the formation of new K2NiF4-
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type lithiated impurities at the grain boundary. It is worth mentioning here that from the 

quantitative elemental mapping at the grain of GN000 and GN100, the molar ratio (in atomic 

wt.%) of (La/Zr) is found to be 1.57 and 1.48 (the typical stoichiometric ratio is 1.5), 

respectively, ensuring the formation of c-LLZO material. Similarly, at the outside of the grain, 

the molar ratio (in atomic wt. %) of La/(Ni+Al) is found to be 3.8 whereas, in the K2NiF4-type 

lithiated impurities (Li0.5La2Al0.5O4 and Li0.5La2Ni0.5O4), the ratio is 4. Thus, Ni is expected to 

diffuse at the grain boundaries along with Al, and a new K2NiF4-type lithiated impurity 

originated. Therefore, it will be exciting to measure the effect of such impurities on electrical 

and electrochemical performances.  

 

Figure 6.3 FESEM micrographs of a polished and fractured surface of (a) GN000, (b) GN050, 

and (c) GN100, respectively. (d) FESEM micrograph (d1) and corresponding elemental line 

spectrum (d2-d4) of GN100. (e) EdX profile at the grain of GN100. (f) EdX profile at the grain 

boundaries of GN100. 

6.3.3 Electrical Studies 

The ion transport properties of polyphase or porous materials depend highly on their 

microstructural features. However, the microstructure of a polyphase material involves not only 

its geometrical factors, such as grain size, grain shape, or grain boundary orientation but also 
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the mutual distribution of other phases. As the relative distribution of lithiated and non-lithiated 

phases varies with the increment of NiO percentage in the LLZO matrix, as suggested by the 

XRD and FESEM studies, thus it is expected that the ionic transport or diffusion at the grain 

and grain boundaries will vary with or without the addition of NiO in the Ga-doped LLZO 

material. Thus, the electrochemical impedance spectroscopy is carried out for different 

compositions of sintered pellets with Au-blocking electrodes using ZIVE SP1 over a frequency 

range of 0.1 Hz–1 MHz by applying 300 mV AC amplitude. The EIS spectra of Ga-doped 

LLZO pellets and different percentages of NiO-added Ga-doped LLZO pellets are presented in 

Figure 6.4(a) along with their equivalent circuit, which consists of grain resistance (Rb) and 

grain boundary resistance (Rgb) along with constant phase elements (CPEgb & CPEw). Nyquist 

plots of all samples are further analyzed in ZView software, and it is found that the grain or 

bulk resistance is 5.5kΩ, 6.5kΩ, 6.2kΩ, 7.0kΩ and 6.8kΩ and grain boundary resistance is 

106.7kΩ, 20.3kΩ, 15.4kΩ, 31.6kΩ and 45.5kΩ for GN000, GN025, GN050, GN075, and 

GN100 materials respectively as shown in Figure 6.4(b). The values reveal a significant 

change in grain boundary resistance due to the addition of NiO sintering aid. Among the 

different NiO-modified materials, GN050 offered the lowest Rgb, almost seven times decrease 

compared to GN000. The total conductivities, as calculated from the EIS spectrum, are 

1.25×10-3 mS/cm, 5.70×10-3 mS/cm, 7.06×10-3 mS/cm, 3.96×10-3 mS/cm, and 2.92×10-3 mS/cm 

for GN000, GN025, GN050, GN075, and GN100 materials respectively. However, the total 

conductivity of all the samples is somewhat lower than that of the other reported LLZO 

materials synthesized by the solid-state method or other wet chemical processes13,18,27. This 

might be due to the formation of different secondary phases originating during the calcination 

or sintering process.17,19 The activation energy, i.e., the energy required for lithium-ion 

transportation from one site to another within a crystal lattice, can be calculated from the 

Arrhenius equation [σT =Ae−E
a
/TK

B, where A is the pre-exponential factor, Ea is the activation 

energy for ionic conduction, and KB is the Boltzmann constant]. Figure 6.4(c) represents the 

log(σT) vs. 1000/T plot of GN000, GN025, GN050, GN075, and GN100 materials with 

resultant activation energies found to be 0.59eV, 0.34eV, 0.32eV, 0.40eV, and 0.42eV 

respectively. GN050 offers the lowest activation energy (0.32eV), indicating smooth lithium-

ion transportation across grain boundaries. So, NiO addition in the Ga-doped LLZO matrix 

significantly affects lithium-ion transportation by decreasing the grain boundary resistance to 

a certain extent. The density, as calculated from the Archimedes principle, is found to be 3.73 

g/cc, 4.28g/cc, 4.44g/cc, 4.69g/cc, and 4.61g/cc, and geometrical density is found to be  
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Figure 6.4 (a) Nyquist plot of GN000, GN025, GN050, GN075 and GN100 pellets sintered at 

1000°Cat RT. (b) Variation of bulk and grain boundary resistances with different compositions 

of solid electrolytes. (c) Arrhenius plot of all sintered pellets and activation energies are 

calculated from the slopes. (d) Densification vs. different compositions of solid electrolytes and 
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variation of SIL uptake concerning the composition. (e) EIS spectra of PP-SIL, GN000-SIL, 

GN025-SIL, GN050-SIL, GN075-SIL and GN100-SIL for conductivity measurements. (f) 

Nyquist plot of all SIL-soaked solid electrolytes in Li/Li symmetric cell with inset shows the 

enlarged version of the plot and variation of electrolyte-metal interface resistance concerning 

the composition. (g) Current vs. potential linear sweep voltammetric (LSV) plot at a scan rate 

of 2.0 mV s-1 of different SIL-soaked solid electrolytes composition. (h) DC polarization of 

GN000-SIL, GN025-SIL, GN050-SIL, GN075-SIL, and GN100-SIL using ion-blocking SS 

electrode. 

3.66g/cc, 4.24g/cc, 4.36g/cc, 4.64g/cc and 4.58g/cc for GN000, GN025, GN050, GN075, and 

GN100 sintered pellets respectively. The densification vs. composition plot for the solid 

electrolytes is presented in Figure 6.4 (d), where the densification is calculated by the relative 

change of density calculated from Archimedes principle to that of the theoretical density 

(5.20g/cc) of Ga doped LLZO material. So, NiO addition in Ga-doped LLZO matrix not only 

facilitates lithium-ion transport by decreasing the grain boundary resistance but also contributes 

to improved densification, which is crucial for the performance of solid electrolytes in actual 

electrochemical cell performance. It is important to discuss here that adding NiO in Ga-doped 

LLZO material successfully decreased the grain boundary resistance and increased the overall 

density. However, the sintered pellet delivers lower conductivity for successful cell operation 

at room temperature due to the presence of secondary impurity phases (La2O3, La2Zr2O7, 

La2Li0.5Al0.5O4, and Li2CO3, etc.) in the Ga doped LLZO matrix. Thus, solvated ionic liquid 

(SIL) was prepared and infused with all the sintered pellets to compensate for the reduced 

conductivity and better compatibility between Li metal and the electrolyte material. Although 

LLZO contains lithium ions, the addition of LiTFSI salt in tetraglyme (G4) solvent was 

essential to form a viscous gel termed as solvated ionic liquid (SIL). This viscous gel is then 

infused into the LLZO matrix to conduct Li⁺ more efficiently at the bulk as well as at the 

electrode-electrolyte interfaces. Thus, it is used in enhancing the bulk conductivity of the 

hybrid electrolyte also improves wettability between Li metal and LLZO. Without LiTFSI, G4 

can functions only as a neutral coordinating solvent with negligible ionic conductivity, due to 

its natural tendency to form chelate like compounds with Lithium may interrupt the facile 

transfer of lithium ions across the interface.  Whereas, the LiTFSI-G4 complex forms a solvated 

structure, typically composed of Li(G4)⁺ cations and free or partially coordinated TFSI⁻ anions. 

In comparison, G4 alone (without LiTFSI) would lack mobile lithium carriers, which resulted 

in poor ionic conductivity and ineffective charge transfer at the LLZO interface17,19,28,29. As the 
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densities of different solid electrolyte compositions are different, the soaking ability of SIL in 

these materials is expected to be varied. The soaking abilities of GN000, GN025, GN050, 

GN075, and GN100were estimated to be 18.0wt%, 12.1wt%, 10.0wt%, 4.7wt%, and 5.1wt% 

to their dry weight, respectively as shown in Figure 6.4(d). So, with the increasing densities of 

solid electrolytes, the SIL uptake was lowered to a minimum value of 4.7wt% for GN075 with 

a maximum relative density of 90.2%. Thus, measuring the electrical and interfacial properties 

of developed hybrid electrolytes will be interesting. Here, the conductivity of SIL was 

measured separately by a Polypropylene (PP) separator soaked with SIL sandwiched between 

two SS electrodes. The EIS spectra of PP-SIL, GN000-SIL, GN025-SIL, GN050-SIL, GN075-

SIL, and GN100-SIL were presented in Figure 6.4(e), along with their equivalent circuit. The 

ionic conductivity was estimated to be 0.113mS/cm, 0.129mS/cm, 0.235mS/cm, 0.252mS/cm, 

0.173mS/cm and 0.156mS/cm for PP-SIL, GN000-SIL, GN025-SIL, GN050-SIL, GN075-SIL 

and GN100-SIL respectively. NiO addition in the Ga-doped LLZO matrix, even after liquid 

therapy via solvated ionic liquid, also enhances ionic conductivity. It is worth discussing here 

that in Figure 6.4(a), the NiO added Ga doped LLZO samples (GN) were measured as sintered 

pellets in a blocking electrode configuration (Au|GN|Au). The total ionic conductivity in this 

case is governed purely by the LLZO ceramic matrix and includes the contribution from both 

bulk and grain boundary resistance, which are known to be relatively high in garnet systems. 

In comparison, the GN-SIL samples in Figure 6.4(e) represent a hybrid electrolyte system, 

where SIL (LiTFSI-G4) is infused into the pores of the LLZO matrix. In this hybrid 

configuration, the measured conductivity reflects the combined effect of LLZO and SIL. The 

SIL effectively enhanced the Li⁺ percolation pathways via Li(G4)⁺ complexes and reduced 

interfacial resistance, resulting in improved interface wettability.  Therefore, while the LLZO 

phase remains constant, the presence of SIL fundamentally alters the ionic transport 

mechanism, from being limited by ceramic grain boundaries to being supported by a percolated 

Li⁺-rich network. This accounts for the observed two-order-of-magnitude increase in effective 

ionic conductivity. All the sintered pellets were soaked with SIL and sandwiched between two 

Li metal electrodes to measure the interfacial compatibility between solid hybrid electrolytes 

(SHEs) and Li metal. EIS spectra, along with their corresponding equivalent circuits, are shown 

in Figure 6.4(f). The electrolyte-metal interface resistance, which constitutes about half of the 

total interface resistance of a cell, is estimated to be 288.9Ω, 103.0Ω, 87.4Ω, 78.6Ω, and 88.6Ω 

for GN000-SIL, GN025-SIL, GN050-SIL, GN075-SIL, and GN100-SIL electrolytes, 

respectively. So, adding NiO as a sintering aid in the Ga-doped LLZO matrix has reduced the 

metal-electrolyte interface resistance by almost three to four times. Such interfacial 
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compatibilities between the electrolyte and Li metal are expected to benefit electrochemical 

cell performance, which will be discussed later.The electrochemical potential window is a 

critical parameter for an electrolyte since it defines the voltage range in which it remains stable 

and effective, impacting battery efficiency, safety, and lifespan. Generally, an electrolyte with 

a potential window of more than 5V is compatible with most commercial cathodes 30. Thus, 

linear sweep voltammetry (LSV) is performed for all the SIL-impregnated solid electrolytes in 

a Li/SS asymmetric cell from OCV to 7V at room temperature, as shown in Figure 6.4(g). The 

electrochemical potential window is estimated to be 5.14V, 5.23V, 5.60V, 5.68V, and 5.86V for 

GN000-SIL, GN025-SIL, GN050-SIL, GN075-SIL, and GN100-SIL electrolytes, respectively, 

which suggests that all of the hybrid electrolytes are suitable for high-voltage lithium batteries. 

The minor rise in current near 4.8 V, particularly for the GN000-SIL and GN025-SIL samples, 

is not indicative of electrolyte decomposition. This increasing trend might be due to the voltage 

fluctuations and baseline noise, which become more visible due to normalized current scaling 

used for consistent comparison across samples. Notably, with an increase in NiO content in the 

Ga-doped LLZO matrix, the electrochemical potential window also increases, indicating that 

NiO may improve the electrolyte's stability and prevent decomposition at higher voltages. 

Although LSV is widely used to estimate the oxidative stability limit of solid electrolytes, long-

term cycling validation is essential to confirm real-world applicability. 

To further understand the impact of NiO addition in the Ga-doped LLZO matrix, the electronic 

conductivity was also measured by applying DC polarization 0.5 V in an ion-blocking 

symmetric cell, as shown in Figure 6.4(h). In a steady-state condition, the steady-state current 

observed in an electrochemical cell is primarily due to electronic conduction, as the electrodes 

act as barriers to ionic transport, effectively blocking the movement of ions. So, we can 

calculate the electronic conductivity from the steady-state current under steady-state 

conditions. The electronic conductivities are thus found to be 2.26×10-7 S/cm, 0.69×10-7 S/cm, 

1.42×10-7 S/cm, 2.06×10-7 S/cm and 3.86×10-7 S/cm for GN000-SIL, GN025-SIL, GN050-

SIL, GN075-SIL and GN100-SIL electrolytes respectively.  

A comparative chart was also provided as Table 6.4, highlighting the role of sintering aids in 

solid electrolyte and metal batteries.  The addition of NiO to the Ga-doped LLZO matrix 

initially decreases electronic conductivity due to NiO’s insulating nature, which disrupts the 

existing conductive pathways. However, as the NiO content increases, electronic conductivity 

may increase due to the improved microstructural interactions of the conductive network within 

the Ga-doped LLZO matrix.  
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Table 6.4 A comparison chart of garnet-type solid electrolytes with various sintering 

aids reported in recent times 

Where, σt and Eg refers to the total ionic conductivity, activation energy of electrolyte, whereas RLi/Ele. and CCD 

refers to resistance at metal/electrolyte interface and critical current density, respectively.  

Typically, a solid electrolyte with low electronic conductivity is less prone to lithium 

dendrite formation, which can increase the critical current density (CCD) and, consequently, 

SEs  Sintering 

Aid (SA) 

Sintering 

profile 

σt (mS. cm-1) / Eg (eV) / 

 Relative Density (%) 

 

RLi/Ele. (Ω) / CCD 

(mA. cm-2) 

Ref. 

W/o  

SA 

With SA W/o 

SA 

With SA 

LLZTO 5 wt% 

Li3PO4 

1140°C 

for 16 h 

 

0.46 / 0.3 /- 0.14 / 0.3 / - 
 

2080 / 

- 

1008 / 

- 

31 

LLZTO 1 wt% 

CuO 

1100°C 

for 20 h 

0.028 / 

0.33 / 84.2 

0.106 / 0.43 / 

90.4 

 

- / - - / - 32 

LLZO 8 wt% 

Li3BO3 

1100°C 

for 8h 

 

0.00598 / -/ 

58 

0.0161/ - / 77 - / - - / -     33 

LLAZO 1 wt% 

Li4SiO4 

1200°C 

for 12h 

0.11 / 0.38 

/ 79 

0.61 / 0.34 / 

96 

 

- / - - / - 34 

LLZNO 6.5 wt% 

Li3BO3/Li

BO2 

900°C for 

10h 

0.0001 / - / 

55 

0.07 / 0.35 / 

86 

 

- / - - / - 35 

LLZTO 6 wt% 

Li2O 

1170°C 

for 6h 

0.22 / 0.41 

/ 91.5 

0.64 / 0.30 / 

97.2 

 

- / - - / - 36 

LLZTO 5 wt % 

La2O3 

1150°C 

for 10h 

0.65 /- /- ~1 /- / 98 - / 

1.50 

- / 2.12 37 

LLGZO 0.50 wt% 

NiO 

1000°C 

for 10h 

0.0012 

(0.129 

With SIL) / 

0.59 / 71.7 

0.0071 

(0.252 

With SIL) / 

0.32 / 

85.3 

289.9 

/ 

0.40 

87.4 / 

0.55 

This  

Work 
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the power densities of metal batteries. Therefore, measuring the critical current density of all 

the electrolytes will be particularly interesting, which will be discussed in the subsequent 

section.  Adding NiO as a sintering aid significantly reduces grain boundary resistance and 

activation energy, improves densification and lithium-ion transport, and decreases metal-

electrolyte interface resistance, enhancing the solid electrolytes' overall performance. 

6.3.4 Electrochemical Studies 

6.3.4.1 CCD Measurement 

 

Figure 6.5 DC cycling profile of Li/Li symmetric cell of (a) GN000-SIL, (b) GN025-SIL, (c) 

GN050-SIL, (d) GN075-SIL and (e) GN100-SIL hybrid electrolyte at RT with step current 
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density of 0.05mA.cm-2 in the range of 0.05 to 0.75mA.cm-2, (f) Variation of CCD values 

concerning different electrolyte compositions. 

To determine the CCD, symmetric cells with various hybrid electrolytes are fabricated and 

subjected to galvanostatic charge-discharge cycles at current densities ranging from 0.05 to 

0.75 mA.cm-2 with a step current density of 0.05 mA.cm-2, as illustrated in Figure 6.5(a)-(e) 

with the corresponding focused version in the inset. Here, with the increment of current density, 

the voltage due to polarization drop increases, and suddenly, after a few plating/stripping 

cycles, a spike is observed. This spike rapidly grows, resulting in a distortion in the voltage 

profile. The current density up to which such distortion does not appear can be termed the 

critical current density due to the soft short circuit. In our present study and our previous study, 

no hard short circuit is observed, which might be due to the presence of SIL at the Li 

metal/electrolyte interface.  In the present scenario, this spike originated around a current 

density of 0.30mA.cm-2 for GN000-SIL, 0.45mA.cm-2 for GN025-SIL, 0.45mA.cm-2 for 

GN050-SIL, 0.35mA.cm-2 for GN075-SIL and 0.35mA.cm-2for GN100-SIL. So, introducing 

NiO as a sintering aid within the Ga-doped LLZO matrix extends the pre-spike region. This 

extension indicates a delay in the onset of metal filament growth, allowing a more stable 

voltage profile under higher current densities. The ability to extend the pre-spike region is 

significant, as it enhances the overall performance and durability of the electrolyte system by 

delaying the formation of lithium dendritic growth. Figure 6.5(a) shows that after three 

galvanostatic charge-discharge cycles during the post-spike to pre-distortion region, GN000-

SIL reaches its critical current density limit of 0.40 mA.cm-2. Whereas the critical density for 

GN025-SIL, GN050-SIL, GN075-SIL, and GN100-SIL has been estimated as 0.55mA.cm-

2,0.55mA.cm-2, 0.50mA.cm-2 and 0.35mA.cm-2 respectively as shown in Figure 6.5(b)-(e). A 

variation in CCD values for the different compositions of solid electrolytes is summarized in 

Figure 6.5(f). Thus, this study reveals that with the increasing addition of NiO in the Ga-doped 

LLZO matrix, the CCD values increase to a maximum of 0.55mA.cm-2 for GN025-SIL and 

GN050-SIL and then reach a minimum of 0.35mA.cm-2for GN100-SIL.This trend suggests that 

NiO in the Ga-doped LLZO matrix initially enhances the CCD values by delaying dendritic 

growth to a certain extent; a further increase in NiO content leads to a decline in CCD values. 

 6.3.4.2 Long Cycling Performance 

The capacity loss in solid-state lithium metal batteries can be attributed to electrochemically 

inactive “dead Li” formation during repeated lithium plating/stripping cycles. Accumulated 
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dead Li at the metal-solid electrolyte interface further increases the internal resistance of the 

cell, leading to significant polarization, which not only hampers the battery performance but 

also severely reduces its energy efficiency. Thus, examining the behavioral patterns of Li 

plating/stripping over an extended period of time is essential for evaluating the compatibility 

of solid electrolytes with lithium metal in solid-state lithium metal batteries (SSLMBs).38  

Accordingly, lithium symmetric cells are fabricated with different solid hybrid electrolytes and 

subjected to the Li plating/stripping process for 1000 hours at RT (27°C) at a current density 

of 0.1mA.cm-2. The Li plating/stripping voltage profiles of different solid hybrid electrolytes 

are presented in Figure 6.6(a). During the first cycle of testing, the average polarization values 

recorded for the various samples are as follows: 0.252V for GN000-SIL, 0.205V for GN025-

SIL, 0.215V for GN050-SIL, 0.209V for GN075-SIL, and 0.228V for GN100-SIL. GN000-

SIL exhibits the highest polarization among these hybrid solid electrolytes, while GN025-SIL 

shows the lowest polarization during the initial Li plating/stripping cycle. Similarly, during the 

300th plating/stripping cycle, the average polarization values observed are 0.194V for GN000-

SIL, 0.157V for GN025-SIL, 0.166V for GN050-SIL, 0.164V for GN075-SIL, and 0.181V for 

GN100-SIL.These results suggest that all the NiO-added solid hybrid electrolytes exhibit lower 

polarization values initially and maintain lower polarization over multiple cycles. This 

indicates their superior long-term stability and performance compared to the unmodified 

GN000-SIL electrolyte. Among all the samples, the first soft short circuit was observed for 

GN075-SIL after 378 hours of operation, followed by GN100-SIL after 407 hours. GN000-SIL 

experienced a soft short circuit after 519 hours, and GN025-SIL showed a soft short circuit 

after 875 hours. In contrast, the GN050-SIL cell performed exceptionally well, exhibiting 

cycling stability with negligible voltage fluctuations and no signs of a soft short circuit even 

after 1000 hours. This performance suggests that the addition of 0.50 wt% NiO as a sintering 

aid in the Ga-doped LLZO matrix significantly retards lithium dendritic growth. The results 

from the plating/stripping behavior indicate that the optimal addition of NiO enhances lithium 

plating and stripping kinetics and effectively delays the onset of short circuits. 

Electrochemical impedance spectroscopy (EIS) was conducted on all the symmetric cells 

before and after cycling to gain deeper insights into the charge transfer process. By examining 

the Nyquist plots and fitting the data with appropriate equivalent circuit models, we can 

monitor the changes in electrolyte bulk resistance and metal-electrolyte interface resistance due 

to prolonged cycling. Generally, a "short circuit" refers to the unintended creation of an 

electrical path with very low resistance, comparable to a metal wire.  
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Figure 6.6 (a) Voltage profile of Li/Li Symmetric cell at RT over 1000h at a current density of 

0.1 mA.cm-2 with the enlarged version marked as (I)-(V) and shown separately, (b) A typical 

EIS spectra of GN050-SIL after symmetric cell performance along with its corresponding 

equivalent and different resistance components are marked, (c) Variation of electrolyte bulk 
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resistance at before and after symmetric cell performance with the various composition of 

electrolytes, (d) Variation of metal-electrolyte interface resistance at before and symmetric cell 

performance with the different electrolyte composition. 

Similarly, a significant reduction in bulk and metal-electrolyte interface resistance will be 

observed if a short circuit occurs due to lithium dendrite growth. Figure 6.6 (b) shows a typical 

Nyquist plot for GN050-SIL after cycling and its corresponding equivalent circuit, where 

various resistance components are marked. Figure 6.7 displays the Nyquist plots for all the 

symmetric cells before and after cycling, along with their equivalent circuits. Variation of 

electrolyte bulk resistance before and after cycling performance for the different electrolyte 

compositions is illustrated in Figure 6.6(c). A significant drop of 68.0% in bulk resistance is 

observed for GN000-SIL, whereas GN025-SIL and GN050-SIL show reductions of only 31.3% 

and 31.8%, respectively. Conversely, a downfall of 59.4% and 57.5% in bulk resistance was 

observed for GN075-SIL and GN100-SIL. Similarly, the variation of metal-electrolyte 

interface resistance before and after cycling performance vs. different electrolyte compositions 

is presented in Figure 6.6 (d). . A dramatic reduction of over 90% in metal-electrolyte interface 

resistance is observed for GN000-SIL, GN075-SIL, and GN100-SIL. 

 

Figure 6.7 EIS spectra before and after symmetric cell performance for (a) GN000-SIL, (b) 

GN025-SIL, (c) GN050-SIL, (d) GN075-SIL, and (e) GN100-SIL. 

In contrast, GN025-SIL shows a decrease of 70.4% in metal-electrolyte interface resistance. 

However, GN050-SIL only experiences a reduction of 33.4%, suggesting that adding 0.50wt% 
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NiO as a sintering aid in the Ga-doped LLZO matrix profoundly impedes the Li dendritic 

growth. Thus, it will be interesting to measure the electrochemical full-cell performance of the 

GN050-SIL hybrid solid electrolyte to evaluate its practical effectiveness and stability in real-

world applications. 

6.3.4.3 Electrochemical Cell Performance 

Figure 6.8 illustrates the electrochemical full-cell performance of GN000-SIL and GN050-SIL 

solid hybrid electrolytes using LiMn2O4 cathode and Li metal anode in a pseudo-solid-state 

configuration. Typical charge-discharge profiles of GN000-SIL and GN050-SIL are displayed 

in Figures 6.8(a) and (b) over a current density range of 0.10 mA.cm-2- 1.4 mA.cm-2 revealed 

that the hybrid electrolyte performs excellently at a slower current density (0.05-0.40mA.cm-

2), but GN000-SIL exhibits poor performance at higher current density. 

Table 6.5 Summary of cycling results at different current densities for GN000 and GN050 

 

In contrast, GN050-SIL shows better performance at all current densities of operation. At 0.10 

mA.cm-2, GN000-SIL, and GN050-SIL deliver a specific discharge capacity of 103.44mAh. g-

1and 106.27 mAh.g-1 respectively.  

Current 

density 

(mA.cm-

2) 

GN000 GN050 

Average 

discharge 

capacity 

(mAh.g-1) 

Average 

charge 

capacity 

(mAh.g-1) 

Average 

coulombic 

efficiency 

(%)  

Average 

discharge 

capacity 

(mAh.g-1) 

Average 

charge 

capacity 

(mAh.g-1) 

Average 

coulombic 

efficiency 

(%)  

0.10 105.39 103.33 101.99 105.17 106.59 98.67 

0.20 101.04 100.31 100.72 103.95 104.58 99.38 

0.40 89.12 89.09 100.02 97.86 99.13 98.72 

0.60 74.61 74.68 99.88 89.46 90.02 99.38 

0.80 60.35 60.48 99.74 78.78 79.40 99.21 

1.00 51.78 51.83 99.91 69.52 69.95 99.37 

1.20 38.18 38.18 100.12 53.93 54.42 99.10 

1.40 32.46 32.39 100.28 48.42 48.71 99.40 

0.10 100.58 

[95.44% 

reversibility] 

100.74 

[97.49% 

reversibility] 

99.84 

[97.89% 

reversibility] 

106.19 

[100.97% 

reversibility] 

106.66 

[100.06% 

reversibility] 

99.56 

[100.90% 

reversibility] 
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Figure 6.8 Typical charge-discharge profile of (a) GN000-SIL and (b) GN050-SIL electrolyte 

at different current densities with LiMn2O4 cathode and Li metal as an anode, (c) Rate 

performance study of GN000-SIL and GN050-SIL hybrid electrolyte at different step current 

density (d) High-rate capability study at 1C using GN000-SIL and GN050-SIL electrolytes. 
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At a higher current density of 1.4mA.cm-2, GN000-SIL only delivers a discharge capacity of 

29.95mAh. g-1, whereas GN050-SIL still delivers an impressive capacity of 48.56 mAh. g-1. 

The rate performance study of GN000-SIL and GN050-SIL was presented in Figure 6.8(c). At 

0.10 and 0.2 mA.cm-2, both cells show an average discharge capacity of 100-106 mAh: g-1 and 

excellent coulombic efficiency of more than 99%. With the further increment of current density 

from 0.4-1.4mA.cm-2, a significant loss in discharge capacities is observed for GN000-SIL.In 

contrast, GN050-SIL delivers better rate performance at those current densities. Both cells 

maintained an impressive coulombic efficiency of more than 99% of any current density of 

operation. Notably, both cells exhibited an initial decrease in capacities due to the abrupt 

change in current densities; however, their capacities recovered in the subsequent cycles. A 

summary of average charge, discharge capacities, and coulombic efficiencies at each current 

density of operation for both cells is presented in Table 6.5. After operating the cell at 1.40 

mA.cm-2, it is reversed back to its initial current density of 0.10mA.cm-2, during which GN000-

SIL shows a reversibility of 95.44%in average discharge capacity, whereas GN050-SIL 

exhibits more than 100% reversibility. The high-rate capability tests are performed at 1C for 

both cells at room temperature. The previous literature cited that the typical capacity in such a 

configuration is around 110 mAh/g, but obtained at a lower current density39,40. Therefore, it is 

well understood that the solid and liquid therapies proved to be beneficial in fast Li-ion 

transactions when the current density is higher.  It is worth mentioning here that the small 

increase in capacity around the 25th cycle for GN050-SIL is likely attributed to electrolyte 

redistribution, activation of interfacial pathways, or progressive wetting between the cathode 

and the hybrid-solid electrolyte, which is a common phenomenon in quasi-solid-state systems, 

particularly during early stabilization cycles41,42. 

The cell with GN000-SIL electrolyte exhibits very poor performance by losing its capacity 

quickly after 10 cycles at 1C, as shown in Figure 6.8(d). In contrast, no capacity loss is 

observed for the GN050-SIL cell even after 100 cycles. Thus, the overall electrochemical 

performance of GN000-SIL and GN050-SIL electrolytes suggests that adding NiO in the LLZO 

matrix has a notable impact at higher current density operation. As the SIL uptake in GN000-

SIL is almost twice that of the GN050-SIL, their rate performances at slower current densities 

are expected to be more dominated by SIL rather than the solid electrolyte. At higher current 

densities, however, the influence of the solid electrolyte may become more pronounced as the 

contribution of Li-ion mobility within the LLZO matrix becomes increasingly critical. The poor 

performance of GN000-SIL at higher current densities, thus, might be due to its large grain  
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Table 6.6 A comparison chart of garnet-type solid electrolytes with various modifications 

reported in recent times for hybrid or quasi-solid-state batteries.  

SEs Modification σ  

(mS.cm-1) 

/ Rint.(Ω) 

Li/Li Cell 

Stability 

CCD 

(mA.

cm-2) 

Full Cell Performance Ref. 

Al-

doped 

LLZO 

FSI IL  

(15 wt%) 

For Full Cell: 

FSI-LITFSI 

(9:1) 
 

0.48 

/- 

- - LiFePO4/HSE/Li, capacity 

>100 mAh g-1 at C/20, 

89.5% retention after 10 

cycles 

43 

Ta-

doped 

LLZO 

19 wt% 

Py14TFSI, and 

1 wt% 

LiTFSI 

0.4 

/- 

Stable over 

1000h at 

0.1mA.cm-2  

- LiCoO2/HSE/Li, 

Capacity 140 at 0.1C, 99% 

retention at the 150th 

cycle. 
 

44 

Mg and 

Sr co-

doped 

LLZO 

LiN(SO2F)2 

(LiFSI)/sulfol

ane (SL) 

- - - NMC622/QSE/Graphite, 

capacity179 mAhg-1 at 

0.2C, 89.6% retention after 

100 cycles. 
 

45 

Ba and 

Nb co-

doped 

LLZO 

ILE (0.2 mol 

LiTFSI and 

0.8 mol 

Pyr14FSI) 

- 

/  

145 

Ω.cm2 

stable at  

 0.3 mA cm-

2. 

- LiFePO4/LLZO-ILE/Li, 

capacity 145 mAh g-1 at 20 

mA.g-1. A bipolar stacked 

cell (≈8V),  

capacity 145 mAh g-1, with 

coulombic > 99%. 
 

46 

Ta-

doped 

LLZO 

14 wt% 

BMP-TFSI 

0.67 

/- 

stable at 

0.1mA cm-2 

for more 

than 300 

cycles 

without short 

circuit 

>0.74 NMC811/HSE/Li, 

capacity 150 to 

102 mAh g-1 after 200 

cycles at 0.5C, 

LFP/HSE/Li, capacity 119 

mAh g-1 without loss after 

60 cycles at 0.2C. 
 

47 

LLZO SIL 

(Equimolar 

mixture of 

LITFSI & 

tetraglyme) 

0.33 

/ 

- 

 

Stable over 

200h at 0.05 

mA cm-2 

without short 

circuit 

 

0.45 LiMn2O4/QSE/Li, 

capacity 104.91 mAh·g−1 

at 0.05 mA.cm-2 with 

>99%, excellent long-term 

cycling. 

17 

       

Ga 

doped 

LLZO 

Dual Therapy 

(0.5wt% NiO 

sintering aid 

& SIL) 

0.252 

/ 

87.4 

Stable over 

1000h at 

0.10 mA cm-

2 without 

short circuit 

0.55 LiMn2O4/QSE/Li, 

capacity 106.27 mAh·g−1 

at 0.10 mA.cm-2 with 

>99%, no capacity loss at 

1C even after 100 cycles. 

This 

work 
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Where, σ, CCD, and Rint. refers to the total ionic conductivity, critical current density, and metal/electrolyte 

interface, respectively. IL: Ionic Liquid, ILE: Ionic Liquid Interlayer, SIL:Solvated Ionic Liquid, HSE: Hybrid 

Solid Electrolyte, QSE: Quasi-Solid Electrolyte 

boundary resistance and the presence of lanthanide impurities in the grain boundaries of the 

LLZO matrix. GN050-SIL delivers much better rate performance, likely owing to its compact 

grain structure and the presence of lithiated impurities in the grain boundaries, which may 

facilitate improved ion transport. To understand the charge transfer mechanism at the different 

electrolyte-electrode interfaces of the GN050-SIL hybrid electrolyte, the pre- and post-cycling 

EIS studies are carried out and will be discussed in the next section. A schematic was presented 

in Figure 6.1, highlighting the key advantages of the dual therapy strategy in metal batteries. 

A comparison chart of garnet-type solid electrolytes with various modifications reported in 

recent times for hybrid or quasi-solid-state batteries is summarized in Table 6.6. 

6.3.4.4 Decouple the Electrochemical Process via DRT 

NiO's role in the LLZO matrix, particularly in lithium-ion transport and interfacial kinetics 

during and pre-post cycling, is crucial for its successful operation in commercial batteries. The 

distribution of relaxation times (DRT) method simplifies EIS analysis by distinguishing 

individual electrochemical processes through unique time constants. It is worth mentioning that 

the LLZO matrix contains various lithiated and non-lithiated lanthanide impurities, making it 

more challenging to decouple the interfacial electrochemical process, as impurities can directly 

or indirectly influence the overall kinetics. Thus, overlapping peaks with multiple time 

constants may appear in the DRT pattern. To simplify, we consider here that each major peak 

in the DRT pattern represents at least one time constant and avoids the presence of multiple 

time constants within a particular peak. Here, we focus on the position and relative intensity of 

the major peak rather than quantifying the polarization resistance.48 In-depth studies will be 

carried out in the future to quantify the polarization resistance and to analyze the presence of 

multiple time constants in a broad peak, representing a series of specific electrochemical 

kinetics. Here, we have tried to decouple the electrochemical processes of Li/GN050-SIL/LMO 

cell, a first-of-its-kind study in pseudo-solid state metal batteries. Figure 6.9(a) represents the 

EIS spectra as fabricated and after long cycling. It is difficult to predict the number of parallel 

RC circuits that can be use in a ECM to resolve the EIS spectra taken in as-fabricated However, 

the presence of three depressed semi-circles in the EIS pattern taken after a long cycling process 

is clearly visible. Also, any contribution of impurities in the EIS spectra is ignored during 

equivalent circuit fitting. Thus, it is almost impossible to decouple the electrochemical kinetics 
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through equivalent circuit fitting. Figure 6.9(b) represents the corresponding DRT patterns of 

the GN050-SIL cell at as fabricated and after cycling conditions.  

 

Figure 6.9 (a) pre- and post-cycling EIS spectra of Li/LMO full cell. (b) corresponding DRT 

pattern. (c) & (d) DRT patterns at various states of charge (SOC) and depth of discharge 

(DOD) at the initial cycle, respectively. (e) & (f) DRT patterns at various SOC & DOD after 

the 1st cycle, respectively.  
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The DRT plots show seven major peaks, each representing a resistance contribution. The 

overall plot can be categorized into four different regions according to their time-constant 

range. Regions R1 placed at ~100kHz-1MHz, i.e., at the higher frequency region. In general, 

the contribution of grain boundaries and contact resistance are observed. Here, peak P1 

(τ~1×10-6 s) is referred to as the grain boundary contribution of LLZO material; interestingly, 

P2 is also situated at the first semicircle in EIS spectra (after cycling) with a time constant of 

~8×10-6 s can be defined as the contribution of any lithiated impurities. As the presence of 

K2NiF4 type lithiated impurities are deposited at the GBs of LLZO matrix as confirmed by 

XRD, FESEM micrograph thus this peak P2 can be attributed due to the GBs resistance of 

K2NiF4 type impurities. Region R2 located at ~100kHz-100Hz, i.e., at the mid-frequency 

region, can be attributed to different interphase kinetics in a battery cycling, such as cathode-

electrolyte interphase (CEI), anode-electrolyte interphase (commonly known as solid 

electrolyte interphase or SEI) kinetics. Recently, it has been observed that the SEI in metal 

batteries is positioned at a time constant of ~10-2 s, whereas for CEI, the time constant of ~10-

3-10-4 s is observed49. For example, the CEI of the NCM cathode is located at 3.7–6.7×10-3 s, 

whereas, for the NCA cathode, it is at 1.6×10-4 to 1.6×10-3 s. Thus, P3 peaks at ~1.3×10-4 s, 

representing the probable contribution of SEI and CEI both49. Intensities of peak P4 at ~2.5×10-

3s do not change significantly throughout the measurements. Recently, Yu. et al. discovered the 

mechanical contact impedance of cathode/solid electrolyte and/or electrode/current collector 

also contributed to the DRT pattern (peak at ~10-3s) during measurement of full cell in all solid-

state configurations with sulfide electrolyte50. In such a scenario, the presence of SIL in our 

hybrid system can restrict such contribution, but the formation of peak P4 is still unknown and 

might be due to the interaction between impurities and SEI/CEI. Peaks P5 and P6 generally 

attribute the contribution of anodic and cathodic charge transfer kinetics at region R3 (100Hz-

1Hz), which matches well with the previous reports. P7 at the very low-frequency region 

(R4;<1Hz) is due to the diffusion phenomena50,51. These peaks are also assigned to the EIS 

spectra in Figure 6.9(a) according to their corresponding time constant value. Also, the bulk 

resistance of GN050-SIL changes from 116.7Ω to 59.5Ω, suggesting enhanced ionic 

transportation in the hybrid electrolyte system. In Figure 6.9(b), polarization resistance due to 

different interphase (SEI & CEI) (P3), cathodic charge transfer (P6), and diffusion (P7) kinetics 

reduced significantly after the electrochemical cycling, suggesting healthy interface 

stabilization in the overall ion transportation48–52. The resistance attributed to P5 and P4 does 

not significantly change upon long electrochemical cycling. However, increases in resistance 

corresponding to P1 and P2 can be concerning, which could arise from Li depletion, impurity 
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segregation, or phase instability at the grain boundaries 49. EIS was measured at different SOC 

(Figures 6.10(a) and (c)) and DOD levels (Figures 6.10(b) and (d)) in as fabricated conditions 

and after the initial cycle to understand the changes during the electrochemical cycling as 

shown in Figure 6.10. DRT patterns of different SOC and DOD levels are presented in Figure 

6.9(c) and (d) in fabricated conditions, respectively. Similarly, Figures 6.9(e) and (f) represent 

the DRT patterns at different SOCs and DODs after 1st cycle.  

 

Figure 6.10 EIS spectra during 1st cycle at various (a) SOC and (b) DOD, EIS spectra during 

2nd cycle at various (a) SOC and (b) DOD. 

Higher resistance corresponding to P3, P6, and P7 at 0SOC may be due to poor interfacial 

contact or unstable interphase layer. A gradual decrease in resistance corresponding to P3 

during different SOC levels suggests the formation of a more stable interphase layer during the 

charging process. Also, the intensities of peaks P5, P6, and P7 decrease abruptly along with the 

diffusion polarization during the charging process. However, at a higher SOC (~80-100), these 

resistances increase, which might be due to the sluggish Li-ion kinetics. Meanwhile, resistance 

corresponding to peaks P1 and P2 decreases slowly, suggesting no significant change in grain 

boundaries during the charging process. No significant change in peak intensities is observed 

in the DRT pattern during the 0-80% DOD range at the initial cycle, as shown in Figure 6.9(d), 

suggesting a stable charge transfer and interfacial kinetics. At a higher DOD, a sudden rise in 
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grain boundary (P1), different interphase (SEI & CEI) (P3), cathodic charge transfer (P6), and 

diffusion (P7) resistance is observed, which might be due to structural degradation and 

limitation in Li-ion kinetics51,52. Similar changes are observed when the cell undergoes 

different SOC and DOD levels after the initial cycle, as shown in Figures 6.9(e) and 6.9(f). 

However, a significant drop in intensities is observed for P3, P5, and P7 after 100DOD as 

compared to the previous cycle, suggesting the formation of stable interphase and charge 

transfer kinetics could be achieved after a few cycles. In summary, DRT analysis revealed the 

interphase stabilization and improved charge transfer kinetics upon cycling, and the increase 

in grain boundary resistances of LLZO and K2NiF4 type impurities suggests potential 

degradation at long-term cycling. Thus, careful control of grain boundary chemistry and 

interfacial stabilization is critical for successful operation in commercial metal batteries. 

Table 6.7 Comparison of structural, interfacial, and electrochemical metrics for NiO-added 

Ga–LLZO pellets and with solvated ionic liquid infusion SHEs (shaded Region). 

Parameter GN000 GN025 GN050 GN075 GN100 

Phase Purity (%) 

c-LLZO:LI: NLI 

74.8: 

0:24.8 

84.3: 

3.1:12.6 

80.2: 

11.9:7.9 

72.9: 

16:11 

67.4: 

17.2:15.5 

Shrinkage at 1000°C (%) 0.77 -0.83 -0.46 -2.58 -1.42 

Densification (g/c.c.) 71.7 82.3 85.3 90.2 88.6 

σi ×10-3(mS/cm) 1.25 5.70 7.06 3.96 2.92 

Eg (eV) 0.59 0.34 0.32 0.40 0.42 

SIL Uptake (%) 18 12.1 10 4.7 5.1 

σi(mS/cm) 0.129 0.235 0.252 0.173 0.156 

RLi/Ele. (Ω) 288.9 103 87.4 78.6 88.6 

E0 (V) 5.14 5.23 5.60 5.68 5.86 

σe×10-7(S/cm) 2.26 0.69 1.42 2.09 3.86 

CCD (mA/cm2) 0.40 0.55 0.55 0.50 0.35 

Stable Li Cycling (h) 519 875 >1000 379 408 

Discharge Capacity at 1.4 

mA/cm2 (mAh/g) 

32.46 - 48.42 - - 

Capacity retention (%) <20 - ~100 - - 

Here, LI: Lithiated Impurities, NLI: Non-Lithiated Impurities, σi: Ionic Conductivity, Eg: Activation Energy, 

RLi/Ele.: Li Metal/Electrolyte Interface Resistance, E0: Potential Window σe: Electronic Conductivity, CCD: Critical 

Current Density,  
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6.4 Conclusion 

Introducing solid therapy via NiO as a sintering aid and liquid therapy using solvated ionic 

liquid (SIL) significantly contributed to the reduction of interfacial impedance and dendrite-

related issues in LLZO-based solid electrolytes for its application in solid-state metal batteries 

(SSLMBs). While the addition of NiO (GN050; 0.5% wt.% of LLZO) promoted grain 

boundary transportation and improved densification through the formation of a new K2NiF4-

type of lithiated phase, the liquid therapy using SIL (GN050-SIL) enhanced the ionic 

conductivity at RT (0.252 mS.cm-1), reduced the Li/LLZO interfacial resistance (87.4 Ω), and 

enabled more efficient lithium-ion transportation across the metal-electrolyte interface (As 

summarize in Table 6.7). This synergistic effect helped demonstrate a stable lithium 

plating/stripping behavior for LLZO-based SEs for more than 1000 hours without any short 

circuit and by measuring a critical current density (CCD) of 0.55 mA·cm-2. The improvised 

electrolyte GN050-SIL delivered improved charge/discharge cycling performance in SSLMBs 

(Li/SEs/LiMn2O4 configuration) at different current densities (0.1-1.4 mA.cm-2) compared to 

only SIL-infused Ga doped LLZO electrolyte (GN000-SIL). The GN050-SIL electrolyte 

showed a high-rate capability at 1C, as tested in 100 cycles, with a coulombic efficiency of 

99%.  The DRT analysis clearly revealed that the dual strategy stabilized the interphases and 

promoted the charge transfer and diffusion process across the thick electrolyte/electrode 

interface. In summary, such a solid-liquid combination in LLZO proved to be a workable 

configuration in almost solid-state metal batteries (SSLMBs). 
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CHAPTER 7 

LLZO Fillers in Flexible Solid 

Electrolytes: From Paper Separators to 

Polymer and Paper-Polymer Systems 

Summary and Graphical Abstract 

Role of LLZO-based solid electrolyte as active fillers across three distinct systems studied to 

improve the conductivity, stability, and flexibility for next-

generation lithium batteries. Firstly, Ga doped LLZO 

ceramic impregnated in paper-based cellulosic separator 

matrix using an industry-friendly dip-coating process. This 

composite separator membrane improves ionic conductivity 

and interface stability with liquid electrolyte and delivers 

excellent performance in a lithium-ion cell. However, the 

inhomogeneous fiber distribution and limited mechanical 

strength hindered their direct application in lithium-metal 

batteries. To resolve such issues, LLZO-filled dual polymer 

composite electrolytes are developed, which showed 

reduced crystallinity of polymer chain, improved Li-ion 

transport (~10-4 S/cm), and excellent electrochemical 

stability with Li metal batteries. Finally, a combination of 

paper substrated with polymer-LLZO dual matrix delivers 

flexible, mechanically reinforced electrolytes that 

synergistically combine conductivity, stability, and 

processability. Overall, Chapter 7 highlights that the role of LLZO fillers in paper, polymer, 

and paper-polymer systems provides a versatile and scalable pathway toward flexible next-

generation lithium batteries.  

 

Figure 7.1 Graphical abstract summarizing the role of solid electrolyte filler in composite 

membrane for next-generation batteries. 

Objectives 

1. Improve the conductivity 

and stability of polymer 

electrolytes with LLZO 

fillers. 

2. Develop a flexible, 

scalable composite 

membrane for next-

generation batteries. 

Strategy 

LLZO fillers in paper, 

polymer, and paper-polymer 

systems. 
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7.1 Introduction 

To mitigate environmental pollution contributed by petrol-diesel-driven transportation 

systems, a shift from internal combustion engines (ICE) to electric engines (EE) is imminent 1.  

This typically requires powerful, long-life, and safe batteries for powering electric engines. 

Lithium-ion batteries (LIBs) are the first choice of energy storage systems among all other 

alternatives, owing to their high power and energy densities 2. However, the major bottleneck 

in current LIB technology is the use of liquid electrolytes in the cell, which poses a severe 

threat of thermal hazard and short-circuiting, further restricting its full-scale use in electric 

vehicles (EVs) 3,4. Among the other battery components, although apparently inactive, the 

performance and safety of LIBs heavily rely on the integrity and efficiency of the separator, an 

essential component that physically and electronically separates the electrodes while allowing 

the transport of lithium ions 5,6. Commercially used separators, typically composed of porous 

polyolefins like polyethylene (PE) and polypropylene (PP), offer several advantages, such as 

electrochemical stability and mechanical strength. However, they exhibit shortcomings in 

thermal shrinkage tests, as well as display poor electrolyte wettability and high contact angle 

when exposed to polar organic solvents 7,8.  

To address these limitations, three main strategies are explored in this chapter. Firstly, to 

substitute the polyolefin-based commercial separator with an eco-friendly, cost-effective, 

thermally stable cellulosic paper-based separator loaded with fast Li-ion conducting LLZO 

solid electrolyte for metal-ion batteries. The impregnation of active filler like LLZO in paper 

matrix using PVDF binder and DMF solvent proved superior to other inactive ceramic fillers 

such as Al2O3. Thus, this innovative approach of making paper-supported LLZO impregnated 

separator will pave a new pathway for the development of a sustainable, low-cost, high-

performance, and safe separator for advanced LIBs. 

Secondly, we developed a dual-polymer PVDF-HFP/PEO/Li6.25La3Ga0.25Zr2O12 (LLGZO) 

composite solid polymer electrolyte (CSPEs) using an easily scalable solution casting method. 

The PVDF-HFP matrix provides mechanical robustness through its vinylidene fluoride and 

hexafluoropropylene units. Secondly, the PEO copolymer reduces the crystallinity of the 

polymer matrix, enhancing ionic conductivity. Thirdly, synthesized LLGZO acts as an active 

ceramic filler, aiding in the decomposition of LiTFSI and creating a fast Li+ transport pathway. 

As we already know that all-solid-state lithium metal batteries (ASSLMBs) have the potential 

to replace the PP-based liquid system due to their enhanced safety with the use of non-

flammable solid state electrolytes (SSEs) and their potential to achieve higher energy densities, 
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through the use of lithium metal anodes with an ultra-high theoretical specific capacity of 3860 

mAh.g⁻¹ 9. Among all types of solid electrolytes, CSPEs, which synergistically combine the 

beneficial features of both inorganic solid electrolytes and solid polymer electrolytes, are a 

strong candidate for the commercial viability of all-solid-state metal batteries 10.   

Thirdly, developed CSPEs incorporated in paper matrix to develop paper-polymer-LLZO 

composites for metal batteries. LLZO-impregnated paper separators developed earlier show 

eco-friendliness and excellent electrochemical performance, but their intrinsic inhomogeneous 

fiber distribution and limited mechanical strength restrict operation in lithium-metal systems. 

Also, dual-polymer/LLZO composite solid electrolytes show high ionic conductivity at room 

temperature, but it has limited flexibility and mechanical durability. To overcome these 

drawbacks, a paper-polymer-LLZO composite electrolyte was developed. This reduced the 

structural reinforcement of cellulosic paper, the flexibility of a dual-polymer matrix, and the 

active ion-transport properties of LLZO fillers. The fibrous paper backbone provided a 

mechanically stable framework that minimized dimensional shrinkage and suppressed 

interfacial delamination during cycling, while its intrinsic porosity facilitated uniform 

infiltration of the polymer-LLZO slurry. Thus, this hybrid architecture, combined with 

conductivity, flexibility, and mechanical integrity, provides a versatile pathway toward 

practical solid-state electrolytes for advanced flexible lithium-metal batteries. 

7.2 Material and electrochemical Characterization 

All structural, morphological, thermal, mechanical, and electrochemical characterizations of 

LLGZO powders and composite membranes were performed using standard techniques (XRD, 

FESEM, TGA/DTA, UTM, EIS, LSV, and full-cell testing) as described in Chapter 2, Section 

2.6 and Section 2.7. Only the key results are presented here. 

7.3 Paper-based composite membrane 

The separator plays an important role in the electrochemical performance and safety of 

rechargeable batteries. Its primary role is to physically isolate the electrodes while allowing 

facile ionic transport and blocking electronic conduction. Conventional, widely used polyolefin 

separators suffer from poor wettability, limited thermal resistance, and safety concerns under 

high-current operation. In this context, cellulosic paper has gained attention as a low-cost, eco-

friendly, and thermally stable substrate owing to its abundant porosity and excellent electrolyte 

uptake. However, pristine paper has limited performance at high current density and lower 
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mechanical strength for reliable use in advanced battery systems. To address these 

shortcomings, ceramic fillers have been introduced into the paper matrix, but most fillers (e.g., 

Al2O3) act only as passive stabilizers without contributing to ion transport. In comparison, Ga-

doped LLZO solid electrolyte is an ion-conductive ceramic which offers fast Li-ion conduction 

pathways, wide electrochemical stability, and robust interfacial compatibility. By impregnation 

of 30wt% LLGZO in cellulose matrix, the present study aims to transform the paper substrate 

from a passive separator into a high-performance separator. 

7.3.1 Fabrication of Paper based Composite Membrane 

Ga-doped LLZO (LLGZO) was synthesized via alanine-assisted auto-combustion (details in 

Chapters 2, Section 2.3.2), calcined at 900 °C, and incorporated into cellulose paper (20 µm, 

~65% porosity) using a roll-to-roll dip-coating process (Chapter 2, Section 2.5.1). A slurry of 

5 wt% PVDF in NMP with 30 wt% LLGZO was prepared and coated on both sides of the 

paper, followed by in-line drying and compaction. The final LLGZO-incorporated paper 

separator, designated as G03, exhibited a uniform thickness of 20 ± 2 µm. For comparison, a 

control separator containing 30 wt% Al2O3 (A03) and an uncoated base paper were also 

prepared by the same procedure.  

7.3.2 Results and Discussion 

7.3.2.1 Microstructural analysis 

The microstructural characteristics of the fabricated paper separators were characterized using 

FESEM and EDX to understand the effect of Ga-doped LLZO impregnation in the cellulose 

matrix. Figures 7.2(a)-(d) present the surface morphology of cellulose paper modified with 30 

wt% Ga-LLZO and Al2O3 material. The pristine paper shows a random network of cellulose 

fibers with abundant pore channels, as shown in Figures 7.3(a)-(b). After impregnation, Ga-

LLZO particles are clearly observed on the fiber surfaces and at inter-fiber junctions. The 

particles are not uniformly distributed but appear in the form of agglomerates. This is consistent 

with the electrostatic repulsion between negatively charged cellulose fibers and LLZO 

particles. While such clustering partially blocks open pores, the ceramic domains establish ion-

conducting sites that can directly contribute to Li-ion transport. Compared to Al2O3-filled 

papers, the Ga-LLZO impregnated sample displays larger clusters, reflecting the higher surface 

energy and stronger interaction tendency of LLZO particles. 
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Figure 7.2 FESEM micrograph of (a)-(b) G03 and (c)-(d) A03 at two different scales. (e) 

Corresponding EdX of Ga doped LLZO (G03) incorporated paper separator. 

While impregnating Al2O3 nanoparticles into the cellulose paper as shown in Figures 7.2(c)-

(d), the overall distribution pattern was found to be similar to that of Ga-LLZO fillers. 

However, the size of the agglomeration was smaller. To better understand these interactions, it 

is essential to correlate them with the surface properties of both the filler and the paper 

substrate. The zeta potential can be a crucial insight into the colloidal stability of the dispersions 

in a matrix. The aqueous suspension of pure cellulose paper generally showed a highly negative 

zeta potential of -37.6 mV, which confirmed its negatively charged surface. Similarly, Ga-
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LLZO powder shows a negative zeta potential of >-20 mV, which suggests its Lewis base 

character. Since both the cellulose fibers and LLZO particles carry negative charges, strong 

electrostatic repulsion occurs during slurry preparation and coating. This leads to a non-

uniform diposition of agglomerates within the cellulose matrix. It is observed that the zeta 

potential values above 30 mV suggest stable dispersions with well-separated particles. Also, 

the values below 5 mV result in rapid aggregation. In the intermediate range (5-30 mV), partial 

agglomeration is expected. This was also consistent with the morphology observed in our 

FESEM analysis. In comparison, alumina nanoparticles are known to show a lower negative 

zeta potential. This also reduces their repulsion with cellulose fibers and favors the formation 

of smaller but randomly distributed agglomerates.  

 

Figure 7.3 (a) FESEM and corresponding EDX of commercial and cellulose paper and (b) 

Tensile strength at machine direction and transverse direction of commercial cellulose paper 

(CCP). 

The presence of Ga-LLZO in the paper matrix was confirmed by EDX analysis, as shown in 

Figure 7.2(e). Distinct peaks corresponding to La, Zr, Ga, and O show the successful 

incorporation of G03  in the paper matrix. Along with this, C and F signals were also shown 

which originate from the PVDF binder. These observations confirm that the Ga-LLZO particles 

are incorporated in the surface as well as the paper network, which might ensure their functional 

role in ionic conduction and mechanical reinforcement.  

In summary, microstructural analysis confirms that Ga-LLZO particles are successfully 

incorporated into the cellulose paper. It forms agglomerated but well-adhered domains across 

the fiber network. Despite partial heterogeneity, the ceramic domains provide active ion-

conducting channels, while their presence reinforces the weak fiber junctions. This might 

improve the electrochemical and mechanical properties compared to base paper. 
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7.3.2.2 Mechanical, Air permeability, Electrolyte wettability Studies 

Mechanical integrity is a vital requirement for battery separators to withstand the stresses 

involved in electrode stacking and winding during cell fabrication. The tensile stress–strain 

curves of the paper separators are presented in Figures 7.4(a) and (b) for the machine direction 

(MD) and transverse direction (TD), respectively. As expected, the pristine cellulose paper 

(CCP) displayed strong anisotropy, with tensile strength values of 46.26 MPa in MD and only 

11.83 MPa in TD as shown in Figure 7.3(b). The incorporation of ceramic fillers significantly 

improved the transverse strength, as shown in Figure 7.4(b). The Ga-LLZO (G03) and Al2O3 

(A03) impregnated papers showed nearly a two-fold increase compared to CCP, as summarized 

in Figure 7.4(c). It is worthy to discuss here that the tensile stress in the MD remained almost 

constant in the range of 45-52 MPa as shown in Figure 7.4(b) and Figure 7.4(a). This 

improvement might be due to the synergistic role of the PVDF binder and ceramic particles 

with stronger inter-fiber adhesion and hydrogen bonding within the cellulose matrix. 

 

Figure 7.4 Mechanical, air permeability, and electrolyte uptake properties of paper separators. 

(a) stress-strain curve in machine direction (MD) and (b) transverse direction (TD) for Ga-

LLZO impregnated paper (G03) and Al2O3 impregnated paper (A03), (c) comparison of tensile 
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strengths in MD and TD for commercial cellulose paper (CCP), G03, and A03, (d) Gurley 

value (air permeability) and liquid electrolyte uptake capacity of CCP, G03, and A03 

separators. 

Air permeability is generally assessed by the Gurley value. This provides an indication of how 

fast a separator can soak liquid electrolytes through the separator pores. As shown in Figure 

7.4(d), the commercial cellulose paper recorded a low Gurley value of 5 s, which reflects its 

highly porous structure. After modification with filler particles, G03 and A03 show slightly 

higher values (~8-10 s), suggesting that although filler agglomerates partially occupy pore 

spaces. However, the overall permeability remains high for all the separators. Thus, ceramic 

loading does not significantly compromise the open porous architecture of the paper matrix. 

Electrolyte uptake is another crucial parameter that determines separator wettability and liquid 

retention. Owing to the hydrophilic nature of cellulose, CCP absorbed more than ~285% 

electrolyte relative to its dry weight, as summarized in Figure 7.4(d). Both G03 and A03 

retained high absorption capacities of ~355% and 325% respectively. The strong electrolyte 

affinity of the cellulose matrix, together with the active contribution of Ga-LLZO particles, 

ensures efficient ion conduction pathways and improved electrode–electrolyte contact during 

cycling. 

7.3.2.3 Electrical Studies 

The function of a separator is not just to prevent direct contact between anode and cathode, but 

rather it directly impacts the lithium-ion transport properties and consequently, the overall 

performance and safety of the cell. So, it’s important to measure the lithium-ion transport 

properties of all the developed separators along with the commercial cellulose separator. 

Figure 7.5(a) represents the EIS spectra of electrolyte-soaked LLZO and Al2O3-coated paper 

separators along with commercial cellulose separators, measured using symmetrical blocking 

electrodes (SS). The corresponding equivalent circuit is also given in the inset of Figure 7.5(a). 

All the EIS spectra of different separators show a straight-line profile describing the 

characteristic behaviour of electrode-electrolyte double-layer capacitance. At the lower 

frequency region, the intercept on the real axis gives the bulk resistance value. The bulk 

resistance values extracted from the intercepts correspond to conductivities of 2.14 mS·cm⁻¹ 

for CCP, 1.36 mS·cm⁻¹ for G03, and 0.73 mS·cm⁻¹ for A03. The relatively high conductivity 

of the pristine cellulose paper arises from its strong hydrophilicity and large electrolyte uptake 

capacity. Upon ceramic impregnation, the conductivity decreases slightly due to partial pore 
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blocking. However, these values suggest that the inclusion of Li-ion active LLZO in the paper 

matrix is showing significantly higher ionic conductivities compared to inactive Al2O3. The 

insulating nature of Al₂O₃ particles in A03 may thus contribute to offering higher resistance, 

which may limit its overall electrochemical effectiveness.  

 

Figure 7.5 (a) Nyquist plots of electrolyte-soaked cellulose paper (CCP), Ga-LLZO 

impregnated paper (G03), and Al2O3 impregnated paper (A03) measured with stainless steel 

blocking electrodes. (b-d) DC polarization profiles with corresponding impedance spectra 

before and after polarization for CCP, G03, and A03, respectively, used to calculate Li⁺ 

transference numbers. 

The understanding of transport phenomena through lithium-ion transference number is 

essential as it describes the ion transport efficacy, reduction of concentration polarization, 

which in turn enhances the cycle life and power density of a battery. Figures 7.5(b)-(d) 

represent the DC polarization curve along with the EIS spectra before and after polarization, 

and their corresponding equivalent circuit is displayed in the inset for specimens CCP, G03, 

and A03, respectively. Lithium-ion transference number calculated using Bruce-Vincent-Evans 

equation as described by equation 5 and found to be 0.61 for CPP, 0.35 for A03, and 0.73 for 

G03 separators. This variation in transference number mainly arises due to the combined effects 

of the LLZO-coated separator matrix and its mutual interaction with the liquid electrolyte. The 

LLGZO coating on the paper separator modifies the ion transport pathways by influencing Li-
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ion selectivity at the interface.  A localized space-charge region at the liquid-solid interface is 

formed, which directly impacts the overall lithium-ion transportation.   However, such benefit 

is absent in Al2O3 coated paper-based, as well as in commercial cellulose separator 

Taken together, these results indicate that Ga-LLZO impregnated paper separators strike a 

balance between conductivity and selectivity. However, the conductivity of CCP is higher due 

to open pore space and high electrolyte uptake. But, low transference number may limits its 

practical utility. The incorporation of Ga-LLZO here not only improves structural robustness 

but also significantly enhances Li⁺ transport efficacy. This might be a crucial factor for stable 

electrochemical performance in electrochemical full cells. 

7.3.2.4 Electrochemical Studies 

 

Figure 7.6 Full-cell electrochemical performance of MCMB/LFP cells assembled with 

commercial cellulose paper (CCP), Ga-LLZO impregnated paper (G03), and Al2O3 

impregnated paper (A03) separators. (a) rate performance at varying current densities (0.10–

0.80 mA.cm-2), (b) Typical charge-discharge voltage profiles at 0.05 mA.cm-2, (c) cycling 

stability at 0.20 mA.cm-2 for 100 cycles. 

The practical applicability of ceramic impregnation in paper separators was further studied by 

fabricating MCMB/LFP full cells with CCP, G03, and A03 membranes. The rate performance 
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of these cells, tested over a wide current density range (0.10-0.80 mA.cm-2), is shown in Figure 

7.6(a). The discharge capacity decreased with increasing current densities and partially 

recovered when the current was stepped back down. Among all samples, the G03-based cell 

delivers the best capacity retention at higher current density. It maintains more than 20% of its 

capacity even at 0.80 mA.cm-2. In comparison, CCP and A03 showed no retention at that 

current density. Thus, the superior behavior of G03 might be due to its enhanced Li⁺ 

transference number and stable electrode-electrolyte interface. This successfully helps to 

suppress the concentration polarization at higher current densities. Similarly, during step-up 

current densities, G03 delivers better reversibility as compared to A03 and CCP. 

The typical charge-discharge voltage profiles at 0.05 mA.cm-2 are displayed in Figure 7.6(b). 

All separators delivered well-defined plateaus characteristic of LFP redox chemistry. The G03 

separator achieved a discharge capacity of 125.40 mAh.g-1, which is higher than A03 (112.73 

mAh.g-1) and comparable to CCP (112.35 mAh.g-1). This indicates that Ga-LLZO impregnation 

enhances ion transport thanks to the interface stabilization with the electrode.  

The cycling stability of the cells at 0.20 mA.cm-2 is presented in Figure 7.6(c). The G03-based 

cell delivered the most stable performance, with a capacity decay of only ~30% after 100 

cycles, whereas CCP and A03 showed much larger losses of ~34% and ~44%, respectively. 

Importantly, the G03 separator still delivered ~84 mAh.g-1 discharge capacity after 100th cycles. 

In comparison, A03 and CCP deliver only ~70 and 57 mAh.g-1 capacity. These results clearly 

suggest that Ga-LLZO enhances the Li-ion conduction pathways that eventually extend cycling 

life and high initial discharge capacity. However, the inert Al2O3 filler improves the mechanical 

robustness but lacks ionic activity, and as a result, faster capacity degradation is observed. 

Overall, the full-cell studies demonstrated that the Ga doped LLZO impregnated paper 

separators significantly outperform commercial cellulose and Al2O3-loaded membranes in 

terms of rate capability and cycling stability. The findings highlight the importance of active 

ceramic fillers in enabling cellulose-based separators for high-performance lithium-ion 

batteries. 

7.3.3 Limitation and Perspective 

Although Ga-doped LLZO incorporated paper separators deliver improved electrolyte 

wettability, ionic conductivity, high lithium-ion transport efficacy, and better electrochemical 

performance compared to base paper and Al2O3 coated membranes, their application remains 
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restricted to liquid electrolyte-based lithium-ion cells. The inhomogeneous fiber distribution 

and limited mechanical strength of the cellulose matrix prevented their successful integration 

into lithium-metal systems. Because lithium dendrites easily penetrate through the modified 

matrix. The paper-based separators serve primarily as an eco-friendly and sustainable 

alternative solution in the liquid system, rather than a viable option for solid-state lithium-metal 

batteries. This limitation motivated the development of polymer-based and polymer-paper 

composite electrolytes discussed in the subsequent sections. 

7.4 Composite solid polymer electrolyte (CSPE) membrane 

The Ga doped LLZO impregnated paper separator delivers excellent full cell performance in 

lithium-ion cells. However, Cellulose suffers from inherent drawbacks, including fiber non-

uniformity, anisotropic mechanical behavior, and limited interfacial compatibility with lithium 

metal anodes, which hinder its suitability for advanced metal battery applications. Thus, we 

need a more robust, flexible, and ion-conductive framework that is capable of accommodating 

active ceramic fillers with better stabilization with Li metal. Composite solid polymer 

electrolytes (CSPEs), consisting of polymer matrices reinforced with garnet-type fillers, offer 

a promising route to overcome the inherent limitations of conventional polymer systems. In 

this study, dual-polymer CSPEs incorporating Ga-doped LLZO were designed to leverage the 

mechanical robustness of PVDF-HFP, the ionic conductivity of PEO, and the active 

contribution of LLZO fillers. Their structural, electrical, and electrochemical properties are 

discussed in the following section. 

7.4.1 Preparation of CSPE membrane 

PVDF-HFP/PEO/LLGZO-based CSPEs were prepared via solution casting (PVDF-HFP:PEO 

= 9:1, LiTFSI as salt). LLGZO (calcined at 900 °C) was incorporated at 0, 5, 10, and 15 wt% 

(designated LZ00, LZ05, LZ10, LZ15). For comparison, a PVDF-HFP-only CSPE (PL00) was 

also fabricated. The membranes showed a uniform thickness of ~40 µm, and reproducibility 

was confirmed across multiple batches. The detailed preparation procedure was discussed in 

Chapter 2, Section 2.5.2. 

7.4.2 Results and Discussion  

7.4.2.1 Structural and Thermal Studies 
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Figure 7.7(a) and (b) describe the TGA and DTA profiles of PL00, LZ00, and LZ10 CSPEs in 

an air atmosphere from RT to 800°C. For PL00, the initial weight loss of ~5 wt% was observed 

from RT to 400°C. Whereas LZ00 and LZ10 showed higher weight loss ~20 wt% from RT to 

320°C, which can be attributed to the decomposition of PEO and/or residual solvent trapped 

within the polymer matrix. A sharp decrease in weight loss is observed for all the samples, 

which might be due to the decomposition of the PVDF-HFP polymer matrix 21. At the end of 

this decomposition process, at ~600-675°C, PL00, LZ00, and LZ10 show 98%, 93%, and 90% 

weight loss, respectively. In DTA profiles, the presence of an exothermic peak at 339°C for 

LZ00 and LZ10 CSPEs suggests the decomposition of the PEO chain in the PVDF-HFP 

polymer matrix. Whereas, peaks ~520-540°C represent the decomposition of the PVDF-HFP 

polymer chain, which appears in all the CSPEs. The peak at 679°C for LZ10 might be due to 

the interaction between the inorganic LLGZO particle and any organic species.  

Figure 7.7(c) shows the X-ray diffraction pattern of PL00, LZ00, and LZ10 CSPEs along with 

the JCPDS file of cubic LLZO (PDF 00-064-0141). A broad peak centered at ~20° is visible in 

all the samples, which is characteristic of amorphous PVDF-HFP polymer 22,23. Although the 

peak corresponding to PEO polymer in LZ00 and LZ10 (both containing 10 wt% % of PEO) 

is not visible clearly, or may be overlapping with the broad peak of PVDF-HFP. The major 

characteristics peaks of cubic LLZO are clearly seen in the LZ10 CSPEs, demonstrating the 

successful incorporation of crystalline LLGZO particles in the dual polymer matrix. The 

crystallinity index (CI) of PVDF-HFP characteristics peaks at ~20°, as calculated from 

equation 1 or equation 2, has been found to be 37.20% for PL00, 33.65% for LZ00, and 28.54% 

for LZ10 (variation shown in Figure 7.7(f)). So, the reduction in crystallinity in the dual 

polymer matrix enhances the fraction of amorphous regions in the polymer matrix. As a result, 

the segmental motion of polymer chains may facilitate Li⁺ hopping more effectively14,24,25. 

Figure 7.7(d) presents the FTIR spectra of PL00, LZ00, and LZ10 in the wavenumber range 

of 1000-400 cm⁻¹. No significant change in bond vibration is observed after incorporation of 

PEO and LLGZO in the PVDF-HFP matrix. The transmittance peaks are identified at 949, 878, 

836, 813, 791, 762, 739, 674, 616, 601, 570, 510, 481, 431, and 407 cm⁻¹ mainly indicated the 

typical stretching and bending vibrations of -CF₂, -CH₂, and -C-O-C- groups from PVDF-HFP 

and PEO, along with lattice vibrations from the cubic LLGZO phase 26–29. The absence of any 

additional peaks or major peak shifts suggests that their addition does not lead to any new 

chemical bond formation. However, the physical interaction within the polymer matrix is 

changed.  The reduced intensity of crystalline polymer bands in the FTIR spectra further 
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supports enhanced polymer chain segmental motion, which may improve the electrical and 

electrochemical properties of CSPE.  

 

Figure 7.7 (a) TGA and (b) DTA thermographs of PL00, LZ00, and LZ10 CSPEs from RT to 

800°C. (c) X-ray diffractograms of PL00, LZ00, and LZ10 CSPEs along with the JCPDS file 

of cubic LLZO. (d) FTIR spectra of PL00, LZ00 and LZ10 CSPEs. (e) Tensile strength 

Measurement of developed CSPEs. (f) Variation of mechanical properties and crystallographic 

index of PL00, LZ00, and LZ10.  

7.4.2.2 Mechanical and Microstructural Studies 
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Figure 7.7(e) represents the tensile stress vs strain plot of PL00, LZ00, and LZ10. The samples 

for mechanical testing were cut from different parts of the developed CSPEs to check the 

homogeneity of the films as well as the reproducibility of the test results. It is observed that the 

incorporation of PEO in the PVDF-HFP matrix reduces the tensile strength from 2.55±0.20 

MPa to 2.47±0.15 MPa. Although after adding 10 wt% of LLZO in the dual-polymer system, 

the tensile strength is found to be 2.63±0.20 MPa. The variation of mechanical strength and 

crystallinity index of PL00, LZ00, and LZ10 is shown in Figure 7.7(f). Thus, the addition of 

PEO and LLZO successfully increases the amorphous nature of PVDF-HFP, which might help 

to increase the ionic conduction through the strong electrostatic interaction of the PVDF-HFP 

chain. Thus, from X-ray diffraction patterns, FTIR spectra, tensile strength measurement, and 

thermal profile, it is clearly seen that the addition of  PEO and LLGZO in PVDF-HFP matrix 

has a profound effect on the structural, mechanical, and thermal properties of CSPEs. 

 

Figure 7.8 FESEM images of LZ00 CSPEs (a) at the top surface and (b) near the edge section. 

(c) EdX spectrum of LZ00 CSPEs. FESEM images of LZ10 CSPEs (d) at the top surface and 

(e) near the edge section. (f) EdX spectrum of LZ10 CSPEs, (g) elemental mapping of the 

selected region in LZ10, (h) elemental mapping of all elements present in the CSPE. 

Distribution of (i) and (j) Zr in the developed CSPEs. 

 Figures 7.8(a) and (b) show the FESEM micrographs of LZ00 CSPE at two different scales 

at the top surface and at the near edge section, respectively. The morphology appears more 

porous and less dense.  The corresponding EdX spectrum is shown in Figure 7.8(c), which 

describes the presence of different organic species along with the N, F, and S from LITFSI. 
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Similarly, Figures 7.8(d) and (e) represent the FESEM of LZ10 CSPE at two different scales 

at the top surface and at the near edge section, respectively. The morphology here appears 

denser and smoother than that of LZ00. The agglomeration of the LLGZO particles is also 

clearly seen at the top and edge sections. The corresponding EdX spectrum of LZ10 is shown 

in Figure 7.8(f). The presence of La, Zr, and Ga elements in LZ10 CSPEs describes the 

presence of LLGZO particles. Elemental mapping analysis of LZ10 CSPEs, shown in Figures 

7.8(g)-(j), provides further evidence of filler incorporation in the dual polymer matrix. The 

FESEM micrograph in Figure 7.8(g) highlights the analysed region. However, in the combined 

elemental map in Figure 7.8(h) shows the spatial distribution of C, N, O, F, S, La, Zr, and Ga 

across the polymer matrix. Individual La and Zr maps (Figures 7.8(i) and (j)) confirm the 

dispersion of LLGZO within the polymer host. This homogeneous distribution ensures 

improved polymer-ceramic contact and the formation of better Li⁺ transport pathways. Thus, 

the structural, mechanical, thermal, and microstructural analyses demonstrate that the 

incorporation of PEO and LLGZO significantly influences the crystallinity, thermal stability, 

and microstructure of the CSPEs, which surely impact their overall electrical and 

electrochemical performance in lithium metal batteries. 

7.4.2.3 Electrical Studies  
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Figure 7.9 (a) Nyquist plot of PL00, LZ00, LZ05, LZ10, and LZ15 composite solid polymer 

electrolytes (CSPEs) at room temperature (30 °C). (b) Electrochemical impedance spectra of 

LZ10 at various temperatures. (c) Arrhenius plots of PL00, LZ00, LZ05, LZ10, and LZ15 

CSPEs showing temperature dependence of ionic conductivity for activation energy 

determination. (d) Variation of room-temperature ionic conductivity (left axis) and 

corresponding activation energy (right axis) for developed CSPEs.  

The ionic conductivities of PL00, LZ00, LZ05, LZ10, and LZ15 are measured using two SS 

ion blocking electrodes in both sides of the CSPEs that are cut from several portions of the 

films to confirm the homogeneity. Figure 7.9(a) represents the Nyquist plot along with the 

equivalent circuit, where Rb and CPE represent the bulk electrolyte resistance of CSPEs and 

constant phase elements, respectively. The resistance components are almost similar for all the 

samples for a particular composition of CSPE. The ionic conductivities as calculated from 

equation 3 are found to be 8.54×10-6, 2.06×10-5, 8.50×10-5, and 1.08×10-4 and 7.99 ×10-5 S/cm 

at RT for PL00, LZ00, LZ05, LZ10, and LZ15 CSPEs respectively. Thus, 10 wt% addition of 

PEO in PVDF-HFP matrix (LZ00) successfully enhanced the overall ionic conductivity and 

reached a maximum value of 2.06×10-5 S/cm. It is crucial to mention here that the concentration 

of PEO was varied in the range of 5-20% of the total polymer and the ionic conductivity 

increased with the increase in the PEO content as PEO provides higher conductivity than 

PVDF-HFP 21,30. However, where PVDF-HFP's crystallinity provides its high mechanical 

strength, the introduction of PEO disrupts the crystalline network, reducing the overall degree 

of crystallinity. Also, PEO acts as a plasticizer for the PVDF-HFP base matrix, that get between 

the polymer chains, increasing their segmental mobility and reducing the glass transition 

temperature 31,32. These are the reasons that with the increase in PEO content with respect to 

PVDF-HFP, softer and less rigid composite polymer systems are developed. For longer cycle 

life and stable electrochemical operations, both high ionic conductivity and good mechanical 

integrity are required. Thus, from the pivotal experimental observations and the recent 

literature survey 33, the 9:1 ratio of PVDF-HFP and PEO has been chosen for the development 

of LLGZO and dual-polymer based CSPE systems. It is reported that the presence of PEO 

chains enhances the Li-salt dissociation and creates dynamic coordination sites, which further 

accelerate the Li⁺ transportation in the polymer matrix21,31. Whereas the local ordered domain 

of PVDF-HFP was further disrupted by the addition of LLGZO particles due to strong Lewis 

acid-base interactions with the polymer chains. This also reduces the crystalline index as found 

earlier and creates interfacial conduction pathways more effectively. This combined effect 
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synergistically increases ionic conductivity for LZ10 samples. The LLGZO loading was 

optimized at 0, 5, 10, and 15 wt% to balance ionic conductivity, film processability, and 

interfacial stability. It is observed that at a higher filler content(>15wt%), LLGZO particles 

agglomerated and led to microstructural inhomogeneity, poor casting quality, and brittle 

membranes that increased interfacial polarization. On the other hand, for very low loadings (<5 

wt%), the effect of LLGZO on disrupting polymer crystallinity and enhancing ionic 

conductivity was negligible. The intermediate range, i.e., at 5 to 15 wt%, was therefore selected 

to systematically evaluate the influence of filler concentration. In this study,10 wt% (LZ10) is 

the optimum concentration, which is consistent with the literature30,34,35. At this concentration, 

agglomeration was minimized, fillers were well dispersed within the PVDF-HFP/PEO matrix, 

and the composite shows the highest room-temperature conductivity, lowest activation energy, 

and superior Li/Li cycling stability. However, the 15 wt% composition (LZ15) showed 

pronounced agglomeration, increased interfacial resistance, and polarization during 

electrochemical performance.  

 

Figure 7.10 EIS measurements at various temperatures in the SS/SS symmetric cell of (a) PL00, 

(b) LZ00, (c) LZ05, (d) LZ15 CSPEs. 
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In comparison to the LZ00 matrix, further enhancement in ionic conductivities is observed 

when LLGZO particles are incorporated in the PVDF-HFP-PEO dual polymer matrix (LZ05, 

LZ10 and LZ15). At a concentration of 10 wt%, the ionic conductivity reaches a maximum 

value of 1.08×10-4 S/cm. To further explore the temperature dependency of ionic conductivity, 

the Arrhenius plots of all the developed CSPEs is also plotted in Figure 7.9(c) for a temperature 

range from 30°C to 90°C. The EIS spectra taken at this temperature are also presented in Figure 

7.9(b) LZ10, Figure 7.10(a) PL00, 7.10(b) LZ00, 7.10(c) LZ05, and 7.10(d) LZ15. All the 

developed CSPEs follow a linear Arrhenius behaviour, which indicates a thermally activated 

ion transport mechanism. The activation energies, as calculated from the slope (as described in 

equation 4), are shown in Figure 7.9(d). Notably, LZ10 exhibits the lowest activation energy 

of 0.304 eV, also providing the highest ion conductivity, which suggests facile lithium-ion 

conduction through a more amorphous and flexible matrix. The observed trend suggests that 

moderate addition of PEO and LLGZO not only enhances conductivity but also reduces energy 

barriers for Li+ ion migration. However, the slight curvature observed in the Arrhenius plots at 

lower temperatures originates from the semi-crystalline nature of the dual-polymer matrix.14–

16,30,36 Ionic transport in such systems is coupled to polymer segmental dynamics in the 

amorphous domains. This becomes more active at elevated temperatures, leading to minor 

deviations from ideal Arrhenius behavior. No discontinuities were detected across the EIS 

measurement range (30–90 °C). Thus, the major phase transition was not observed, which 

correlates with our TGA/DTA measurement.  

To investigate electrode-electrolyte interfacial properties, EIS spectra of all developed CSPE 

in symmetric Li/CSPE/Li cells are presented in Figure 7.11(a) along with the equivalent 

circuit. After analysing in ZView software, it is observed that the metal/electrolyte interfacial 

resistance (RLi/El) decreased significantly with the inclusion of PEO and LLGZO. PL00 showed 

the highest interfacial resistance of 326.2 Ω, whereas LZ10 and LZ15 demonstrated much 

lower values of 105.1 Ω and 120.9 Ω, respectively. These results thus suggest that improved 

electrode–electrolyte contact and reduced interfacial polarization in the modified CSPEs. There 

are various pathways that lead to enhanced ionic conductivity and interfacial stability of the 

CSPEs 36,37, however, the conjugal effect of dual-polymer as well as of incorporating LLZO-

based active ceramic filler is prominent in various other electrical and electrochemical 

phenomena that have been improved a lot. The electrochemical stability window of the CSPEs 

was examined using linear sweep voltammetry (LSV) in a Li/CSPE/SS configuration, as shown 

in Figure 7.11(b). PL00 exhibited an oxidative stability of 4.99 V, which increased with the 
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addition of PEO and LLGZO, reaching 5.23 V for LZ10. This enhanced electrochemical 

window might be due to the interaction between the polymer matrix and ceramic filler, which 

resulted in stabilizing the polymer backbone and delaying oxidative decomposition. So, these 

results demonstrated that the incorporation of PEO and LLGZO into the PVDF-HFP matrix 

significantly enhances the ionic conductivity, lowers activation energy, improves interfacial 

compatibility with lithium metal, and broadens the electrochemical stability window.  It is 

worth discussing that the PVDF-HFP backbone in the CSPE matrix maintains structural 

integrity and facilitates the homogeneous dispersion of filler particles. As discussed earlier, the 

PEO chain further enhances Li⁺ transport channels via salt dissociation21,31,38. Thus, even in the 

presence of agglomerates, the polymer matrix promotes percolative Li⁺ pathways around the 

ceramic particles. This enhances the ionic transport in the CSPE matrix. Along with this, the 

interfacial Lewis acid-base interactions between LLGZO surface sites and the polymer chains 

are one of the reasons for reducing crystallinity and lowering the interfacial resistance. This 

synergistic polymer-ceramic effect likely explains why the LZ10 CSPE delivers superior 

performance despite some degree of particle agglomeration. However, with the increase in 

concentration of LLGZO particles, the agglomeration increases, and as a result, the ionic 

conductivity reduces.  
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Figure 7.11 (a) Nyquist plots of Li/CSPE/Li symmetric cells with PL00, LZ00, LZ05, LZ10, 

and LZ15 CSPEs at room temperature. (b) Linear sweep voltammetry (LSV) profiles of PL00, 

LZ00, and LZ10 in Li/CSPE/SS cells. (c) DC polarization of Li/LZ10/Li cell, (d) Summary of 

Li-ion transference numbers for all the developed CSPEs. 

The Li⁺ transference number (tLi⁺) of the developed CSPEs was evaluated at 60°C using a 

combination of DC polarization and EIS analysis from equation 5 and summarized in Table 

7.1. DC polarization of LZ10 CSPEs, along with the EIS spectra, is presented in Figure 7.11(c). 

For LZ10 electrolyte, the initial and steady-state currents obtained from DC polarization deliver 

a tLi
⁺ of 0.74. This value is significantly higher than that of PL00 (0.31) and LZ00 (0.55). The 

transference number for LZ05 and LZ15 is found to be 0.65 and 0.69, respectively. A summary 

plot is presented in Figure 7.11(d). The enhanced tLi
⁺ of LZ10 might be due to the homogeneous 

dispersion of LLGZO particles within the PVDF-HFP/PEO matrix. This further promotes 

preferential Li⁺ transport by facilitating LiTFSI dissociation and suppressing anion mobility. 

These results clearly demonstrate that the dual-polymer/LLGZO design provides an efficient 

Li⁺ conduction pathway. From the results obtained so far, the importance of the development 

of efficient battery materials for obtaining good material characteristics as well as improved 

battery performance has been proven 39–41. Now, it will be interesting to measure the long-term 

stability of developed CSPEs (LZ00, LZ05, LZ10, and LZ15) in the later section for the 

successful application in lithium metal batteries. 

Table 7.1 Lithium-ion transference no (tLi
+) and corresponding resistance before and after 

polarization of the developed CSPEs  

CSPE I0 (A) Iss (A) R0 (Ω) Rss (Ω) Li-ion Transference 

Number (tLi+) 

PL00 2.55E-05 1.35E-05 251.2 283.0 0.31 

LZ00 2.51E-05 1.50E-05 87.3 103.6 0.55 

LZ05 2.43E-05 1.64E-05 72.4 89.5 0.65 

LZ10 2.01E-05 1.50E-05 66.4 81.0 0.74 

LZ15 2.38E-05 1.72E-05 78.2 83.7 0.69 

 

7.4.2.4 Electrochemical Studies  

7.4.2.4.1 Long cycling stability Test  
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Compatibility of the electrolytes with Li metal anode, as well as their mechanical integrity to 

inhibit Li dendritic growth, are crucial for ensuring safety and long-term stability of a battery 

42–44. To investigate the electrochemical stability and interfacial compatibility of the developed 

composite solid polymer electrolytes (CSPEs) against lithium metal, long-term Li/CSPE/Li 

symmetric cells were cycled under stepwise current densities of 0.10, 0.20, and 0.40 mA·cm⁻², 

as shown in Figure 7.12(a). At 0.10 mA. cm-2, all the fabricated cells containing various CSPEs 

performed a stable plating/stripping behaviour over the 850 cycles (10 minutes Charge and 10 

minutes discharge) except LZ015 CSPEs. 

 

Figure 7.12 (a) Voltage profile of Li/Li symmetric cell at 60°C at different current densities (0-

850 cycles @ 0.10 mA. cm-2, 851-1850 cycles @0.20 mA. cm-2, and 1851-2700 cycles @0.40 

mA. cm-2) with three enlarged versions denoted as (I), (II), and (III). 

The cell with LZ15 electrolyte shows a large polarization and soft short circuit behaviour at 

around 69h. LZ00, LZ05 and LZ10 shows an average over potential ~0.17V, ~0.16 and ~0.11V 

respectively. Thus, in terms of lower polarization, LZ10 shows excellent stability at a lower 

current density of 0.10 mA. cm-2  as shown in inset (I). At 0.2 mA.cm-2, LZ00, and LZ15 suffer 

large fluctuations (inset (II)) in the plating/stripping process due to instability at the 

metal/electrolyte interface. Whereas, LZ05 and LZ10 show excellent stability with increasing 
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cycle life. After the sudden change in current density, both the cells show a larger average 

potential of ~0.27V for LZ05 and ~0.17V for LZ10. Whereas, around 600h, the cell undergoes 

more stabilization and shows an average overpotential of ~0.16V for LZ05 and ~0.12V for 

LZ10. At 0.4 mA.cm-2, the cell with LZ00 and LZ15 undergoes abrupt fluctuation as shown in 

inset (III). Whereas, LZ05 and LZ10 display a stable polarization. The electrochemical stability 

of PL00 CSPE is also measured and presented along with the LZ00 and LZ10 CSPES in Fig. 

S4, represent a large voltage polarization. These results highlight the critical role of active filler 

content (LLGZO particle) and dispersion to enhance the mechanical strength, ionic 

conductivity, and interfacial compatibility of CSPEs. In particular, LZ10 demonstrated the most 

favourable performance, which enables stable lithium plating/stripping over 900 hours across 

all tested current densities. 

7.4.2.4.2 Full Cell Performance  

 

Figure 7.13 Electrochemical performance of the optimized LZ10 CSPE at room temperature. 

(a) Galvanostatic Li plating/stripping profile of the Li/LZ10/Li symmetric cell at 0.1 mA·cm-2 

over 25 h, (b) Charge-discharge voltage profiles of the Li/LZ10/LFP full cell at a current 

density of 0.04 mA·cm⁻² for the 1st, 5th and 10th cycle, (c) Cycling performance of the 

Li/LZ10/LFP full cell at room temperature with corresponding coulombic efficiencies 

To understand the practical applicability of these CSPEs, full cells are fabricated using a Li 

metal anode and a commercial LiFePO4 cathode. To validate the room-temperature 

performance of the LZ10 electrolyte, additional electrochemical measurements of the LZ10 

CSPE were carried out and are presented in Figure 7.13. In Figure 7.13(a), the Li/LZ10/Li 

symmetric cell shows plating/stripping behaviour at 0.1 mA·cm⁻² with low polarization over 

25 h. However, an increasing trend in polarization voltage is observed. In the Li/LZ10/LFP full 

cell in Figure 7.13(b), typical charge discharge profiles are presented at 0.04mA.cm-2, and the 

cell delivered an initial discharge capacity of ~107 mAh·g⁻¹ with an impressive coulombic 
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efficiency of ~97%.  The rate capability plot in Figure 7.13(c), LZ10 retains ~83% capacity 

retention after 10 cycles at 0.04 mA·cm⁻². Thus, the LZ10 CSPE is capable of supporting 

reversible lithium storage at room temperature, although the performance is relatively limited.  

EIS spectra are taken in the fabricated condition for LZ00 and LZ10 and presented in Figure 

7.14(a) along with the equivalent circuit. After analysing using Zview software, it is found that 

boh interfacial resistance due to metal/electrolyte and cathode/electrolyte boundaries reduced 

significantly after the addition of 10 wt% LLGZO in the dual polymer matrix.  
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Figure 7.14 (a) Nyquist plot of Li/LFP full cell as fabricated condition for LZ00 and LZ10. (b) 

Rate capability of LZ00 and LZ10 CSPEs at different current densities at 60°C. (c) Typical 

charge-discharge profile for LZ10 at different current densities. (d) Summary plot of the 

average specific capacity and average coulombic efficiency for LZ00 and LZ10 at various 

current densities. (e) Long cycling capacity retention test for LZ10 CSPEs. 

Table 7.2 Comparative Performance of Composite Polymer Electrolytes with LLZO 

Derivatives for Solid-State Lithium Batteries. 

Composition t (μm) σ (S.cm-1)/ 

Eg (eV) 

Electrochemical Stability Ref 

PVDF-

HFP/LiTFSI/Ga-Rb-

LLZO 

30 ± 5  1.43×10−5 

(30ºC)/- 

Stable Li plating-stripping at 

0.1 mA.cm-2 for >1000h; 200 

cycles for Li/LFP cell with 

88.29% capacity retention 

 

45 

PVDF-

HFP/LiTFSI/Ga-

LLZO 

70 8.92×10−4 (R

T)/- 

Li/LFP cell ran in current 

densities from 0.1C to 2.0C 

and recovered well with an 

average coulombic efficiency 

of 98.7%; stable Li plating-

stripping for 600h 

 

46 

PEO/LiTFSI/PVDF

–HFP/LLZTO 

200±100 2.65×10–4 

(60ºC)/- 

Stable Li plating-stripping for 

1000h; good rate discharge 

stability at various current 

densities of 0.05, 0.10, and 

0.15 mA.cm–2 at 60°C with 

>99% coulombic efficiency 

 

21 

PEO/LiTFSI/Al-

LLZO 

100 2.7×10−5 

(25°C) 

Stable cycling in Li-S battery 

at 0.75 mA.cm-2 and reached 

a high discharge capacity of 

1250 mAh.g-1 

 

47 

PVDF-HFP/LiTFSI/ 

Ti@LLZTO 

75 6.86×10−5 

(30ºC)/0.24 

eV 

Li/Li cell cycled up to 1550h 

at 0.1 mA.cm−2 with a small 

polarization voltage (<40 

mV); Li/LFP cycles at 0.5C 

for 100 times with capacity 

retention of 98.8% at 28ºC 

 

48 
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PVDF-

HFP/LiTFSI/Ga-

LLZO 

80 1.1×10−4  

(RT)/- 

Li/LFP cell ran for 80 cycles 

at 0.1C with capacity 

retention of 96.5% and 

coulombic efficiency of 98%; 

stable Li plating-stripping for 

700h without short circuit  

 

49 

PEO/Al-doped 

LLZTO/LiTFSI 

30 1.12×10−5 

(25°C)/0.83 

eV 

Li/Li cell exhibited excellent 

stability with a constant 

polarization of 15 mV during 

400h cycling at 0.10 mA.cm-

2; Li/LFP cell achieved a 

capacity of 155 mAh⋅g−1 and 

a Coulombic efficiency of 

99% at 0.1 C at 60 °C with 

87% retention after 100 

cycles 

 

50 

PVDF-

HFP/PEO/LiTFSI/G

a-LLZO 

40±2 1.08×10−4  

(30°C)/0.304 

eV 

Stable Li plating/stripping 

over 900h at various current 

densities with minimal 

change in electrolyte 

resistance, good rate 

capability at various current 

densities in Li/LFP full cell. 

This 

Work 

 

Metal/electrolyte resistance (RLi/El) is reduced from 65.2Ω to 49.1Ω, whereas 

cathode/electrolyte resistance (RCa/El) is reduced from 380.4Ω to 228.7Ω. The rate capability 

test of LZ00 and LZ10 CSPEs is carried out at 60°C at various current densities against Li 

metal anode and LiFePO4 (LFP) cathode and presented in Figure 7.14(b). At 0.04 mA.cm-2, 

LZ10 and LZ00 deliver an average discharge specific capacity of 147.02 and 142.15 mAh.g-1. 

At higher current densities, the average discharge specific capacity of LZ10 CSPEs is found to 

be 142.76 mAh.g-1(0.08 mA. cm-2), 137.45 mAh.g-1 (0.16 mA. cm-2), and 124.51 mAh.g-1 (0.32 

mA. cm-2). Similarly, the average discharge specific capacity of LZ00 CSPEs is 126.42 mAh.g-

1(0.08 mA. cm-2), 107.66 mAh.g-1 (0.16 mA. cm-2), and 89.99 mAh.g-1 (0.32 mA. cm-2). Both 

cells containing LZ00 and LZ10 CSPEs exhibited >99% coulombic efficiencies. When the cells 

are brought back to the initial current density, both cell shows good reversibility. Figure 7.14(c) 

represents the typical charge-discharge profile of Li/LZ10/LFP cell at various current densities 

at 60°C. A summary of average discharge specific capacity and average coulombic efficiencies 

at different current densities is also plotted and presented in Figure 7.14(d). Long Cycling 

performance of the Li/LZ10/LFP solid-state cell at 60°C and a current density of 0.16 mA·cm-

2 is presented in Figure 7.14(e). The cell delivers an initial discharge capacity of ~133 mAh·g-
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1 and maintains ~84% capacity retention after 50 cycles with an excellent coulombic efficiency 

of >98%. A Comparative Performance of Composite Polymer Electrolytes with LLZO 

Derivatives for Solid-State Lithium Batteries is summarized in Table 7.2. Thus, these results 

clearly indicate that the incorporation of 10 wt% LLGZO enhances the interfacial compatibility 

at both the Li metal/electrolyte and cathode/electrolyte interfaces and improves the rate 

performance of the full cell, especially at elevated current densities. The better ionic transport 

and reduced interfacial resistances in the LZ10 composite electrolyte thus facilitate more stable 

and efficient charge/discharge processes. Thus, it can be a promising candidate for practical 

solid-state lithium metal batteries.  

7.4.3 Critical analysis 

The physico-chemical and electrochemical performance and reliability of composite solid 

polymer electrolytes (CSPEs) are critically governed by their crystallinity, mechanical 

integrity, ionic conductivity and Li-ion migration pathways. The dual-polymer/LLZO CSPEs 

exhibited enhanced ionic conductivity (1.08 × 10-4 S·cm-1), wide electrochemical stability (5.23 

V), and stable Li/Li cycling over 900 h at 60 °C. This suggests a key synergistic role of 

polymers and ceramic interaction. Despite these improvements, the electrolytes still have a few 

key limitations, Such as temperature-dependent conductivity, limited flexibility, moderate 

mechanical strength, and handling difficulties in free-standing form. These challenges 

highlight the need for more robust structural reinforcement, motivates towards the development 

of paper-polymer-LLZO systems. 

7.5 Paper-Polymer-LLZO composite electrolytes 

To address the handling difficulties and poor flexibility of standalone CSPE films, a paper-

polymer-LLZO composite strategy was adopted by embedding cellulose paper within the dual-

polymer/LLZO matrix. The fibrous paper scaffold provides mechanical reinforcement and 

flexibility, while the polymer-ceramic phase ensures ionic conductivity and interfacial stability, 

together forming a structurally robust and electrochemically active electrolyte membrane for 

the next-generation flexible battery. 

7.5.1 Preparation of Paper-Polymer-LLZO Composite Membrane 

Ga-doped LLZO (LLGZO) was synthesized via alanine-assisted auto-combustion, calcined at 

900 °C, and used as the active filler. A dual-polymer (PVDF-HFP/PEO with LiTFSI) solution 

containing 10 wt% LLGZO was prepared, ultrasonicated, and stirred. The slurry was coated on 
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both sides of pre-dried cellulose paper (20 µm, ~65% porosity) using a semi-automated casting 

machine, followed by infrared drying, vacuum treatment, and compaction. The resulting paper-

polymer-LLZO membrane (~60 µm) integrates the porosity and reinforcement of paper, the 

flexibility of polymers, and the ion transport pathways of LLGZO, forming a robust 

multifunctional electrolyte for next-generation flexible solid-state metal batteries. The LLGZO 

dual polymer-coated paper-polymer-LLZO membrane will be termed as PLZ10, and without 

LLGZO, PLZ00. 

7.5.2 Results and Discussion 

 7.5.2.1 Microstructural and Mechanical Studies 

 

Figure 7.15(a-b) FESEM images of PLZ10 at two different scales, Mechanical of (c) cellulose 

paper, (d) CSPE (LZ10), and (e) paper-polymer-LLZO membrane (PLZ10). 

The microstructural and mechanical properties of the paper-polymer LLZO (PLZ10) 

electrolyte demonstrated a critical insights into its robust structure compared to the commercial 

cellulose paper and CSPE membranes. Figures 7.15(a-b) present the FESEM images of the 

paper-polymer-LLZO membrane, which reveal a dense, uniform morphology with well-
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dispersed filler domains. However, in the CSPE film, as we earlier discussed, a 30wt% of 

LLGZO ceramic impregnated paper separator shows the agglomerated LLZO particle in paper 

(Section 7.3) and for the dual polymer composite electrolyte, a relatively soft polymer-rich 

CSPE film was observed with agglomerated filler particle distribution. (Section 7.4). 

The tensile profile of commercial cellulose paper (Figure 7.15 (c)) shows high tensile stress 

(11.83 MPa) but extremely low strain (~1-2%). This generally reflects the brittle structure of 

commercial cellulose paper with non-uniform anisotropic fibre deposition. However, the CSPE 

membrane, as shown in LZ10, Figure 7.15(d), demonstrates high elongation (~89% strain) but 

very low stress (2.63 MPa). This highlights its flexibility due to the dual polymer matrix, but 

poor mechanical strength to resist the dendritic growth during cycling. The PLZ10 electrolyte, 

as presented in Figure 7.15(e), achieves a balanced profile, i.e with tensile stress of 14.79 MPa 

and strain of 7.66%, it combines the strength of cellulose and improves the flexibility due to 

the polymer.  

These results clearly establish that the paper-polymer-LLZO configuration can improve the 

limitations of the paper (brittleness) and CSPE (softness), by offering a mechanically robust 

yet flexible framework. Thus, it will be interesting to measure the electrical and 

electrochemical performance. 

 7.5.2.2 Electrical properties 

The ionic transport properties and stability of the paper-polymer-LLZO electrolytes were 

systematically investigated and compared with those of the pristine paper-polymer (PLZ00) 

and the CSPE membrane. Nyquist plots of PLZ00 and PLZ10 at room temperature along with 

the equivalent circuit are presented in Figure 7.16(a). The PLZ10 membrane shows 

significantly reduced bulk resistance compared to PLZ00. This suggests the role of LLGZO 

fillers in facilitating the lithium ionic transportation across the paper polymer matrix.  The 

Arrhenius plots as presented in Figure 7.16(b) further demonstrated that the PLZ10 delivers 

lower activation energy as compared to PLZ00, which is consistent with our earlier studies.  

The temperature-dependent impedance spectra (30-80°C) of PLZ00 and PLZ10 are presented 

in Figures 7.16 (c) and (d), respectively. A rapid decrease in the resistance is observed with the 

increasing temperature, which is consistent with the enhanced segmental dynamics of the dual 

polymer matrix. Importantly, PLZ10 shows the lower resistance values at all the temperatures 

compared to PLZ00. This suggests that an improved transport pathway was formed due to the 
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synergistic interaction between the LLGZO filler and the polymer chains across the paper 

matrix. This is also consistent with our earlier observation.  

 

Figure 7.16 Electrical and electrochemical properties of paper-polymer-LLZO electrolytes. (a) 

Nyquist plots of PLZ00 and PLZ10 at room temperature with the equivalent circuit. (b) 

Arrhenius plots of PLZ00 and PLZ10 for activation energy calculation. Temperature-dependent 

impedance spectra of (c) PLZ00 and (d) PLZ10 for a temperature range of 30-80°C. (e) 

Variation of room temperature ionic conductivity and activation energy with various 

compositions, (f) Linear sweep voltammetry of PLZ10. 

The conductivity and activation energy variation with various compositions are summarised in 

Figure 7.16(e). As the CSPE film (LZ10) achieved the highest conductivity (~1.08 × 10-4 S.cm-
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1 at 30°C), the PLZ10 delivered a similar conductivity of 0.785 × 10-4 S.cm-1 with a low 

activation energy of 0.305 eV. Whereas, the paper-based pristine polymer electrolyte shows 

low activation energy (0.422 eV) and similar conductivity to its CSPE’s counterpart. Thus, the 

overall conductivity and the mechanical study suggest that the PLZ10 electrolyte successfully 

combines the strength of the cellulose paper and the flexibility and the ionic transport properties 

of the CSPEs membrane. After that, the electrochemical stability window of PLZ10, as shown 

in Figure 7.16(f), is way above 5V, thus any commercial high voltage cathode material can be 

used with this flexible paper-based electrolyte.  

In summary, the PLZ10 electrolytes show an optimal balance between ionic conductivity, 

activation energy, electrochemical stability, and mechanical integrity. It will be very interesting 

to measure the Li metal computability in the later section.  

7.5.2.3 Electrochemical Studies  

 

Figure 7.17 Long-term galvanostatic cycling of Li/PLZ00/Li and Li/PLZ10/Li symmetric cells 

at 0.1 mA.cm⁻². Insets show magnified voltage profiles between 200-205 h and 700-705 h.  

The interfacial stability and dendrite suppression capability of the paper-polymer-LLZO 

composite membranes were evaluated using Li/electrolyte/Li symmetric cells at a current 

density of 0.1 mA.cm-2. The long-term galvanostatic cycling profiles of PLZ00 (without 

LLZO) and PLZ10 (with 10 wt% LLZO) are presented in Figure 7.17. Both cells showed 

stable lithium plating/stripping behaviour for over 900 h. However, distinct differences in 

polarisation trends are observed. The PLZ00 membrane shows large voltage fluctuations with 

increasing cycle time, which reflect the unstable voltage fluctuation and insufficient Li⁺ 
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transport selectivity. In comparison, PLZ10 demonstrates lower and more uniform 

overpotentials with smoother voltage plateaus and almost stable for longer time periods. The 

magnified regions at ~200-205 h and ~700-705 h clearly highlight the consistent polarization 

stability of PLZ10 compared to PLZ00.The improved stability of PLZ10 is due to the to the 

synergistic effect of the cellulose scaffold and the LLZO fillers. The paper backbone provides 

the structural robustness and dimensional stability. Whereas the LLGZO particles enhance the 

ionic conductivity and promote the homogeneous Li⁺ flux. This combination effectively 

mitigates the localized current hotspots and delays the interfacial degradation. This way it 

suppresses the dendrite growth and delivered long-term stable cycling. These results clearly 

established that the paper-polymer composite electrolyte PLZ10 possesses superior 

electrochemical stability against lithium metal compared to the pristine PLZ00.  

 

Figure 7.18 Galvanostatic charge–discharge voltage profile of the Li/PLZ10/LFP full cell at 

0.1 mA·cm⁻².  

The paper-polymer-LLZO composite electrolytes (Li/PLZ10/LFP) was further used to 

fabricate the full cell. Figure 7.18 presents the typical charge-discharge voltage profiles of the 

cell at a current density of 0.1 mA·cm⁻². The cell delivered an initial discharge capacity of 

146.09 mAh.g-1. This shows the efficient Li⁺ transport through the PLZ10 membrane. The flat 

voltage plateau at ~3.4 V corresponds to the Fe2+/Fe3+ redox couple of the LFP cathode. The 

coulombic efficiency (C.E.) has found to be at ~99%bwhich indicates the reversible Li 

plating/stripping and minimal side reactions at the electrode-electrolyte interfaces. The stable 

polarization during both charge and discharge further confirms the excellent interfacial 

compatibility of PLZ10 with both Li metal and LFP. These results validate that the 

incorporation of LLZO fillers and the reinforcement from the paper scaffold collectively enable 

a multifunctional electrolyte with strong potential for solid-state lithium metal batteries. 
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7.6 Conclusion 

This chapter studied the role of LLZO-based fillers in three different electrolyte architectures, 

paper-based membranes, dual-polymer based CSPEs, and paper–polymer composite 

electrolytes. For paper-based membrane. It showed improved wettability and Li-ion selectivity 

but were brittle and unsuitable for Li metal. However, the Dual-polymer CSPEs offered high 

ionic conductivity (~10-4 S.cm-1), wide electrochemical stability, and long-term symmetric cell 

cycling. Although, the mechanical strength was limited. Using a cellulose scaffold into the 

polymer-LLZO matrix produced paper-polymer-LLZO composite that balanced strength (14.8 

MPa), flexibility (~7.7% strain), and conductivity (0.785 × 10-4 S.cm-1). The paper-based 

electrolyte showed PLZ10 stable symmetric cycling (>900 h) and high full-cell capacity 

(146.09 mAh.g-1, ~99% CE). Thus, paper-polymer-LLZO composite membrane represent a 

robust and scalable electrolyte design for next-generation flexible solid-state lithium metal 

batteries. 
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CHAPTER 8 

Exploratory Studies: (a) Effect of Liquid 

Therapy in Na Metal Batteries and (b) 

Introduction of S in Al-doped LLZO  

Summary & Graphical Abstract 

This chapter presents exploratory studies designed to extend the scope of the liquid-therapy 

framework and to test unconventional modification 

strategies in solid electrolytes. In the first part, liquid 

therapy was applied to Na3Zr2Si2PO12 (NZSP), a 

NASICON-type conductor with high Na⁺ conductivity but 

poor Na-metal interfacial stability. Even with relatively 

low uptake of solvated ionic liquid, the treated NZSP 

showed reduced interfacial resistance and improved 

plating/stripping response, suggesting that liquid-assisted 

interfacial stabilization is not limited to LLZO but can be 

generalized to other oxide electrolytes. In the second part, 

LLZO was co-modified with Al and S to explore combined 

cationic and anionic substitution. While sulfur 

incorporation could not be conclusively detected, 

preliminary results indicated measurable differences 

compared to Al-only LLZO, hinting at possible structural 

or conductivity modifications.  

 

Figure 8.1 Graphical abstract summarizing (a) the role Liquid Therapy in Na metal Batteries 

and (b) S incorporation in Al doped LLZO material. 

Objectives 

1. To test the adaptability of 

liquid therapy in NZSP solid 

electrolytes. 

2. To explore cation-anion co-

modification (Al/S) in the 

LLZO matrix. 

Strategy 

Extend liquid therapy in Na 

metal batteries, and probe 

unconventional modification 

in garnet electrolytes.  
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8.1 Overview 

The core theme of the current thesis has been the optimization of garnet-type LLZO electrolytes 

and enhancement in metal/electrolyte interfacial stability via liquid therapy (Chapter 3), 

interfacial engineering (Chapter 4), microstructural engineering (Chapter 5), dual therapy 

(Chapter 6), and designing a flexible matrix (Chapter 7) for next-generation batteries.  These 

studies provided key insights about the processing-structure-performance correlations in 

garnet-type LLZO material and its interfacial stability with Li metal. In a similar direction, it 

was also necessary to test whether these strategies can be extended to other solid electrolytes 

or metal batteries and to examine the unconventional approaches for tuning the LLZO matrix 

itself. The current chapter is dedicated to two crucial exploratory studies that were undertaken 

under the same research hypothesis: (i) liquid therapy in Na3Zr2Si2PO12 (NZSP) based Na metal 

batteries, and (ii) an unconventional attempt to modify the LLZO matrix via Al and S.  

Among various Na superionic conductors for sodium metal batteries (SMBs), NASICON-type 

Na1+xZr2SixP3−xO12 (NZSP, 0 ≤ x ≤ 3), which was first reported by Goodenough et al.1 in 1976, 

has gained significant attention due to high ionic conductivity (10-3-10-2 S·cm⁻¹) and wide 

electrochemical potential.  Generally, NZSP has a three-dimensional framework of corner-

sharing ZrO6 octahedra and SiO4/PO4 tetrahedra2. In recent years, aliovalent doping and grain 

boundary engineering have been studied for improving the ionic transportation2–5. However, 

the practical use of NZSP is limited by severe instability at the Na metal interface. Several 

decomposition products and resistive interphases (e.g., Na2CO3, NaOH) were developed during 

preparation/cycling, and as a result, uncontrollable Na dendrite growth has been observed.5,6 

Conventional strategies to address these issues have included microstructural densification and 

surface modification via oxide additives such as TiO2 or Al2O3, or via alloying, etc6–9. In this 

work, an alternative pathway was developed by applying the liquid therapy concept based on 

the previous successful application for garnet electrolyte in Li metal batteries. Although the 

liquid uptake was very low (<2 wt%) due to the less porous nature of NZSP compared to LLZO. 

The exhausted electrochemical results demonstrated that the liquid therapy successfully 

reduced the interfacial resistance and showed more stable Na plating/stripping at higher current 

density. The full cell against NVP cathodes (Na3V2(PO4)3) and Na anodes also delivered 

excellent performance throughout the measurement. Thus, these results suggest that liquid-

assisted interface engineering is one of the effective strategies to enhance Na/NZSP interfacial 

stability. Thus, the liquid therapy, which proved to be effective in garnets, can be generalized 

to NASICON-type conductors as a versatile route for mitigating interfacial degradation. 
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The second exploratory study tried to modify the lattice structure modification in LLZO via Al 

and S incorporation. In the literature and in our previous study, the role of cation doping (Ga, 

Al, Ta, Nb) was well established in stabilizing the cubic phase, improving the conductivity by 

creating more Li vacancies in the matrix, and reducing the grain boundary resistance10–12. 

However, the role of anion doping in LLZO garnets remains largely unexplored. Although a 

few theoretical studies show the possibility of halogen-substitution on the garnets with the 

partial replacement of O2- with F- and Cl-, and showed that these substitutions can reduce the 

tetragonal phase formation and stabilize the cubic phase10–14. Recently, S doping in the LATP 

solid state electrolyte matrix was also carried out via the sol-gel synthesis method, and the 

study indicated that the partial replacement of oxygen with sulfur can enhance the ionic 

transportation due to the lower electronegativity of the S atom as compared to oxygen15.  

Motivated by these findings, in this exploratory study, attempts have been made to incorporate 

sulfur. However, S modification in pristine LLZO material is challenging due to the instability 

of the cubic LLZO matrix. We have also tried, but no change in the crystal structure was 

observed. Thus, aluminium with S was tried to incorporate in the LLZO matrix during sol-gel 

synthesis. Sulfur generally has a larger ionic radius and lower electronegativity compared to 

oxygen. Thus, it has the potential to alter the local Li-O framework, which can directly 

influence the ionic connectivity channel. In this study, the elemental sulfur was not detected by 

EDX, maybe due to the volatilization during high-temperature sintering or incorporation below 

the detection limits. But the differences in ionic conductivities and surface features compared 

to Al-doped LLZO suggested that probable modification in the crystal structure10,11. These 

preliminary results highlight both the challenges and opportunities of anion co-doping. Also, 

the more sensitive characterization techniques (e.g., XPS, TOF-SIMS, neutron diffraction) are 

required to confirm the modification in the anion doping more convincing way.  

Thus, these exploratory studies are very crucial to expand the scope of the thesis in two 

complementary directions. The NZSP investigation shows that the liquid therapy can also be 

useful in other chemistries to stabilize the metal/electrolyte interface.  The Al/S study for the 

first time introduces the concept of dual cation-anion modification in garnet material. This 

unconventional but potentially impactful route can further fuel the study of the phase stability 

and Li⁺ transport in depth. Thus, these preliminary studies modify the solid electrolyte via 

interface and lattice engineering and have some potential to provide a new perspective for 

designing the next-generation solid electrolytes. 
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8.2 Liquid Therapy in Na metal Battery 

8.2.1 Experimental 

8.2.1.1 Material synthesis and characterization 

The NZSP (Na3Zr2Si2PO12 with 10% excess Na) solid electrolytes were prepared following a 

conventional solid-state synthesis route. The detailed synthesis and processing are already 

discussed in Chapter 2, Section 2.3.5. In short, the constituent precursors are taken and ball 

milled overnight, followed by drying and calcination at 1100ºC for 15h. After calcination, the 

powders are pelletized and sintered at 1230 °C for 10 h in air. After sintering, the pellets are 

soaked in 1M NaPF6 in tetraglyme for about 2 hours. The details preparation of making this 

liquid electrolyte and solid hybrid electrolyte is already discussed in Chapter 2, Section 2.4. It 

is worth discussing here that, unlike solvated ionic liquid using LiTFSI and tetraglyme as 

prepared and termed as solvated ionic liquid due to the formation of complex chelate structure 

[Li(G4)]+, NaPF6 does not or partially show such complexation, thus this liquid can be termed 

as a liquid electrolyte rather than a solvated ionic liquid. But the whole process of hybridizing 

the NZSP solid electrolyte can be termed as liquid therapy. Thus, the solid hybrid electrolyte 

can be further referred to as NZSP-LT. The detailed characterization is already discussed in the 

same chapter in Section 2.7. 

8.2.1.2 Cell fabrication and testing 

The detailed cell fabrication and testing techniques are already discussed in Chapter 2, Section 

2.6 and Section 2.7, respectively. In Short, after preparing the solid electrolyte (NZSP), solid 

hybrid electrolyte (NZSP-LT), several cells (Na/Na, SS/SS, Na/NVP, etc.) are fabricated for 

various electrochemical testing as discussed in Chapter 2.  

8.2.2 Results and Discussion 

8.2.2.1 Structural Studies 

The structural properties of NZSP and NZSP-LT were investigated using XRD and FTIR, as 

presented in Figure 8.2. After liquid therapy, the XRD patterns of NZSP show no shift in 

diffraction peak or appearance of any secondary phases, as shown in Figure 8.2(a).  The X-ray 

pattern further analysis by Rietveld refinement confirmed that both the electrolytes, NZSP and 

NZSP-LT, consist of ~88% monoclinic phase, ~11% rhombohedral phase, and a minor ~1% 
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ZrO2 impurity phase. This further suggests that the liquid therapy does not introduce any 

structural modification.  

Figure 8.2 (a) XRD patterns of pristine NZSP and liquid-treated NZSP (NZSP-LT) and (b) 

FTIR spectra of NZSP and NZSP-LT materials. 

FTIR spectra as presented in Figure 8.2(b) further provide key insights about the surface 

interaction between the liquid electrolyte and NZSP materials. In the FTIR spectra, both the 

materials shows the characteristic vibrational modes of phosphate stretching (P-O) around 1017 

and 926 cm-1 and the silicate units. However, in the NZSP-LT, various new vibration modes 

were observed, especially at ~1456, 1337, and 1248 cm-1, which may arise from the weak 

interactions between the NaPF₆-based liquid phase and the NZSP surface groups. However, no 

new peaks corresponding to any secondary phases of NZSP material were detected, which is 

consistent with earlier observations. Thus, the structural studies suggest that the liquid therapy 

did not alter the intrinsic NASICON structure, but the local chemical environment at the grain 

surface of the NZSP material was changed. This is very crucial for improving Na wetting and 

interfacial stability, which we discussed in the later section.  

8.2.2.2 Microstructural Studies 

The microstructural changes due to the liquid infusion in the NZSP matrix were further studied 

by FESEM (Figure 8.3) and corresponding EDX spectra (Figure 8.4). The pristine NZSP 

pellets as presented in Figure 8.3(a)-(b) show a highly dense structure with some intergranular 

pores distributed across the surface. With further magnification in Figure 8.3(c), the grains 

appear to have a facet-like structure with irregular edges. Some non-uniform grains and 

secondary particles were also visible.  After the liquid therapy, the surface morphology of the 

NZSP solid electrolyte changed as shown in Figure 8.3(d)-(f). The liquid probably infiltrates 
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into the porous structure of NZSP and forms a smooth and interconnected surface texture as 

compared to pristine NZSP material, as shown in Figure 8.3(d)-(e). Further magnification 

(Figure 8.3(f)) suggests that the bulk microstructure of NZSP was almost unchanged. The 

intergranular voids appear to be filled with liquid electrolyte. This is consistent with the low 

uptake of liquid therapy (~2 wt%). But, due to the significant changes in surface morphology, 

it is expected to get some benefits during cycling with better wetting of Na metal.  

 

Figure 8.3 FESEM images of (a-c) NZSP and (d-f) NZSP-LT at different magnifications. 

Elemental composition was further studied qualitatively using corresponding EDX spectra as 

presented in Figure 8.4. The presence of Na, Zr, Si, O, and O confirms the formation of NZSP 

material as shown in Figure 8.4(a). Whereas, after liquid therapy, the presence of F is more 

prominent as shown in Figure 8.4(b), suggesting the successful incorporation of liquid 

electrolyte in the NZSP matrix. The presence of F mainly originated from the NaPF6-based 
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liquid electrolyte. Thus, FESEM and the EDX spectra further highlight that the liquid therapy 

does not affect the bulk crystal but modifies its surface morphology, which is crucial for Na 

wetting and suppressing any interface instability during electrochemical cycling.  

 

Figure 8.4 EDX spectra of (a) NZSP and (b) NZSP-LT. 

8.2.2.3 Electrical Studies 

The ionic conductivity of pristine NZSP pellets was measured using a coated Au blocking 

electrode at the top surface of both faces of the sintered pellets. The EIS spectrum with the 

corresponding equivalent circuit, as shown in Figure 8.5(a), shows a semicircle followed by a 

long tail. The total ionic conductivity at room temperature of pristine NZSP is found to be 2 × 

10-4 S·cm-1. The activation energy from the Arrhenius plot was presented in Figure 8.5(b) from 

the EIS measurement in a temperature range of 30ºC-120ºC. The activation energy is calculated 

from the slope and was found to be 0.29, well-matched with the literature. Prior to liquid 

therapy, it is very important to measure the ionic conductivity of the liquid electrolyte. To 

measure the ionic conductivity of the liquid electrolyte, a SS/SS symmetric cell was fabricated 

using a polypropylene-based commercial separator. The EIS spectrum presented in Figure 

8.5(c) revealed that the ionic conductivity of the liquid electrolyte is found to be 1.10 × 10-4 

S·cm-1, which is of the same order of magnitude as pristine NZSP.  
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Figure 8.5. (a) Nyquist plot of NZSP solid electrolyte sintered at 1230º for 10h, (b) Arrhenius 

plot for calculation of activation energy from slope, (c) Nyquist plot for measurement of ionic 

conductivity of LT in SS/Separator/SS cell. (d) Symmetric cell impedance spectra of NZSP and 

NZSP-LT. 

The effect of liquid therapy on interfacial resistance was further investigated in symmetric 

Na/NZSP/Na and Na/NZSP-LT/Na cells. The EIS spectra along with the equivalent circuit 

were presented in Figure 8.5(d).  The EIS spectra were fitted in Zview software for measuring 

the interfacial resistance. For pristine NZSP, the interfacial resistance was found to be 1610 Ω 

with a total electrolyte resistance of 602.8 Ω, which is consistent with earlier observations. to 

the earlier measurement in the ion blocking electrode. It is worthy to discuss that in the earlier 

measurement, the contribution of bulk and grain boundary resistance was not clearly 

visualized. But with the Na/Na electrode, the contribution of bulk and grain boundary is easily 

visible and found to be 196.5 for bulk and 406.3 for grain boundary. After liquid therapy, all 

the resistance was found to be decreased. The interfacial resistance is found to be  ~97 Ω, which 

is a nearly 16-fold reduction in interfacial resistance. Thus, these results suggest that the liquid 

therapy can enhance the stabilization at the metal/electrolyte interface in metal batteries. The 

electrolyte resistance can also be calculated and found to be 69.75Ω. The corresponding total 

ionic conductivity was 1.82× 10-3 S·cm-1. These results confirm that liquid therapy, even at a 

very low uptake (~2 wt%), can reduce the interfacial impedance and enhance the ion transport 

across the NZSP matrix. Thus, it will be interesting to measure the long-term stability and 

electrochemical cell performance in the latter section. 
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8.2.2.4 Electrochemical Studies 

 

Figure 8.6 (a) Na plating/striping stability test over 2000h for NZSP and NZSP-LT electrolyte, 

(b) Schematic of liquid therapy process. (c) EIS spectrum of NZSP-LT electrolyte in Na/NZSP-

LT/NVP full cell. (d) Rate performance of Na/NZSP-LT/NVP full cell at various current 

densities. (e) Typical Charge-discharge profiles at 0.2 mA·cm-2. (f) Long-term cycling stability 

of Na/NZSP-LT/NVP full cell. 

The electrochemical performance of NZSP and NZSP-LT electrolyte was measured in 

symmetric Na/Na and full Na/NZSP/NVP cells presented in Figure 8.6. Studying the Na 

plating/stripping behaviour over an extended period of time was essential for understanding 

the compatibility of any solid electrolyte with the Na metal in solid-state sodium metal batteries 

(SSSMBs). Figure 8.6(a) compares the long-term cycling behavior of Na/NZSP/Na and 

Na/NZSP-LT/Na symmetric cells. Pristine NZSP showed very large and unstable polarization, 

with sharp voltage fluctuations at a very low current density of 0.05 mA.cm-2. The large voltage 

polarization and irregular voltage response suggest the poor interfacial wettability of Na metal 
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foil on NZSP solid electrolyte. It is likely to form some resistive interphase at the 

metal/electrolyte boundary. In comparison, NZSP-LT solid hybrid electrolyte delivers stable 

plating/stripping behavior throughout the long cycling process over 2000h at a high current 

density of 0.50 mA.cm-2. This suggests that the liquid therapy is effective in mitigating the 

interface instability in metal batteries. It also helps in the wettability of Na metal on NZSP 

while maintaining uniform contact. The liquid therapy in NZSP solid electrolyte is further 

summarized and illustrated in Figure 8.6(b). The improvement is most likely due to the 

formation of a stable SEI structure, which may be generated from the decomposition product 

of PF6
- anion during cycling.  

Both the electrolyte was further tested using NVP commercial cathode and Na metal anode. 

However, the cell with NZSP solid electrolyte was not operated due to the large resistance at 

the metal/electrolyte and cathode/electrolyte interface. So, further, only the performance of 

NZSP-LT was measured and presented. In Figure 8.6(c), the EIS spectrum of the Na/NZSP-

LT/NVP full cell revealed that the cell shows a very low electrolyte bulk resistance of 48.75 Ω, 

a metal/electrolyte interfacial resistance of 106 Ω, and a cathode interface resistance of only 

27.22 Ω. This further suggests that the liquid therapy also stabilizes the cathode interfacial 

resistance in metal batteries.The electrochemical full cell performance of NZSP-LT electrolyte 

is presented in Figure 8.6(d), which reveals good capacity retention under variable current 

densities. The cell delivered an average discharge capacity of 99.2, 96.9, 91.4, 88.8, and 84.3 

mAh.g-1 at current densities of 0.05, 0.10, 0.20, 0.40, and 0.60 mA·cm-2, respectively. It also 

maintained excellent coulombic efficiency of >99%. The cell shows very low capacity 

degradation even at higher current densities. During the step up to the initial current densities, 

the cell shows good reversibility. Long-term cycling performance in Na/NVP cells was also 

measured and presented in Figure 8.6(f). The cells retain almost 94% capacity even after 50 

cycles with an excellent coulombic efficiency of >98%. Typical charge-discharge at the 1st and 

50th cycles are also presented in Figure 8.6(e), reveals well-defined voltage plateaus 

corresponding to the Na⁺ insertion/extraction in the NVP cathode with minimal polarization 

growth during long-term cycling.  Thus, the overall electrochemical results highlight that the 

liquid therapy stabilizes various interfaces and delivers excellent performance even at high 

current densities.  

8.2.2.5 Post Electrochemical Studies 

Post-mortem studies of cycled electrolytes were carried out to investigate the interfacial 

changes in both symmetric cells and full cells. Figure 8.7 describes the FTIR spectra taken 



264 
 

before and after the symmetric cell performance for both the electrolytes. P-O stretching (1016-

1030 cm-1 and 926 cm-1), -P-O bending (599 and 557 cm-1), and Zr-O vibrations (417 cm-1) 

were intact for both the electrolytes, which suggests that the NASICON framework was 

retained even after long cycling. For pristine NZSP in Figure 8.7(a), the most noticeable 

changes were observed at 1441 cm⁻¹, corresponding to carbonate species (CO3
2-). This suggests 

that the accumulation of Na2CO3-type interphase may be due to the air exposure and interfacial 

reaction with Na metal during cycling. Such carbonate formation is detrimental in nature and 

can promote dendrite growth during cycling. In comparison, NZSP-LT in Figure 8.7(b) shows 

a more complex vibrational spectrum after cycling. In addition to the earlier vibration 

associated with the NZSP structure, various bands at 2916 cm-1 (C-H stretching) and multiple 

features in the 1200-1500 cm-1 region (1456, 1357, 1248 cm-1) appear. These bands mainly 

originate from the NaPF6/tetraglyme liquid phase and its partial decomposition. Thus, the 

liquid therapy in NZSP solid electrolyte might form a mixed organic–carbonate interphase and 

help in stabilizing the Na/NZSP interface. 

 

Figure 8.7 FTIR spectra of (a) NZSP solid electrolyte before and after cycling, and (b) NZSP-

LT solid hybrid electrolyte before and after cycling.  

FESEM was also carried out for both the symmetric cell and the full cell, as shown in Figure 

8.8. For the Na/Na symmetric cell, the surface morphology of cycled pellets, as shown in 

Figure 8.8(a)-(d), revealed that the pristine NZSP interface was rough and non-uniform, and 

with clear evidence of dendrite growth (Figure 8.8 (a) and (b)). Needle-like and mossy deposits 

are likely unstable due to the Na plating/stripping behaviour, which is consistent with earlier 

observations. In comparison, the NZSP-LT interface, as shown in Figure 8.8(c)-(d), shows a 

relatively dense and compact morphology, with no dendritic formation. The smoother surface 
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texture suggests that the liquid phase successfully infiltrates and provides a more homogeneous 

and uniform Na-ion flux. It also suppressed the dendrite propagation, which is consistent with 

the earlier observation.  

 

Figure 8.8 Post-cycling FESEM and elemental mapping of NZSP and NZSP-LT electrolyte 

material. Symmetric Na/Na cells interfacial morphology of pristine NZSP (a, b) and NZSP-LT 

(c, d) at two different scales. (e, f) FESEM of a full Na/NZSP-LT/NVP cell. (g-l) EDX elemental 

mapping of Na, Zr, Si, P, F, and V at the cathode-side NZSP-LT surface. 

The cathode-side interface of the Na/NZSP-LT/NVP full cell was further examined by FESEM 

and elemental mapping as shown in Figure 8.8(e)-(l).  The FESEM micrograph, as presented 

in Figure 8.7(e) and (f), shows a smoother and more uniform surface compared to the 

symmetric cell. No deep cracks or dendritic growth was visible. Elemental mapping of Na, Zr, 

Si, and P confirmed the retention of the NZSP structure. Importantly, the elemental mapping 

of F, as shown in Figure 8.8(k), was distributed across the whole interface, suggesting the 

formation of an F-rich interphase. The V signal, as shown in Figure 8.8(l), was negligible and 

indicates the minimal cathode element migration into the electrolyte. Thus, the liquid therapy 

reduces interfacial resistance and helps to restrict the growth of dendrites in metal batteries. In 

symmetric cells, dendritic instability was mitigated to some extent, and in full cells, interfacial 

degradation was suppressed. Thus, optimization of the liquid therapy chemistry to minimize 
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such decomposition with enhanced interfacial stabilization will be a key step toward practical 

sodium solid-state batteries. 

8.3 Introduction of S in Al doped LLZO material 

8.3.1 Experimental 

Al-doped LLZO (Li6.25La3Al0.25Zr2O12) was synthesized via an alanine-assisted auto-

combustion route as described earlier Chapter 2, Section 2.3.1. Al(NO3)3 was introduced as a 

dopant precursor. For S-modified LLZO (Li6.25La3Al0.25Zr2O12-xSx with x = 0.01 to 0.1), Li2S 

was used as the sulfur precursor, and the same synthesis protocol was used in the same section. 

The detailed characterization is already discussed in the same chapter in Section 2.7. The 

composition and theor corresponding nomenclature are discussed in Table 8.1. 

Table 8.1 Compositions and corresponding nomenclature of Al-doped and S-substituted LLZO 

samples synthesized in this work. 

Composition Nomenclature 

Li7La3Zr2O12 L00 

Li6.25La3Al0.25Zr2O12 S00 

Li6.25La3Al0.25Zr2O11.99S0.01 S01 

Li6.25La3Al0.25Zr2O11.98S0.02 S02 

Li6.25La3Al0.25Zr2O11.97S0.03 S03/A25S03 

Li6.25La3Al0.25Zr2O11.95S0.05 S05 

Li6.25La3Al0.25Zr2O11.93S0.07 S07 

Li6.25La3Al0.25Zr2O11.9S0.10 S1 

Li6.1La3Al0.30Zr2O11.97S0.03 A30S03 

Li6.4La3Al0.20Zr2O11.97S0.03 A20S03 

Li6.55La3Al0.15Zr2O11.97S0.03 A15S03 

 

8.3.2 Results and Discussion 

8.3.2.1 Thermal and Structural Studies 

To study the thermal decomposition behaviour and to find out the calcination temperature, 

Thermogravimetric analysis (TGA) coupled with differential thermal analysis (DTA) was 

carried out for the S-incorporated LLZO powders (S02, S03, S05, and S07) and presented in 
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Figure 8.9.  It is a multi step weight loss profile similar to the pristine LLZO material described 

in the Chapter 3, Figure 3.5. The weight-loss profiles can be divided into distinct regions. The 

initial weight loss below ~200 °C (Region I-II) mainly corresponds to the removal of residual 

water. A second stage of gradual weight loss between ~200 to 450°C (Region III) is mainly 

attributed to the decomposition of surface carbonates, mainly formed during the combustion 

synthesis process.  The broad weight loss between ~450 to 750°C (Region IV) is may be 

associated with the gradual decomposition of residual carbonate species. After this region, no 

significant weight loss is observed. An endothermic peak around 600°C appeared, attributed to 

the formation of the LLZO material. Also,  DTA peak near ~1010°C (Region V), corresponding 

to the phase crystallization/densification of the garnet lattice.  

 

Figure 8.9 TGA/DTA profiles of S-incorporated LLZO powders (S02, S03, S05, and S07) 

heated up to 1200 °C in air. 

X-ray diffraction (XRD) was used to check the crystal structure and phases present in all the 

developed samples. To understand the role of S in the Al-doped LLZO matrix, S was 

systematically varied. The XRD pattern of S incorporated material is stacked in Figure 8.10(a). 

The pattern for the S01-900 and S1-900 samples shows several minor additional peaks along 

with the c-LLZO phase. At a nominal sulfur incorporation, between S02 and S07 samples, these 

impurity peaks drastically reduced, and some of them are entirely missing. This suggests that 

the sulfur co-doping can restrict the formation of secondary phases and promote the formation 

of cubic LLZO.  In Figure 8.10(b), the XRD patterns of pristine, Al-doped and probable Al-S 

co-doped materials are shown. As discussed earlier, S incorporation helps in stabilizing the 

cubic garnet phase and reducing any secondary impurity phases. Whereas, Al doped alone can 
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stabilise the cubic garnet, which is consistent with the literature. However, Various secondary 

phases appear in the undoped LLZO system. 

 

Figure 8.10 (a) XRD patterns of S incorporated samples in Al-doped LLZO after calcined at 

900°C compared with standard JCPDS reference of cubic LLZO, (b) XRD patterns of L00, S00, 

and S05 compared with reference cards for cubic LLZO (PDF 00-064-0141), tetragonal LLZO 

(PDF 00-064-0140), La(OH)3 (PDF 00-036-1481), and K2NiF4 type phase (PDF 00-040-

1167). 

To understand the effect of the concentration of Al in Al-S co-doped material, various samples 

were prepared and calcined under the same conditions. The XRD pattern of co-doped sample 

with varation in Al is presented in Figure 8.11(a). All compositions (A15S03, A20S03, 

A25S03, and A30S03) calcined at 900 °C for 10h display diffraction peaks that match well 

with cubic LLZO (PDF 00-064-0141). The absence of strong peak splitting around 30-35° 

confirms that the cubic phase is dominant. However, with the increasing content of Al, the peak 

intensity of secondary phases, particularly with Al content impurity phases such as 

Li0.5La2Al0.5O4, LaAlO3 etc.) is enhanced.  

Whereas Figure 8.11(b) shows the effect of sintering dwell time on the co-doped (Al25S03 or 

S03) matrix calcined at 900 °C. At the short durations (2-5 h), weak additional peaks 
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corresponding to La2Zr2O7 are detected which indicates that the incomplete reaction or 

secondary phase formation. With the increasing in dwelling time, these peaks diminish, and the 

cubic LLZO phase becomes dominant. This demonstrates that the longer dwelling time 

improves the phase purity and suppresses the pyrochlore-type La2Zr2O7 impurities. Overall, the 

results confirm that both Al content and sintering duration play key roles in phase stability.  

 

Figure 8.11 XRD patterns of Al/S co-doped LLZO powders sintered at 900 °C. (a) Samples 

with varying Al content (b) With various calcination holding times (2-24 h). 

To check whether the co-doping has any effect on lowering the cubic phase stabilisation, Al/S 

doped sample was also calcined at 800°C for 10h and its X-ray diffraction pattern is collected 

and shown in Figure 8.12.  The XRD pattern of the co-doped sample clearly shows reflections 

that match well with the cubic garnet phase (PDF 00-064-0141). This is a significant 

observation, as the cubic polymorph of LLZO is typically stabilized only at higher temperatures 

(>1000 °C). At lower calcination temperatures, they generally remain in the tetragonal phase 

or form secondary impurity phases. Achieving cubic stabilization at 800°C is therefore 

noteworthy because it reduces the lithium loss due to evaporation, and suppresses the formation 

of unwanted secondary phases such as Li2ZrO3 or La2Zr2O7. Moreover, the ability to obtain the 

cubic phase at such a low temperature can help preserve stoichiometry, improve phase purity, 
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and limit abnormal grain growth, which are all critical for optimizing the ionic conductivity 

and facilitating scale-up.  

 

Figure 8.12 XRD patterns of S03, S05, and S07 samples sintered at 800 °C for 10h. 

In the FTIR spectra of pristine, Al-doped, and Al/S co-doped LLZO samples sintered at 900 °C 

are shown in Figure 8.13. In all the samples, the characteristic vibrational bands of garnet-type 

LLZO are observed. The peaks near 594 cm-1 and 499 cm-1 correspond to Zr-O stretching in 

ZrO6 octahedra. However, the weak band at 418 cm⁻¹ is related to lattice bending vibrations. A 

sharp absorption near 866 cm⁻¹, together with features at 1427 cm⁻¹ and 1639-1699 cm⁻¹, arises 

from CO3
2- vibrations due to surface Li2CO3/La2(CO3)3 species formed by absorbing 

atmospheric CO2 as discussed in Chapter 1. This is very common in garnet electrolytes and 

often increase the grain boundary resistance. 

Interestingly, an additional absorption band at near 721 cm⁻¹ is clearly observed in the S-

containing samples (S02-S07), but is absent in pristine (L00) and Al-doped (S00) LLZO. This 

new band suggests the lattice perturbation caused by sulfur incorporation and may indicate the 

presence of S-related vibrational modes or defect-activated phonons. A broadening of the band 

around 639 cm⁻¹ is also noted in S-doped samples which is consistent with increased structural 

disorder. Together, the thermal and structural features suggest that the garnet lattice framework 

remains intact when sulfur is incorporated in the Al-doped matrix. The suppression of 
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secondary phases, the stabilization of the cubic phase at reduced temperatures, and the 

appearance of distinct vibrational signatures all indicate that sulfur plays a beneficial role in 

enhancing phase purity and structural stability. 

 

Figure 8.13 FTIR spectra of pristine (L00), Al-doped (S00), and Al/S co-doped LLZO calcined 

at 900°C. 

8.3.2.2 Microstructural Studies 

The microstructural features of the Al/S co-doped LLZO samples (S02, S03, S05, 

and S07) are shown in Figure 8.14. The S02 sample, as presented in Figure 

8.14(a), shows fine, nearly spherical nanoparticles (<200 nm) with strong 

agglomeration, which suggests that the incomplete grain growth occurs at this 

stage. The S03 sample in Figure 8.14(b) shows slightly larger particles forming 

porous agglomerates, where surface roughness indicates the ongoing 

crystallization. With further increasing in sulfur content, the S05 sample in 

Figure 8.14(c) develops irregular micron-sized grains, with several faceted 

surfaces becoming visible, consistent with the stabilization of the cubic phase. At 

higher sulfur content S07 as presented in Figure 8.14(d), well-developed plate-

like grains with sharp edges are observed. This confirms the formation of a dense 

and crystalline garnet structure.  
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Figure 8.14 FESEM images of Al/S co-doped LLZO samples: (a) S02, (b) S03, (c) S05, and (d) 

S07 sintered powders.  

Thus, the evolution from nanoscale particles in S02 to faceted grains in S07 

demonstrates the role of sulfur incorporation in enhancing grain growth and 

crystallinity during calcination. 

 

Figure 8.15 Variation of agglomerated particle size and zeta potential for L00, 

S00, and Al/S co-doped LLZO samples (S02-S07). 



273 
 

The correlation between agglomerated size and zeta potential for the L00-S07 

series is shown in Figure 8.15. The undoped sample (L00) exhibits a moderate 

agglomerate size (745.5 nm) with a relatively negative zeta potential (-27.2 mV), 

suggesting reasonable surface stability. This is consistent with the literature. Upon 

Al doping (S00), the zeta potential becomes less negative (-23.4 mV) which 

resulted in poor surface stabilization and a sharp increase in agglomerated size 

(1091 nm). Interestingly, with the sulfur incorporation (S02-S07), the 

agglomerated size decreases systematically to 450.1 nm for S07. The zeta 

potential also moves towards a positive value.   This indicates that sulfur modifies 

the surface charge environment and the nucleation and growth behaviour of the 

particles, resulting in suppressing the large-scale agglomeration. The results are 

consistent with earlier FESEM observations, where sulfur-containing samples 

show finer, faceted grains. Thus, sulfur incorporation appears to modify the 

structural and morphological changes and reduce the agglomeration and improve 

phase stability. 

8.3.2.3 Electrical Studies 

 

Figure 8.16 (a) Nyquist plots of Al-doped (S00) and Al/S co-doped (S03) LLZO samples fitted 

with the equivalent circuit model. (b) Arrhenius plots from the conductivity values measured 

from 30°C-80°C. 

The ionic conductivity of the Al-doped (S00) and Al/S co-doped (S03) LLZO materials was 

measured by EIS in a ZIVE potentiostat. The results are presented in Figure 8.16. The Nyquist 
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plots in Figure 8.16(a), showing one semicircular arcs that were fitted using an equivalent 

circuit model using ZView software. The Al/S co-doped sample (S03) exhibits a lower overall 

resistance compared to S00 which indicates the improved Li-ion transportation.  

The Arrhenius plots are also presented in Figure 8.16(b) reveal a thermally activated behavior 

consistent with the hopping mechanism of Li⁺ ions in the garnet framework. The calculated 

room-temperature ionic conductivity of S00 is 2.48 × 10-6 S cm-1 with an activation energy of 

0.33 eV, whereas S03 achieves a higher conductivity of 6.25 × 10-6 S cm-1 with a reduced 

activation energy of 0.25 eV. The enhanced performance of S03 can be attributed to the 

synergistic effect of sulfur incorporation with Al stabilization, which reduces the energy barrier 

for Li⁺ migration and facilitates higher ionic conductivity. 

In summary, Sulfur incorporation successfully modified the structural and electrochemical 

behaviour of Al-doped LLZO, as seen from the newer bond appearance FTIR, enhanced phase 

purity, and lower activation energy. Although EDX did not detect sulfur, likely due to its low 

concentration or dispersed state, the observed improvements confirm its positive influence on 

cubic stability and Li-ion transport. 
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8.4 Conclusion 

This chapter presented two exploratory studies in parallel, one is related to the interface 

stabilization and the second one is unconventional lattice engineering in garnet-based 

electrolyte.  

First, liquid therapy was successfully applied to NZSP solid electrolyte, where even a low 

amount liquid uptake improved the Na metal wettability, reduced interfacial resistance, and 

delivered long-term stable plating/stripping and full-cell cycling. This demonstrated the 

versatility of liquid-assisted interfacial stabilization.  

Second, Al/S co-doping in LLZO was investigated to explore the effect of co-doping. However, 

sulfur was not detected by EDX but FTIR and TGA revealed distinct changes, whereas XRD 

confirmed suppression of secondary phases and cubic stabilization at lower temperatures. Also, 

impedance studies demonstrated improved conductivity and reduced activation energy. 

Together, these results highlight that liquid therapy can be generalized to other solid 

electrolytes and that cation-anion co-doping represents a promising, though challenging, 

pathway for tailoring the garnet electrolytes.  
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CHAPTER 9 

Conclusion and Future Perspective 
 

 

 

 

Figure 9.1 Summary of the key strategies developed in this work for advancing solid-state 

metal batteries, highlighting improvements in conductivity, interfacial stability, and cycling 

performance through LLZO-based interfacial and structural engineering. 
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9.1 Research Summary  

The main aim of this thesis was to address the various challenges associated with the garnet-

type solid electrolytes in SSLMBs via a progressive and multi-scale engineering approach. In 

this thesis, each chapter has some distinct aims and objectives, but together form a coherent 

roadmap from synthesis optimization to interfacial stabilization, microstructural design, dual 

therapy, and composite integration, with extensions to exploratory chemistries. 

➢ Established Optimized Synthesis and Liquid Therapy 

In Chapter 3, a facile one-step aqueous combustion synthesis process was optimized using 

alanine as fuel to synthesize pristine cubic LLZO solid electrolyte. The optimization resulted 

in a unique neck-fused microstructure with high yield due to control of exothermicity. 

Structural and spectroscopic characterization (XRD, FESEM, FTIR, ¹H NMR, Raman) 

confirmed the phase stabilization at low temperature. The presence of impurity at the grain 

boundaries severely impacts the ionic transport and sinterability. However, the solvated ionic 

liquid (SIL) infusion in engineered LLZO delivers significantly improved electrochemical 

performance. 

• Stable plating/stripping for >200 hours at 0.05 mA.cm-2 with no short-circuit was 

observed with a critical current density reached to 0.45 mA.cm-2. 

• A unique in situ lithiated intergranular phase (Li0.5Al0.5La2O4) was detected post-

cycling. Interestingly, the amount of La(OH)3 impurities in c-LLZO is also reduced 

during cycling.  

• This solid hybrid electrolyte delivered excellent cycling performance (up to 360 

cycles), high coulombic efficiency (>99%), and robust rate capability (0.05-1.2 mA.cm-

2) in Li/LiMn2O4 configuration.  

• Visualization of dendritic penetration at high current density restricts high C-rate 

operation. 

Overall, the combination of morphologically tailored LLZO and SIL infusion delivers high 

ionic conduction, long-term cycling, and multi-cathode compatibility.  Thus, this way a 

baseline was created using a hybrid configuration for further development in the subsequent 

chapter. 

➢ Breakthrough in Dual Interfacial Engineering 
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Building on the concept of liquid therapy, the thesis then advanced into a dual interfacial 

engineering strategy combining chemical surface treatment and liquid infusion in Chapter 4. A 

dual-interfacial engineering strategy was introduced by combining rapid NH₄F surface 

fluorination with solvated ionic liquid (SIL) infusion in garnet-type LLZO electrolytes. This 

synergistic approach stabilized the various interfaces, suppressing any parasitic reactions and 

avoiding any uneven Li deposition. The modification markedly improved the ionic transport, 

interfacial stability, and electrochemical performance. 

• Ionic conductivity enhanced ninefold (7.43 × 10⁻⁴ S cm-1) with an electronic 

conductivity was suppressed to 8.88 × 10⁻⁸ S cm-1. 

• Li⁺ transference number increased from 0.47 to 0.78, and interfacial resistance reduced 

from ~200 to 36 Ω.cm2 at room temperature. 

• Critical current density reached to 1.45 mA.cm-2 compared to 0.45 mA.cm-2 for 

untreated LLZO-SIL. 

• Stable Li plating/stripping sustained for >1200 hours at 0.2 mA.cm-2 with low 

overpotential (65 mV vs. 290 mV for untreated). 

• DRT analysis suggests the long-term stabilization of various interfacial and charge-

transfer resistances. 

• Post-cycling XPS further validates the presence of an organic-inorganic hybrid 

interphase with LiF rich SEI. 

• Full-cell tests (Li/SHEs/LMO) delivered 122.2 mAh g-1 at 0.1 mA.cm-2, with 85% 

capacity retention after 200 cycles at 2C. 

Overall, this strategy provided robust interfacial stabilization with higher conductivity, superior 

CCD, long-term cycling stability, and LiF rich SEI. Thus, this chapter establishes a scalable 

pathway to overcome interfacial limitations in SSLMBs. 

➢ Proven Microstructural Engineering via Bio-Templating 

While interfacial stabilization is a key challenge in metal batteries, the grain and grain boundary 

transport are also critical for improved performance. To address this in Chapter 5, bio-

templating strategies were used to engineer the microstructure of Ga-doped LLZO electrolytes 

using waste biomass (Water Hyacinth) and cellulose as exo-templates. This approach 

demonstrated a cost-effective and sustainable pathway to fabricate solid electrolytes with 

improved ion-transport properties and less prone to dendrite growth. 
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• A novel water hyacinth exo-templating method produced plate-like Ga-LLZO 

(LLZOWH) mimicking the intercellular structure of the aquatic plant.  

• LLZOWH delivers a bulk conductivity of 3.94 × 10-5 S cm-1and stable Li 

plating/stripping cycling up to 295 hours without short circuit in hybrid mode.  

• A cellulose exo-templating route (LLZOCET) shows a unique 3D interconnected 

microstructure of Ga doped LLZO. 

• It reduced the grain boundary resistance by half compared to conventional gel-

combustion LLZO (LLZOGC).  

• The activation energy for ion transport decreased from 0.59 eV (LLZOGC) to 0.37 eV 

(LLZOCET). 

• SIL enhanced wetting and ionic transport in LLZOCET with an impressive ionic 

conductivity of 0.215 mS.cm-1 with very low electronic conductivity (7.59 × 10-8 S.cm-

1) at room temperature. 

• Symmetric cells with LLZOCET-SIL showed stable plating/stripping for >1350 hours 

without dendrite penetration, with a CCD of 0.7 mA·cm⁻² compared to 0.4 mA·cm⁻² 

for conventional LLZO. 

• Full-cell tests with LiMn₂O₄ cathodes demonstrated >500 stable cycles across 0.1–3.0 

mA.cm-2, retaining 94% capacity at 1C with coulombic efficiency >98%.  

• Post-cycling analysis confirmed phase stability and microstructural integrity. 

Overall, microstructural engineering via natural bio-templates significantly improved ionic 

transport, grain connectivity, and dendrite suppression. Thus, it establishes the critical role of 

mesoscale morphology in advancing garnet electrolytes for SSLMBs. 

➢ Effective Dual Therapy with NiO and SIL 

In Chapter 6, a dual-therapy strategy was introduced by combining solid therapy (NiO as 

sintering aid) with liquid therapy (SIL infusion) to address interfacial incompatibility and 

dendrite growth in SSLMBs. This combined approach improved both grain boundary transport 

and Li wettability, leading to enhanced performance in symmetric and full cells. 

• NiO addition (0.5 wt%) to Ga-doped LLZO (GN050) helps in densification (~90%) 

with a formation of a new conductive K2NiF4-type lithiated phase and reduced grain 

boundary resistance by ~7times. 
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• With SIL infusion (GN050-SIL) in liquid therapy, room-temperature ionic conductivity 

reached to a maximum of 0.252 mS.cm-1 and  Li/LLZO interfacial resistance decreased 

to 87.4 Ω, and the electrochemical stability window broadened to >5.5 V. 

• GN050-SIL also showed stable plating/stripping for >1000 hours with a CCD of 0.55 

mA.cm-2, outperforming pristine Ga-LLZO (GN000-SIL). 

• Full cells (Li/GN050-SIL/LMO) delivered superior charge/discharge performance 

across 0.1-1.4 mA.cm⁻², maintaining >99% coulombic efficiency and no capacity loss 

at 1C for 100 cycles, while GN000–SIL cells failed rapidly. 

• DRT analysis before, during, and after cycling confirmed stabilization of interphases 

and improved charge-transfer kinetics across electrode-electrolyte interfaces. 

Overall, the dual-therapy approach effectively coupled grain boundary engineering with 

interfacial stabilization, reducing reliance on excess SIL and moving garnet-based systems 

closer to practical, scalable SSLMB designs. 

➢ LLZO-Based Composite Membranes for Flexi-Batteries 

Beyond ceramic pellets, the thesis addressed the critical issue of scalability and mechanical 

integration by developing composite membranes. In Chapter 7, the role of LLZO-based fillers 

was explored across paper, polymer, and hybrid systems to enhance conductivity, stability, and 

flexibility in next-generation solid-state batteries. These approaches aimed to overcome the 

limitations of conventional separators and polymer electrolytes by combining structural 

reinforcement with active ion-transport pathways. 

• Paper-based membranes: Ga-LLZO was impregnated into cellulose paper using a 

scalable dip-coating method. The resulting separators exhibited improved electrolyte 

uptake, Li⁺ transference number (0.73), and enhanced performance in Li-ion cells 

compared to Al2O3-coated or pristine paper. However, their limited mechanical strength 

restricted application in Li-metal systems. 

• Composite solid polymer electrolytes (CSPEs): Dual-polymer (PVDF-HFP/PEO) 

matrices loaded with LLZO fillers reduced polymer crystallinity, increased ionic 

conductivity to ~10-4 S·cm-1, and delivered wide electrochemical stability (5.23 V). 

Li/CSPE/Li cells showed >900 hours of stable cycling, while full Li/LFP cells 

demonstrated ~84% capacity retention with >98% coulombic efficiency. 

• Hybrid paper–polymer composites: By integrating cellulose scaffolds with dual-

polymer/LLZO matrices, hybrid membranes achieved mechanical reinforcement, 
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flexibility, and stable ionic conduction. These composites provided improved interfacial 

stability, reduced polarization, and excellent cycling performance, offering a practical 

pathway to flexible SSLMBs. 

Overall, this chapter demonstrated that LLZO fillers play an active role in enhancing ionic 

transport and mechanical stability across diverse membrane designs, paving a versatile and 

scalable route toward flexible and high-performance solid-state lithium batteries. 

➢ Strategic Extensions 

Finally, the scope of this thesis was extended to alternative chemistries and unconventional 

doping strategies. In NASICON-type NZSP, SIL infusion reduced interfacial resistance and 

enabled stable Na plating/stripping, demonstrating that liquid-assisted stabilization is 

transferable across oxide electrolyte families. 

In parallel, Al-S co-doping in LLZO was explored as an unconventional lattice-engineering 

strategy. Although sulfur incorporation could not be conclusively confirmed, preliminary 

impedance studies indicated subtle conductivity improvements compared to Al-only systems. 

These findings underscore both the challenges and opportunities of anion doping in garnets, 

pointing toward new directions in lattice design. 

9.2 Key Insights 

A central feature of the current thesis is the multi-scale approach adopted for engineering garnet 

electrolytes. While each chapter targeted a specific bottleneck- synthesis, interface, 

microstructure, or scalability. However, when the results are viewed collectively, several 

common goals coexist. These insights provide a solid framework for the reader and the 

upcoming researcher in the field of solid-state batteries.  

• Interface Chemistry: The Decisive Frontier 

Across the thesis, strategies that addressed the Li/LLZO interface showed the most significant 

improvement in performance. From the initial SIL infusion in Chapter 3 to the dual interfacial 

modification in Chapter 4, it was evident that stabilizing the interphase was the most effective 

way to lower down the interfacial resistance, suppressing the dendritic growth, and enable long-

term cycling. XPS and DRT analyses provided direct mechanistic evidence, showing inorganic 

LiF-rich SEI and stabilization of relaxation processes. This highlights that interface chemistry 
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is more crucial than any bulk conductivity. It often restricts the successful operation of practical 

cell performance in SSLMBs. 

• Synergistic Dual Strategies: The Way Forward 

Another important insight is the superiority of the dual strategy.  In both Chapter 4 (NH₄F + 

SIL) and Chapter 6 (NiO + SIL), dual strategies produced results that were not only 

quantitatively better but also qualitatively more stable over long-term operation. The dual 

therapy concept demonstrated that combining solid-phase modifications (densification, phase 

formation, low uptake) with liquid-phase engineering (wettability, ion solvation, low 

polarisation) leads to outcomes that neither approach could achieve alone. This insight suggests 

that future garnet research should prioritize hybrid solutions rather than single-point fixes. 

• Microstructural Engineering: The Overlooked Advantage 

The bio-templating results in Chapter 5 illustrate the often-underestimated role of mesoscale 

morphology. However, the interfacial treatments improve the contact at the 

electrode/electrolyte boundary in a better way. But the bulk transport efficiency is equally 

dependent on grain connectivity and the distribution of grain boundaries. The cellulose-derived 

LLZO frameworks achieved some of the highest performance metrics because they minimized 

tortuosity and reduced grain boundary resistance. This confirms that microstructural 

engineering is a critical, and sometimes overlooked, design dimension in garnet electrolytes. 

• Composites: The Bridge to Scalability 

Chapter 7 demonstrated that dense ceramics are scientifically compelling and can have more 

potential to deliver higher energy and power density, but they are mechanically brittle and 

difficult to integrate at scale. On the other hand, composite membranes combining LLZO fillers 

with polymer or paper matrices offered a pathway to flexibility and processability without 

sacrificing the ionic performance.  

• Beyond Garnets: Transferability Across Chemistries 

The exploratory studies in Chapter 8 further suggest that the concepts developed for LLZO are 

not just confined to a single electrolyte system or lithium-based batteries. The success of SIL 

infusion in reducing the interfacial resistance in NASICON-type NZSP indicates that liquid-

assisted stabilization is a generalizable strategy across oxide families. Similarly, even the 

preliminary Al-S doping studies suggest that unconventional compositional modifications can 
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provide meaningful changes in conductivity. These outcomes broaden the overall impact of 

this work and show that the principles developed here can be easily deployed towards other 

battery chemistries or any related fields.  

9.3 Limitations of the Present Research Work 

Despite the encouraging results, several limitations are still there. Such as, the interpretations 

regarding the interfacial stabilization and the role of secondary phases (e.g., K2NiF4-type 

during the solid therapy via NiO sintering aid in LLZO) were largely based on XRD, FESEM, 

Impedance, DRT, cycling performance. Thus, more direct operando characterizations such as 

in situ XPS, neutron depth profiling, or bias-dependent electron microscopy are necessary to 

validate the interphase evolution, Li-ion transport pathways, and dendrite suppression. 

Similarly, the exploration of unconventional dopants such as S in Al-S co-modified LLZO was 

preliminary, with incorporation not conclusively confirmed, and no theoretical or AI/ML-based 

modelling has been conducted so far. Thus, to predict the dopant site preference, stability, or 

transport mechanisms the theoretical validation is necessary. At the device level, testing was 

foucsed only via coin cells, which provided mechanistic insights but do not capture the realistic 

constraints of pouch cells (e.g., stack pressure, electrode loading, thermal gradients). Thus, the 

performance cannot be directly extrapolated to industrial scales. Scalability challenges also 

remain a major factor mainly during aqueous combustion and bio-templating process. Also, 

several performance in Li/Li symmetric cell have conducted with a stability beyond 1000 h but 

for commercial viability the cell has to run few multi-thousand-hour operation under high-rate 

conditions, which was beyond the scope of the present work. 

9.4 Future Perspective 

In this direction, several research directions can be built, particularly on the grounds of the 

present research work.  Advanced interfacial engineering remains a priority, where 

multifunctional interphases (e.g., Li3PO4, Li3N, LiF-Li2O bilayers) or ultrathin coatings applied 

by ALD/MLD could provide conformal, stable, and conductive interfaces. The interface 

engineering can be done via polymer-assisted methods.  At the materials level, systematic 

doping and lattice engineering including controlled anion substitution, co-doping, and defect 

engineering should be pursued with the help of theoretical modeling and AI/ML-guided 

screening. Parallel to this, operando characterisation (e.g., XPS, NDP, in situ TEM, synchrotron 

tomography) will be vital to directly visualise the interfacial evolution, Li-ion transport, and 
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dendrite suppression mechanisms under realistic cycling conditions. This provides the 

mechanistic clarity missing from post-mortem analyses in the current study. On the device 

engineering aspect, the scale-up of composite and hybrid electrolytes through methods like 

tape casting, screen printing, or roll-to-roll lamination will be very crucial to reduce the 

thickness of the solid electrolyte for the successful application. The mechanical and 

electrochemical benchmarking will be very crucial in this design. Future work should also 

extend to device-level demonstrations, with pouch cell fabrication tested under realistic stack 

pressures, high cathode loadings, and fast-charging conditions, targeting lifetimes beyond 2000 

cycles. Finally, the principles developed here could be extended across chemistries, including 

Na-ion, multivalent (Mg, Zn, Al), and halide-based solid electrolytes, where interfacial 

instability and dendrite suppression remain bottlenecks.  

9.4 Commercial Outlook 

The strategies developed in this work demonstrate that the LLZO-based solid electrolytes can 

achieve practical levels of ionic conductivity, interfacial stability, and cycling performance, 

bringing them closer to industrial benchmarks as outlined in Table 9.1. Scalable synthesis 

routes (combustion-assisted methods, liquid therapy, and composite membranes) provide a 

pathway for cost-effective processing. However, challenges such as high sintering costs, 

moisture sensitivity, and reliable electrode-electrolyte integration must still be addressed. With 

further optimization toward thin-film electrolytes and pouch-cell demonstrations, LLZO-based 

systems hold strong potential for next-generation solid-state batteries in electric vehicles. 
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Table 9.1 The optimized LLZO-based systems demonstrated competitive electrolyte properties, 

stable electrode integration, and promising full-cell performance, underscoring their potential 

for next-generation solid-state batteries. 

S.No PARAMETER ACHIEVED VALUE 

ELECTROLYTE 

1. Ionic Conductivity ~10-4 S.cm-1 (LLZO-SIL) 

2. Electronic Conductivity 10-6-10-9 S/cm 

3. Electrochemical Window ~ 5-6V 

4. Thickness of the Electrolyte pellet 600-800 µm 

5. Diameter/dimension of the 

Electrolyte pellet 

19 mm 

6. Particle Size 100-250 nm (as-synthesized) 

2-5 µm (after granulation) 

7. Aerial Loading Weight of the pellet ~0.6-0.7 g 

~276 mg/cm² equivalent to 400-600 µm thickness 

8. Sintering Temperature 1000oC 

9. Electrolyte Synthesis Technique Soft Chemical Method, Aqueous 

ANODE (Li Metal) 

1. Aerial Loading Equivalent thickness 18-20 µm 

2. Thickness 50 µm 

3. Columbic Capacity >95% 

CATHODE (Commercial) 

1. Aerial Loading Equivalent to 150-200 µm thickness 

2. Thickness 150-200 µm 

3. Columbic Capacity >95% 

CELL 

1. Dimension / Diameter of Cell 2032 coin cell/ 20 mm dia, 3.2 mm thickness 

2. Operating Pressure Ambient 

3. Current Density 0.05-3.0 mA.cm-2 

4. Critical Current Density 1450 µA.cm-2 

5. Capacity Ambient 0.98-1.0 mAh (depending on cathode) 

6. Operating C-rates Ambient Up to 3C (pulse 18C) 

7. Open Circuit Voltage 2.8-3.5V (depending on the cathode used) 

8. Operating Cell Voltage Range 2.5-3.8V/2.5-4.2V/3.0-4.5V (for LFP/NMC/LMO) 

9. No. of Cycles Ambient 500 cycles (lab level) 

10. Columbic Efficiency >98% 
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Ga-Doped LLZO Solid-State Electrolyte with Unique “Plate-like”
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Aquatic Weed: Waste to Wealth Conversion
Kuntal Ghosh and Mir Wasim Raja*
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ABSTRACT: An attempt has been made for the first time to
convert waste biomass such as water hyacinth (WH) to a
functional energy material in a cost-effective way. The present
research describes a novel exo-templating methodology to develop
engineered microstructure of Ga-doped Li7La3Zr2O12
(Li6.25La3Ga0.25Zr2O12, referred as WH-Ga-LLZO) solid-state
electrolyte for its use in all solid-state lithium batteries (ASSLBs)
by mimicking the intercellular structure of water hyacinth
(Eichhornia crassipes), an invasive and noxious aquatic plant. The
developed exo-templated methodology offers a low calcination
temperature of 1000 °C in air where all the major peaks could be indexed as cubic garnet, as confirmed by XRD. The FESEM
micrographs revealed a unique “plate-like” morphology that mimicked the intercellular structure of water hyacinth fiber. The bulk
lithium-ion conductivity in the WH-Ga-LLZO electrolyte was found to be 3.94 × 10−5 S/cm. Li/WH-Ga-LLZO/Li cells were
galvanostatically cycled for a continuous 295 h with increasing step current densities from 28 μA/cm2 without a short circuit. The
highest current density as measured for maximum polarization in a symmetric cell was found to be 452 μA/cm2. The WH exo-
templated methodology was thus developed and optimized and can be extended for synthesizing any application-specific
multifunctional materials.

■ INTRODUCTION
It is always fascinating to design application-specific materials
with self-assembling architectures, controlled morphology, and
a high degree of crystallinity by using templates of geometri-
cally complex biostructures available in nature. In the last two
decades, varieties of biotemplates, such as bacteria,1,2 eggshell
membranes,3 paper,4 insect wings,5 cotton,6−8 algae,9 fruits,10

etc., have been used to synthesize metals, alloys, metal oxides,
semiconductors, ceramics, and composite materials. These
templates or bioscaffolds offer plenty of room to engineer
material structures same as the template’s morphology.
Depending on their nature of synthesis, Ozin et al.11 proposed
that biotemplating methods may be classified in three broad
categories, that is, the negative template method, positive
template method, and surface step edge template method.
Among them, exo-templating offers an easy synthesis option
where the bioscaffold is used as a sacrificial template and is
removed at the end of the synthesis process, resulting in an
exo-pattern of the template used. Several researchers world-
wide reported hierarchically ordered structures using bio-
templates of different natures and types. Chen et al. reported
the synthesis of SrCrO4 nanostructures with excellent optical
properties by mimicking an inner squama layer of onion.12 In
2014, Song et al.7 successfully synthesized LaFeO3 hollow
fibers from cotton with enhanced gas-sensing properties. TiO2

crystals derived from the eggshell membrane by Kale et al.4

showed a unique morphology and interesting properties when
tested in dye-sensitized solar cells. Zhang et al.10 successfully
used grapefruit exocarp as a template for the synthesis of
porous hierarchical biomorphic SnO2 crystalline materials with
an average particle size of ∼10 nm. Wang et al.13 used butterfly
wings to synthesize quasi-periodic structures of Titania
photoanodes. In the recent past, we also successfully
synthesized a BaBi0.2Co0.35Fe0.45O3‑δ (BBCF) perovskite-type
oxygen separation membrane with a “nanorod” microstructure
using water hyacinth (Eichhornia crassipes; E. crassipes) as an
exo-template and obtained a twofold increase in electronic
conductivity compared to the conventionally prepared BBCF
materials.14

In the present work, an attempt has been made for the first
time to develop a unique “plate-like” microstructure by
mimicking the intercellular structure of WH fibers. Here, we
particularly emphasizes a facile synthesis process of preparing a
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Engineered Li7La3Zr2O12 (LLZO) for Pseudo-Solid-State Lithium
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ABSTRACT: Morphologically engineered Li7La3Zr2O12 (LLZO)
impregnated with a common solvated ionic liquid (SIL) can greatly
influence the cycling performance (360 cycles), coulombic
efficiency (>99%), and high rate capability (0.05−1.2 mA·cm−2)
of pseudo-solid-state lithium metal batteries (SSLMBs). In this
report, to obtain a unique microstructure of cubic-LLZO, a fine-
tuned combustion synthesis process was first designed; synthetic
parameters were duly optimized, and powders were characterized by
X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), Fourier transform infrared spectroscopy
(FTIR), 1H NMR, and Raman spectroscopy. An in-depth analysis of
powder properties and electrochemical behavior of the fabricated
SSLM cells revealed that impurities present in LLZO significantly
facilitated electrochemical cell performances. Such a combination of the engineered LLZO impregnated with the SIL enabled the
plating and stripping cycles in Li symmetric cells with up to 200 h of operation at a constant current density of 0.05 mA·cm−2

avoiding short circuit. The critical current density (CCD) was found to be 450 μA cm−2, which is significantly higher than the other
reported CCD values for pristine LLZO. The post-electrochemical study revealed that transgranular lithium dendritic growth, a
genuine problem in SSLMBs, was impeded to a significant extent by the engineered LLZO and an in situ formed phase,
Li0.5Al0.5La2O4, at grain boundaries during cycling. The multicathode compatibility tests as performed (Li/LLZO-SIL/LMO, Li/
LLZO-SIL/LFP, and Li/LLZO-SIL/NMC111) exhibited that morphologically altered LLZO with the SIL interface is compatible
with most of the commercial cathodes. The study thus envisaged that the engineered LLZO solid electrolyte impregnated with the
SIL can exert a synergistic effect to enhance faster Li-ion conduction as well as resistance to Li dendritic growth, providing a path for
developing high-performance SSLMBs.
KEYWORDS: solid-state lithium metal batteries, solid electrolyte, combustion synthesis, engineered microstructure, solvated ionic liquid,
critical current density, rate capability, charge−discharge cycle

1. INTRODUCTION
In the post-“rocking-chair” era of the lithium-ion battery
technology, a new configuration of solid-state lithium metal
batteries (SSLMBs) has now emerged with promise to deliver
high-energy and high-power density batteries. Such a
configuration relies on the use of the Li-metal anode (3860
mAh g−1) instead of the conventional low-capacity graphite
(372 mAh g−1) and fast Li-ion conducting ceramic electrolytes
instead of the organic liquid electrolyte.1,2 It is envisaged that
the solid electrolyte can (i) eliminate safety issues, which are
major concerns of flammable liquid electrolytes, (ii) impede
lithium dendritic growth, creating an opportunity to use the
lithium metal anode, and (iii) control parasitic side reactions,
resulting in a longer cycle life of the batteries.1−3 Despite
several advantages, producing all-solid-state lithium batteries

(ASSLBs) using ceramic electrolytes still faces serious scientific
and engineering challenges related to establishing stable solid
electrolyte−electrode interfaces.4 One of the possible solutions
is to build an electrolyte that can deliver the benefits of both
solid-state and liquid electrolytes.5 Here, the concept of a
“hybrid electrolyte” comprising a solid inorganic fast ion-
conducting robust ceramic matrix impregnated with a solvated
ionic liquid (SIL) shows real promise to deliver the desired
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Facile Li-ion transport in microstructurally engineered hybrid LLZO 
electrolyte for application in pseudo-solid state lithium metal batteries 
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A B S T R A C T   

The present study probes the effects of microstructurally engineered Ga-LLZO (Li6.25La3Ga0.25Zr2O12) infused 
with solvated ionic liquid (SIL) as an advanced solid-state hybrid electrolyte (SHE) for application in pseudo- 
solid state lithium metal batteries (SSLMBs). To obtain unique microstructure, gel impregnated based cellu
lose exo-templating process (LLZOCET) designed and the product powder was duly characterized by XRD, 
RAMAN, FTIR, FESEM and TEM. The electrical properties of engineered Ga-LLZO demonstrated a two-fold 
reduction in grain boundary resistance and improved lithium-ion transport at RT with lower activation energy 
(Ea = 0.37 eV) compared to conventionally prepared Ga-LLZO (Ea = 0.59 eV) by gel combustion method 
(LLZOGC). SHE was prepared using sintered Ga-LLZO pellets infused with solvated ionic liquid (SIL). The 
presence of SIL was found to enhance lithium metal wettability at the electrolyte-anode interface facilitating Li- 
ion transport. The impedance spectroscopy (EIS) revealed 3D interconnected morphology in LLZOCET electrolyte 
which offered lowered impedance, higher lithium ionic conductivity (0.215 mS/cm) and lowered electronic 
conductivity (7.59×10− 8 S/cm) at RT compared to LLZOGC. The developed SHE showed stable lithium platting/ 
stripping behaviour for >1350 h without dendritic penetration with critical current density (CCD) of 700 µA/ 
cm2

; which was higher than conventional prepared Ga-LLZO (400 µA/cm2). The electrochemical performance was 
tested in full cells using LiMn2O4 cathode and Li metal as anode and cycled (>500 cycles) at different current 
densities (0.1–3.0 mA/cm2). At 1C, engineered LLZO demonstrated 94% capacity retention with >98% columbic 
efficiency. The post-electrochemical analysis revealed no change in cubic phase or morphological degradation 
even after prolonged cycling. The compiled data thus clearly established that engineering at the microstructural 
level might be one of the critical steps for the realization of workable SSLMBs.   

1. Introduction 

The next generation lithium batteries (LIBs) demand electrolytes 
either in the form of solid glass or ceramic, but not as liquid or polymer. 
Although existing LIB technology achieved tremendous commercial 
success relying upon liquid or polymer electrolytes, but in the expense of 
reduced energy density, power density, and safety. The underlying 
reason is that the liquid or polymer battery does not permit the use of Li 
metal as anode (with the highest theoretical capacity of 3860 mAhg− 1) 
due to several problems, particularly the formation of uncontrolled 
dendritic growth leading to short circuit and solid electrolyte interphase 
(SEI) which continuously consumes Li metal and dry up the electrolyte, 
resulting in an increase in internal cell resistance and, subsequently, 
reduction in coulombic efficiency.[1–3] The focus is thus to develop 
solid inorganic electrolytes which offer opportunity to use Li metal as an 

anode. Furthermore, they can mitigate the above-mentioned-problems; 
they can mechanically suppress dendritic growth, and eliminate SEI 
formation.[4,5] In the last two decades, several solid electrolyte mate
rials (SSEs) were explored e.g., Li7La3Zr2O12 (LLZO), 
Li1+xAlxTi2− x(PO4)3 (LATP), Li3.3La0.56TiO3(LLTO), Li2S-P2S5, 
Li1.5Al0.5Ge1.5(PO4)3 (LAGP), Li10GeP2S12 (LGPS) with fast li-ion con
ducting properties at room temperature.[5,6] Nevertheless, the reali
zation of workable all solid-state lithium metal batteries (ASSLMBs) is 
still far away than it was thought. Two major bottlenecks are mainly 
reported: (i) instability of the interface between SSEs and the electrode, 
causing unwanted chemical reactions with the generation of large 
interfacial impedance and finally loss of anodic contact and (ii) trans
granular lithium dendritic migration across the grain boundaries of solid 
electrolyte, posing threat to short circuit.[4–9]. 

Several strategies are now being considered to address the 
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Flexible ceramic based ‘paper separator’ with enhanced safety for high 
performance lithium-ion batteries: Probing the effect of ceramics 
impregnation on electrochemical performances 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Sustainable, flexible and high safety 
ceramic based paper separators for LIBs. 

• Separators were developed using easy to 
scale up wet-coating process. 

• Ceramic impregnation affects physical 
and electrochemical properties of the 
separators. 

• Paper separators show superior electro
lyte wettability and high thermal 
stability. 

• Better electrochemical performances 
and flame safety are other important 
advantages.  

A R T I C L E  I N F O   

Keywords: 
Cellulose 
Ceramics 
Paper separator 
Lithium-ion battery 
Flame resistance 

A B S T R A C T   

Cellulose is now considered as an appealing environment friendly material for the development of sustainable 
separators for rechargeable batteries. This study thus aims to develop high performance paper based ceramic 
separators with superior electrolyte wettability (>170 %), high thermal stability (>200 ◦C) and excellent flame 
safety. While developing paper based ceramic separator, extensive studies are carried out to understand the
nature and functionality of different nano-structured ceramic materials (Al2O3, BaTiO3 and ZrO2) impregnated in 
paper matrix. Nano-ZrO2 facilitates an effective pathway for Li +-ion transport (tLi

+ = 0.51), whereas BaTiO3 and 
Al2O3 ceramics show moderate Li +-ion transport properties (tLi+ of 0.29 and 0.30 respectively). Electrochemical 
Impedance Spectroscopy (EIS) measurement clearly reveals that ZrO2 exhibits more interfacial compatibility 
with the electrodes (MCMB and LiNi1/3Mn1/3Co1/3O2) compared to the other two ceramic separators during full 
cell operation. The developed paper separators show excellent electrochemical properties in terms of cycling 
(tested 300 cycles), multi-electrode compatibility and rate capabilities at different current densities of 0.1–1.2 
mAcm− 2. The pre- and post-electrochemical EIS data reveal that ZrO2 based impregnation offers significantly 
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Role of LLZO active filler in PVDF-modified cellulosic paper matrix: A 
sustainable, thermally durable and high-performance separator for next 
generation lithium batteries

Kuntal Ghosh 1 , Mononita Das 1 , Mir Wasim Raja *
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Sustainable, flexible paper separator 
impregnated with LLZO for high per
formance LIBs.

• An industry-friendly wet-coating pro
cess optimized for ‘roll-to-roll’ 
fabrication.

• Paper separator with LLZO shows better 
Li-ion transport than Al2O3 loaded 
separator.

• Improved flame resistance and multi
electrode compatibility for LLZO-coated 
separator.

• Better electrochemical performance of 
LLZO coated separator after thermal 
shock.

A R T I C L E  I N F O

Keywords:
Paper separator
LLZO electrolyte
Flame retardant
High-rate capability
Multielectrode compatibility

A B S T R A C T

The present study highlights the effect of active (LLZO) and inactive (Al2O3) ceramic impregnation in paper- 
based cellulosic separators developed using an industry-friendly dip-coating process. The fabricated separator 
with 30 wt% LLZO (P5L03) exhibits superior ionic conductivity (1.23 mS cm− 1), higher Li-ion transport prop
erties (tLi

+ = 0.64), wider electrochemical window (>5.5V) as compared to Al2O3 (30 wt%) based (P5A03) and 
commercial PP based separators. The enhancement in electrical properties is likely due to the intrinsic Li-ion 
conductivity of LLZO and the structural modification of PVDF chain induced by the Lewis basic environment 
of LLZO. P5L03 shows better capacity retention after long cycling and excellent compatibility against different 
cathodic (LFP, LMO, LCO, NMC) and anodic (LTO, MCMB) configurations. The developed P5L03 separator ex
hibits excellent flame retardancy and better self-extinguishing properties with lowest self-extinguishing time of 
5.55s, as compared to P5A03 (8.76s) and PP (11.10s). It also shows outstanding electrochemical performance 
even after self-extinguishing test and thermal shock treatment at 120 ◦C and 150 ◦C for 1 h. In summary, paper 
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The critical role of Al2O3, BaTiO3 and ZrO2 nanoceramic fillers in 
PVDF-HFP based composite polymer electrolytes for high performance 
lithium-metal batteries
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A B S T R A C T

Lithium metal batteries (LMBs) can be the ultimate choice for future battery technologies since they use Lithium 
metal as anode, which offers high theoretical capacity (3860 mAh.g− 1) and lowest electrochemical potential 
(− 3.04 V vs. SHE). However, their commercialization is limited by dendritic growth, interfacial instability, and 
safety risks associated with liquid electrolytes. In this work, composite solid polymer electrolytes (CSPEs) are 
developed by incorporating various (Al2O3, BaTiO3, and ZrO2) ceramic fillers into a PVDF-HFP/LiTFSI matrix via 
a scalable solution casting method. Among these, optimized 10 wt% ZrO2-based CSPE (PLZ) delivers the highest 
room-temperature ionic conductivity (9.26 × 10− 5 S cm− 1), excellent Li+ transference number (0.55), superior 
tensile strength (3.23 MPa), wide potential window (5.33 V), and good flame retardancy. Li/Li symmetric cells 
using PLZ showed stable lithium plating/stripping for more than 480 h at 0.10 mA.cm− 2 with a low overpotential 
of ~7 mV. Electrochemical impedance spectroscopy and equivalent circuit fitting confirmed the lowest increase 
in interfacial resistance after cycling. Time-resolved distribution of relaxation time (DRT) and 2D contour 
analysis revealed that PLZ maintained stable SEI and charge-transfer resistances, while bare CSPEs showed 
growing interfacial instability during cycling. These improvements are attributed to Lewis acid-base interactions 
and surface charge effects that reduce crystallinity and promote Li+ mobility. Full-cell evaluations with LiFePO4 
and NMC111 cathodes demonstrated high discharge capacities and good cycling stability. Thus, this study offers 
a promising pathway for developing robust and safe CSPEs for next-generation solid-state LMBs.

1. Introduction

In the ongoing digital era, Lithium-ion batteries (LIBs) are an integral 
part of daily life. They are essential in powering almost every needful 
device, ranging from household to sustainable transportation and e- 
mobility, due to their high theoretical capacity and impressive energy 
and power density. Conventional LIBs consist of Graphite-based anodes 
and Nickel or Cobalt-rich cathodes, along with carbonate-based liquid 
electrolytes containing LiPF6 and polyolefin-based separator mem
branes [1]. While the carbonate-based liquid electrolytes are efficient to 
use due to their high ionic conductivity (~10− 3 S.cm− 1), they impose 
several challenges like leakage, flammability, narrow electrochemical 
stability window, and untimely decomposition inside the battery [2,3]. 
Additionally, the plastic-based separators are also prone to dimensional 

instability and combustion at high temperatures [4,5]. Together, these 
components can cause serious safety concerns, which mandates the 
exploration of more efficient, sustainable, thermally stable, and flame- 
retardant alternatives with similar or better performance.

Here, solid electrolytes could be an effective alternative as they do 
not present any risk of leakage and flammability, and can additionally 
provide a wider electrochemical stability window, high performance, 
and good compatibility with Lithium metal anodes [6]. In view of this, 
the replacement of both liquid electrolyte and polymeric separator with 
solid electrolyte can be a promising approach to overcome the chal
lenges of short-circuit and thermal runaway [7]. Solid electrolytes can 
be of three major types: (a) inorganic solid electrolytes (ISEs), (b) solid 
polymer electrolytes (SPEs), and (c) composite solid polymer electro
lytes (CSPEs) [8,9]. The inorganic solid electrolytes like oxides (LLZO, 
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