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Current energy storage technologies suffer from low energy density, heaviness, high cost, 

and materials scarcity. Thus, lightweight, long-lasting, quick charging, eco-friendly, and low-

cost battery technology is crucial for the expansion of power electronics and electric vehicle 

market, which fall short with conventional batteries. Aiming at solving these key shortcomings 

in current energy storage technologies, this dissertation envisions producing stable, low-cost, and 

eco-friendly solid-state electrolytes, a critical component in solid-state batteries. The overall 

objective is to tailor the structure and functionality of materials, which are already in demand for 

energy storage applications, at the molecular level and explore the lithium-ion conduction in 

solid state to design next generation lithium-ion conductors, which are superior in function, 

lightweight, and environmentally benign.   

Towards this vision, this dissertation research has explored one of the most abundant 

materials in demand, coordination polymers (CPs) and its subclass of metal-organic frameworks 

(MOFs), as potential candidates for solid lithium-ion conductors. Utilizing an abundant 

agricultural waste product precursor, tannic acid, lithium-tannate coordination complex (TALi), a 

novel bio-based coordination complex, has been synthesized as the very first lithium-based 

coordination complex for lithium-ion conduction. The structural and compositional analysis 

revealed the successful formation of microstructures of lithium-tannate coordination network, 

which is thermally stable up to 250 ºC. The solid-state lithium-ion conduction in TALi was 

deduced by blending different weight ratios of lithium perchlorate with ethylene carbonate as the 

plasticizer and lithium-ion mediator. Our temperature-dependent ionic conductance results 

exhibit ionic conductivity in the range of 1 x 10-5 S/cm to ~ 9 x 10-5 S/cm at room temperature 



 

for the optimum salt concentration, establishing the scientific foundation on lithium-ion 

conduction in lithium-tannate-based coordination complexes. Incorporating Si-O rich 

silsesquioxane matrix into the lithium-tannate structure, the lithium-ion conduction improved by 

10-fold (in the range of 1 x 10-4 S/cm), owing to its high porosity and highly crosslinked 

silsesquioxane network. Augmenting a base-catalyzed sol-gel polymerization method in the 

presence of an organoalkoxy silane, porous microstructures of lithium-tannate silsesquioxane 

coordination polymer was prepared, with size range from 60 nm to 170 nm.   

Aiming at understanding the isoreticularity of MOFs, the second research project has 

focused on the lithium-ion conduction in three known isoreticular MOFs with lithium oxide 

metal nodes using 1,4-benzene dicarboxylic acid (BDC), 2,6-naphthalene dicarboxylic acid 

(NDC), and 4,4'-biphenyl dicarboxylic acid (BPDC) as organic linkers.  A solvothermal 

approach was used to synthesize highly crystalline microstructures of isoreticular Li-MOFs 

having monoclinic topology. Compositional, morphology, and thermal analysis confirmed the 

formation of 3D porous microstructures with framework stability up to 500 ℃. These 

isoreticular Li-MOF-based SSEs showed promising solid-state ionic conductivities in the range 

of ~10-5 S/cm with activation energies < 0.72 eV.  The trend in ionic conductivities of each Li-

MOFs at room temperature exhibit no significant effect on the isoreticular expansion, however, 

the Li+ conduction mechanism in each Li-MOF strongly depends on the reticular expansion of 

the framework and the size of the pore aperture. The vibronic absorption spectral analysis of the 

SSEs reveals the Li+ conduction mechanism, allowing us to propose an ion hopping and a 

vehicle type Li+ conduction mechanisms for these porous solids. Thus, our results could lead to 

tailor the solid-state Li+ conduction at the molecular level by manipulating framework 

functionality and pore dimension.  



DESIGN AND SYNTHESIS OF COORDINATION POLYMER FRAMEWORKS FOR 

SOLID-STATE ELECTROLYTES 

by 

Pravalika Butreddy 

A Dissertation 

Submitted to 

the Faculty of The Graduate School at 

The University of North Carolina at Greensboro 

in Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy 

Greensboro 

2023 

Approved by 

Dr. Hemali Rathnayake 

Committee Chair 



  ii 

DEDICATION 

This work is dedicated to my parents (Dr. Ravinder Reddy and Padma Butreddy). Thank 

you for encouraging me to pursue my dreams and motivating me constantly throughout graduate 

school and life. 



  iii 

APPROVAL PAGE 

This dissertation written by Pravalika Butreddy, has been approved by the following 

committee of the Faculty of The Graduate School at The University of North Carolina at 

Greensboro. 

Committee Chair       

 Dr. Hemali Rathnayake 

 

  

Committee Members       

 Dr. Joseph Starobin 

       

 Dr. Tetyana Ignatova 

       

 Dr. Kristin Dellinger 

 

 

 

 

 

 

 

 

May 15, 2023 

Date of Acceptance by Committee 

May 15, 2023 

Date of Final Oral Examination 



  iv 

ACKNOWLEDGEMENTS 

I sincerely thank my advisor, Dr. Hemali Rathnayake, for the continuous guidance and 

encouragement she provided me for the past four years. Her dedication and profound interest in 

motivating and helping students has been solely responsible for completing my Dissertation work. 

I want to thank my committee members, Dr. Joseph Starobin, Dr. Tetyana Ignatova, and Dr. Kristin 

Dellinger, for their input and evaluation of my research work. 

I want to acknowledge the financial support for my doctoral studies provided by the Joint 

School of Nanoscience and Nano engineering (JSNN), a collaboration between the University of 

North Carolina Greensboro and North Carolina A&T State University. I sincerely thank the staff 

at JSNN for their training, and equipment troubleshooting, particularly Dr. Kyle Nowlin, Dr. 

Gayani Pathiraja, Dr. Steven Crawford, and Dr. Olubunmi Ayodele. I would also like to thank my 

fellow group members and senior colleagues for their valuable support and guidance.  

Finally, I would like to express my indebtedness to my family for their constant support 

and encouragement throughout my research. They have always inspired me to achieve bigger and 

be a better version of myself. I would also take this opportunity to express my regards to all my 

friends who always kept me motivated for the research and their endless support, care, and help.  

 

 



  v 

TABLE OF CONTENTS 

LIST OF TABLES ....................................................................................................................... viii 

LIST OF FIGURES ....................................................................................................................... ix 

LIST OF SCHEMES..................................................................................................................... xii 

CHAPTER I: INTRODUCTION .................................................................................................... 1 

1.1 Overview ................................................................................................................................1 

1.2 Challenges with Lithium-ion batteries (LIBs) .......................................................................3 

1.3 Current State of the Art in Solid-State Electrolytes in LIBs ..................................................4 

1.4 Coordination polymer frameworks/ Metal-organic frameworks as SSEs ............................10 

1.4.1 Metal-carboxylate Frameworks in SSEs .......................................................................13 

1.4.2 Lithium coordination compounds..................................................................................15 

1.5 General Goals of Research ...................................................................................................17 

1.6 Dissertation Layout ..............................................................................................................21 

CHAPTER II: BACKGROUND .................................................................................................. 23 

2.1 Natural Polyphenols .............................................................................................................23 

2.1.1 Natural Polyphenols in Lithium-ion Batteries ...............................................................25 

2.2 Plastic Crystal-based Solid-State Electrolytes .....................................................................28 

2.3 Basics of an LIB ...................................................................................................................31 

2.3.1 Ionic Conduction Mechanism in solid polymer electrolytes (SPEs) .............................34 

2.3.2 Ionic Conduction Mechanism in Metal-Organic Frameworks (MOFs) ........................38 

2.3.3 Ionic Conductivity Measurements .................................................................................42 

CHAPTER III: EXPERIMENTAL SECTION ............................................................................. 47 

3.1 Materials ...............................................................................................................................47 

3.2 Characterization ...................................................................................................................47 

3.3 Experimental Procedures ......................................................................................................50 

3.3.1 Synthesis of Li-BDC MOF ............................................................................................50 

3.3.2 Synthesis of Li-NDC MOF ...........................................................................................50 

3.3.3 Synthesis of Li-BPDC MOF .........................................................................................51 



  vi 

3.3.4 Preparation of LEC@Li-MOF solid-state electrolytes ..................................................51 

3.3.5 Synthesis of Lithium-tannate coordination complex (TALi) ........................................52 

3.3.6 Preparation of TALi@LEC solid-state electrolytes ......................................................53 

3.3.7 Synthesis of Lithium-Tannate Silsesquioxane (TALi-SSQ) microstructures ...............54 

3.3.8 Preparation of TALi-Si@LEC solid-state electrolytes ..................................................55 

CHAPTER IV: DESIGN AND SYNTHESIS OF ISORETICULAR Li-MOFs TO 

INVESTIGATE Li-ION CONDUCTION FOR LI-MOF-BASED SOLID-STATE 

ELECTROLYTES ........................................................................................................................ 57 

4.1 Introduction ..........................................................................................................................57 

4.2 Background ..........................................................................................................................59 

4.3 Results and Discussion .........................................................................................................61 

4.3.1 Synthesis and Characterization of Li-MOFs .................................................................61 

4.3.2 Morphology and Crystallinity studies ...........................................................................68 

4.3.3 BET measurements ........................................................................................................73 

4.3.4 Ionic conductivity studies ..............................................................................................76 

4.3.5 FTIR Spectroscopy Measurements on LEC@Li-MOF electrolytes .............................80 

4.3.6 XPS and TGA measurements on LEC@Li-MOF electrolytes ......................................86 

4.3.7 Discussion......................................................................................................................90 

4.4 Conclusion ............................................................................................................................93 

CHAPTER V: DESIGN AND SYNTHESIS OF LITHIUM-TANNATE           

COORDINATION COMPLEX TO INVESTIGATE LITHIUM-ION CONDUCTION           

FOR TALi-BASED SOLID-STATE ELECTROLYTES ............................................................ 96 

5.1 Introduction ..........................................................................................................................96 

5.2 Results and Discussion of TALi complex ..........................................................................100 

5.2.1 Synthesis and Characterization of TALi .....................................................................100 

5.2.2 Ionic Conductivity studies ...........................................................................................106 

5.2.3 FTIR Spectroscopy Measurements..............................................................................110 

5.3 Conclusion ..........................................................................................................................112 

CHAPTER VI: DESIGN AND SYNTHESIS OF LITHIUM-TANNATE-     

SILSESQUIOXANE MICROSTRUCTURES TO INVESTIGATE LITHIUM-ION 

CONDUCTION FOR TALi-SSQ-BASED SOLID-STATE ELECTROLYTES ...................... 114 

6.1 Introduction ....................................................................................................................... 114 

6.2 Results and Discussion of TALi-SSQ microstructures ......................................................117 



  vii 

6.2.1 Synthesis and Characterization of TALi-SSQ microstructures ...................................117 

6.2.2 BET Measurements .....................................................................................................128 

6.2.3 Ionic Conductivity studies ...........................................................................................130 

6.2.4 TGA measurements on TALi-Si-B1@LEC electrolyte ..............................................134 

6.2.5 FTIR Spectroscopy Measurements..............................................................................135 

6.3 Conclusion ..........................................................................................................................137 

CHAPTER VII: CONCLUSION AND FUTURE SCOPE ........................................................ 139 

7.1 Conclusions ....................................................................................................................... 139 

7.2 Recommendations for Future Research .............................................................................143 

REFERENCES ........................................................................................................................... 144 

APPENDIX A: XPS DATA OF TALI-SSQ MICROSTRUCTURES  ...................................... 194 

APPENDIX B: TEMPERATURE DEPENDENT IONIC CONDUCTIVITY DATA OF           

LI-MOF BASED SOLID-STATE ELECTROLYTES ............................................................... 197 

APPENDIX C: TEMPERATURE DEPENDENT IONIC CONDUCTIVITY DATA OF        

TALI BASED SOLID-STATE ELECTROLYTES ................................................................... 199 

APPENDIX D: BET MEASUREMENTS OF TALI-SSQ MICROSTRUCTURES  ................ 202 

 



  viii 

LIST OF TABLES 

Table 1. Experimental volumes of 3-APT and 28%NH4OH were used to prepare TALi-SSQ 

microstructures and their respective yields. .................................................................................. 55 

Table 2. N2 BET surface area and BJH pore distribution analyses of Li-MOFs. ......................... 74 

Table 3. Ionic conductivity and activation energy values of Li-MOF microstructures. ............... 79 

Table 4. Ionic conductivities of TALi@LEC with different formulations of LEC. ................... 110 

Table 5. DLS size measurements and zeta potential values of TALi-SSQ microstructures. ...... 123 

Table 6. Binding energies of TALi-SSQ microstructures. ......................................................... 127 

Table 7. XPS survey analysis and elemental composition of TALi-SSQ microstructures. ........ 128 

Table 8. N2 BET surface area and BJH pore distribution analyses of TALi-SSQ     

microstructures. ........................................................................................................................... 129 

Table 9. Ionic conductivity and activation energy values of TALi-SSQ microstructures .......... 134 

 



  ix 

LIST OF FIGURES 

Figure 1. Roadmap for developing Li-based batteries.29 ................................................................ 4 

Figure 2. Li+ ion movement in PVA-OCMC electrolyte.43 ............................................................ 9 

Figure 3. Classification of coordination polymers and metal-organic frameworks.65 .................. 11 

Figure 4. Illustration of a lithium-ion cell's fundamental components and basic operating 

principle.134 ................................................................................................................................... 32 

Figure 5. (a) Li-ion transport assisted by segmental motion (liquid-like) in the polymer matrix, 

(b) Ion-hopping mechanism (solid-like) through the free-volume sites.83 (Abbreviation: TFSI, 

bis(trifluoromethanesulfonyl)imide.), and (c) Arrhenius (solid line) and VTF-behaviors      

(dotted line) in SPEs.82,83 .............................................................................................................. 37 

Figure 6. (a) Vehicle and (b) Grotthuss-type mechanisms of proton conduction within the 

frameworks.153 .............................................................................................................................. 42 

Figure 7. (a) Schematic of an SSE between the two blocking electrodes, and (b) Nyquist plot    

for an SSE with a perfect semicircle.160 ........................................................................................ 44 

Figure 8. (a) Equivalent circuit model for the Nyquist plot of an SSE160, (b) Nyquist plot for      

an SSE with a depressed semicircle and a tilted spike160, and (c) Randles equivalent circuit      

model and the corresponding Nyquist plot.164 .............................................................................. 46 

Figure 9. (a) Experimental setup for making TALi, (b) Image of TALi powder, and (c) Image    

of TALi@LEC powder. ................................................................................................................ 53 

Figure 10. Color changes during the formation of TALi-complex. .............................................. 53 

Figure 11. (a) Experimental setup for making TALi-SSQ microstructures, (b) Image of        

TALi-Si-B1 powder, and Image of TALi-Si-B1@LEC powder. ................................................. 55 

Figure 12. UV-Visible spectra of (a) Li-BDC MOF, (b) Li-NDC MOF, and (c) Li-BPDC     

MOF. ............................................................................................................................................. 64 

Figure 13. FTIR spectra of (a) Li-BDC MOF, (b) Li-NDC MOF, and (c) Li-BPDC MOF ......... 65 

Figure 14. (a) XPS survey spectrum of Li-BDC and binding energy spectra of Li-BDC MOF      

for (b) C1s, (c) O 1s, and (d) Li 1s; and (e) XPS survey spectrum of Li-NDC and binding   

energy spectra of Li-NDC MOF for (f) C1s, (g) O 1s, and (h) Li 1s ........................................... 66 

Figure 15. (a) XPS survey spectrum and binding energy spectra of Li-BPDC MOF for              

(b) C1s, (c) O 1s, and (d) Li 1s. .................................................................................................... 67 



  x 

Figure 16. TGA and derivative thermograph of (a) Li-BDC, (b) Li-NDC, and (c) Li-BPDC 

MOFs. ........................................................................................................................................... 68 

Figure 17. The powder XRD spectrum of microstructures and simulated powder XRD spectra    

of original (a) Li-BDC MOF, (b) Li-NDC MOF, (c) Li-BPDC MOF, respectively, and the      

crystal structure generated from the crystallography data of (d) Li-BDC MOF184,                                   

(e) Li-NDC MOF185, (f) Li-BPDC MOF186 respectively. ............................................................. 71 

Figure 18. SEM images of (a, b) Li-BDC, (c, d) Li-NDC, and (e, f) Li-BPDC MOFs. ............... 72 

Figure 19. TEM images and lattice spacings of (a, b) Li-BDC, (c, d) Li-NDC, and (e, f) Li-

BPDC MOFs, respectively............................................................................................................ 73 

Figure 20. Porosity distribution plots obtained from NLDFT analysis for Li-MOFs: (a) a line 

graph of dV/dw pore volume distribution, (b) a bar graph of dV/dw pore volume distribution,   

(c) the 3D plot of pore volume distribution in the micropore size region, (d) N2 BET     

Isotherms,     and (e) BJH adsorption and desorption pore volume distribution plots for             

Li-MOFs. ...................................................................................................................................... 76 

Figure 21. Arrhenius plot and activation energy of (a)&(d) LEC@Li-BDC, (b)&(e)       

LEC@Li-NDC, and (c)&(f) LEC@Li-BPDC electrolytes (inset- images of the pellets). ........... 80 

Figure 22. The normalized FTIR spectra of LEC@Li-BDC, Li-BDC, and EC in the region        

(a) 1900-1500 cm-1, (b) 1200-1000 cm-1, (c) 925-725 cm-1, and (d) 725-600 cm-1. ..................... 82 

Figure 23. The normalized FTIR spectra of LEC@Li-NDC, Li-NDC, and EC in the region       

(a) 1900-1500 cm-1, (b) 1450-1300 cm-1, (c) 1200-1000 cm-1, and (d) 825-600 cm-1 .................. 84 

Figure 24. The normalized FTIR spectra of LEC@Li-BPDC, Li-BPDC, and EC in the         

region    (a) 1900-1500 cm-1, (b) 1500-1350 cm-1, (c) 1200-1000 cm-1, and (d) 925-600 cm-1 .... 86 

Figure 25. (a) Comparison of XPS survey spectrum and binding energy spectra of Li-BDC   

MOF with LEC@Li-BDC for: (b) C 1s, (c) Li 1s, (d) O 1s; and (e) Cl 2p in LEC@Li-BDC 

MOF. ............................................................................................................................................. 88 

Figure 26. (a) Comparison of XPS survey spectrum and binding energy spectra of Li-NDC   

MOF with LEC@Li-NDC for: (b) C 1s, (c) Li 1s, (d) O 1s; and (e) Cl 2p in LEC@Li-NDC 

MOF. ............................................................................................................................................. 88 

Figure 27. (a) Comparison of XPS survey spectrum and binding energy spectra of Li-BPDC 

MOF with LEC@Li-BPDC for: (b) C1s, (c) Li 1s, (d) O 1s; and (e) Cl 2p in LEC@Li-BPDC 

MOF. ............................................................................................................................................. 89 

Figure 28. TGA thermographs of (a) LEC@Li-BDC, (b) LEC@Li-NDC, and (c) LEC@Li-

BPDC electrolytes. ........................................................................................................................ 90 

Figure 29. (a) UV-visible absorption spectra taken at different time intervals, (b) and                 

(c) FTIR spectra of TALi complex and tannic acid (TA). .......................................................... 103 



  xi 

Figure 30. (a) The XPS survey spectrum, and the binding energy spectra of: (b) C 1s and (c)       

O 1s (d) Li 1s of TALi, (e) thermogravimetric analysis, and (f) zeta potential versus pH of    

TALi colloids in ethanol. ............................................................................................................ 105 

Figure 31. (a) & (b) SEM images, (c) size distribution curves for the aggregated particles,        

(d-f) TEM images, (g) N2 BET Isotherms, (h) BJH Adsorption dV/dw pore volume      

distribution     plot, and (i) NLDFT Cumulative pore volume distribution plot for TALi. ........ 106 

Figure 32. (a) Nyquist plots for TALi@LEC pellet containing 2wt% - 20wt% LiClO4, (b) 

composition dependence of ln σ versus LiClO4 concentration, (c) Arrhenius plot of     

TALi@LEC electrolyte (included an image of the pellet) and its activation energy for       

lithium-ion   conduction, (d) CV plot of TALi@LEC pellet at various scan rates from                 

5-100 mV/s.................................................................................................................................. 109 

Figure 33. The FTIR spectra of TALi@LEC, TALi@EC, TALi, and EC in the region               

(a) 1900-1500 cm-1, (b) 1450-1200 cm-1, (c) 1200-1000 cm-1, and (d) 925-650 cm-1. ............... 112 

Figure 34. (a)-(b) FTIR spectra of TALi-SSQ microstructures prepared at different 3-APT 

content, and NH4OH content respectively, and (c) UV-Visible spectra of TALi-SSQ 

microstructures with variation in NH4OH content. ..................................................................... 120 

Figure 35. (a)-(f) are SEM images of as-synthesized TALi-SSQ microstructures with varying 

compositions of 3-APT and NH4OH, (g)-(l) are size distribution curves for the aggregated 

particles corresponding to SEM images (a)-(f), respectively. .................................................... 121 

Figure 36. (a-d) TEM images of TALi-Si-B1 microstructures. .................................................. 122 

Figure 37. (a)-(b) TGA thermographs of TALi-SSQ microstructures with variation in base      

and silane precursor contents, (c) TGA and derivative thermograph of TALi-Si-B3      

microstructures. ........................................................................................................................... 125 

Figure 38. (a) XPS survey spectrum and binding energy spectra of TALi-Si-B1      

microstructures for: (b) C1s, (c) O 1s, (d) Si 2p, (e) N 1s, and (f) Li 1s. ................................... 126 

Figure 39. (a) N2 BET Isotherms, (b) BJH Adsorption dV/dw pore volume distribution plot,    

and (c) NLDFT Cumulative pore volume distribution plot for TALi-Si-B1 microstructures. ... 129 

Figure 40. (a) Nyquist plots of TALi-Si@LEC electrolytes at ambient temperature and             

(b) CV plot of TALi-Si-B2@LEC pellet at various scan rates from 5-100 mV/s. ..................... 132 

Figure 41. (a)-(f) Arrhenius plots of TALi-Si@LEC electrolyte and their activation energies     

for lithium-ion conduction, and (g)-(l) Nyquist plots of TALi-Si@LEC electrolytes................ 133 

Figure 42. TGA thermograph of TALi-Si-B1@LEC electrolyte. .............................................. 135 

Figure 43. The FTIR spectra of TALi-Si-B1@LEC, TALi-Si-B1@EC, TALi-Si-B1, and EC      

in the region (a) 1900-1500 cm-1, (b) 1500-1300 cm-1, (b) 1200-1000 cm-1, and (d) 900-600. . 137  



  xii 

LIST OF SCHEMES 

Scheme 1. Schematic representation of the synthesis route to Isoreticular Li-MOFs .................. 62 

Scheme 2. Schematic representations of the proposed Li+ ion conduction mechanisms in:          

(a) LEC@Li-BDC, (b) LEC@Li-NDC, and (c) LEC@Li-BPDC. ............................................... 93 

Scheme 3. Synthesis scheme for the preparation of TALi complex. .......................................... 101 

Scheme 4. Synthesis schematic of lithium-tannate silsesquioxane (TALi-SSQ)     

microstructures. ........................................................................................................................... 118 

 

 

 

 

 

 



  1 

CHAPTER I: INTRODUCTION 

1.1 Overview 

Solid-state electrolytes play a significant role in the next generation of lithium-ion 

batteries as they offer improved safety and high thermal stability. They eliminate the risk of 

thermal runaway and electrolyte leakage by replacing the organic liquid electrolytes. Their 

potential usage with high-capacity lithium metal anodes could significantly enhance the current 

lithium batteries' energy density and cycle life.1 However, they possess low ionic conductivities 

at room temperature due to their poor interfacial kinetics and ionic mobility. Although solid 

inorganic electrolytes based on highly crystalline ceramics show ionic conductivities in the order 

of 10-3 S/cm along with good mechanical and thermal stability, poor interfacial contacts, high 

operating temperatures, and commercial processability are proven to be the prime concerns.2,3 

Consequently, solid-polymer electrolytes (SPEs) have emerged promising due to their high 

processability, shape flexibility, and good interfacial contact between the electrolyte and 

electrodes.4 These SPEs have polymers with polar groups that dissolve the lithium salts and 

assist lithium-ion hopping through the coordination points along the polymer host, mainly in the 

amorphous regions.5 Lithium-ion mobility largely depends on the lithium ion-polymer chain 

interactions, such as lithium-ether oxygen coordination bonds in polyethylene oxide-based SPEs. 

Further, the segmental motion of the polymer hosts and the local relaxation is essential for high 

ionic conductivity in these SPEs.5 However, the current SSEs have not reached the ionic 

conductivities of liquid electrolytes, which are 10-2 S/cm. Therefore, the major challenge is 

designing a solid-state electrolyte with high reliability without compromising ionic conductivity.  

 



  2 

Over the past two decades, various filler materials, plasticizers, lithium salts, and ionic 

liquids were incorporated into the polymer matrix to achieve high ionic conductivities in SPEs.6–

8 Various kinds of polymers such as polyethylene oxide (PEO), polyacrylonitrile (PAN), 

polyvinyl chloride (PVC), and polyvinylidene fluoride (PVDF), etc., have been widely 

demonstrated as polymer matrices. But in recent times, researchers have focused on developing 

‘sustainable/green’ LIBs from renewable sources; natural polymers are alternatively substituting 

synthetic polymers as they are abundantly available in nature, inexpensive, and environmentally 

friendly.9–11 As an interesting new approach, natural polymers, such as cellulose, gelatin, and 

pectin, are increasingly being integrated as polymer matrices for sustainable, safer, lighter, 

biodegradable, and cost-effective SSEs.9,10,12–14 Among the natural polymers used for solid-state 

electrolytes, polyphenols demonstrate fascinating chemical and physical properties. They have 

large oxygen-rich phenolic hydroxyl groups and aromatic rings, which allow hydrogen bonding 

and hydrophobic interactions.15,16 After deprotonation, these aromatic hydroxyl groups possess a 

high charge density and can act as ‘poly-dentate ligands’, providing strong metal chelating sites 

to form metal-polyphenol coordination complexes.17,18 Although polyphenols demonstrate 

promising properties for lithium coordination and their oxygen-rich structures show great 

potential for high ionic conduction, the successful incorporation of polyphenols into SSEs has 

not been extensively explored. 

Coordination polymer frameworks (CPFs) and their subclass, metal-organic frameworks 

(MOFs), have attracted attention as a potential class of solid-state electrolyte materials due to 

their high ionic conductivity and good mechanical and chemical stability.19–22 Particularly, MOF-

based SSEs are advantageous due to their adjustable pore size, which provides a pathway for 

lithium-ion transport, and their surface polarity enables Lewis-acid base interactions to enhance 
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the overall electrochemical properties. Further, these nanosized frameworks provide better 

contact with the electrodes. The open metal sites in MOFs restrict the anion movement by 

binding to them, which is promising for lithium-cation conduction in SSEs. However, in most 

MOF-based SSEs, the ‘carboxylic acids or nitrogen-containing ligands’ bind to the metal sites, 

leaving no excessive areas for lithium cation binding and transport.23,24 Hence, incorporating 

bioinspired metal-phenolate coordination polymer frameworks rich with hydroxyl and ether 

functionalities into SSEs may overcome the current low ionic conduction challenge and provide 

an innovative approach for enhancing the lithium-ion conduction along these porous, oxygen-

rich frameworks. 

1.2 Challenges with Lithium-ion batteries (LIBs) 

Lithium-ion batteries are widely used for applications in electric vehicles (EVs), portable 

devices, and grid energy storage due to their high energy densities and cycling performances. 

However, over the years, they have also caused severe threats, for instance, the Tesla EV battery 

fire, Samsung Note 7 explosions, the Boeing 787 Dreamliner battery issues, etc. These safety 

issues are due to the flammable organic liquid electrolyte used in the LIBs caused due to thermal 

runaways. Thermal runaway occurs when the battery's temperature rises above ~80 ℃ due to 

overcharging/ external debris/ internal shorting caused by lithium dendrite formation. The 

increase in temperatures leads to higher exothermic reaction rates causing overheating and 

oxygen accumulation, resulting in the combustion of highly flammable and volatile organic 

liquid electrolytes, causing fires and explosions.25 Therefore, increasing the thermal stability of 

the LIBs is essential. 

The present LIBs largely depend on the ‘carbon-lithium metal oxide’ intercalation 

chemistry, and alternative chemistries such as introducing lithium metal anodes and high voltage 
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cathode materials is a step towards developing high energy density batteries for electric 

vehicles.26,27 Although lithium metal has a high specific capacity of 3.86 Ah.g-1 (2.06 Ah.cm-3) 

and a low electronegative potential (-3.04 V), these lithium metal batteries increase the 

possibility of short-circuiting when used with organic liquid electrolytes based on carbonate 

solvents due to lithium dendrite formation upon charging.27,28 The growth of these lithium 

dendrites can be partially suppressed by using additives in these liquid electrolytes.26,28 Still, the 

ideal strategy would be completely replacing liquid electrolytes with non-flammable solid-state 

electrolytes. Moreover, an all-solid-state battery also eliminates the use of separators that reduces 

the battery manufacturing cost and plays a key role in the development of next generation 

sustainable electric vehicle technologies. Therefore, to develop an all-solid-state battery, learning 

how to design a suitable solid electrolyte plays a crucial role. 

Figure 1. Roadmap for developing Li-based batteries.29  

 

1.3 Current State of the Art in Solid-State Electrolytes in LIBs 

Solid-state electrolytes (SSEs) have advantages such as no electrolyte leakage and 

restraining the moss-like lithium dendrite formation at the anode. They require less packaging, 

have longer cycle lives, and enable operation at high voltages when compared to liquid 
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electrolytes. SSEs offer high electrochemical stability to expand the working temperature and 

potential window. Most SSEs have substantially higher transference numbers than liquid 

electrolytes, which might help with concentration polarization difficulties. Furthermore, SSEs 

may reduce self-discharge and lead to increased battery capacity retention.28,30 However, they 

have drawbacks, such as complex manufacturing processes, large interfacial impedance, and 

poor mechanical strength. To design solid-state electrolytes for practical applications, the main 

properties to be considered are high ionic conductivity (σLi+ > 10-4 S/cm), adequate mechanical 

strength (>30 MPa), and a small number of structural flaws to prevent lithium dendrite 

penetration, low-cost raw materials and simple production methods, and low activation energy 

for lithium-ion diffusion.31,32 

Several approaches have been used to develop SSEs, and they are mainly classified into 

Inorganic solid-state electrolytes (ISEs) and Solid-Polymer electrolytes (SPEs). Inorganic SSEs 

are mostly inorganic/ceramic-based electrolytes (such as oxide and sulfide-type conductors) 

whose ionic conduction is through crystal defects. Although ISEs have high ionic conductivities 

similar to organic liquid electrolytes, they pose issues such as metallic-Li penetration, high cost, 

processing difficulties, and possess high interfacial impedance with the electrodes.27,33 

Conversely, solid polymer electrolytes (SPEs) are a more popular approach for next-generation 

solid-state batteries. They are composed of polymer matrices and fillers such as lithium salts, 

ionic liquids, ceramics, or MOFs.11,19 SPEs have shape flexibility, are lightweight, have easy 

processability, high cycle-life, and low flammability; no leakage of the electrolytes, no internal 

shorting due to lithium dendrites; and good interfacial contact between the electrolyte and 

electrodes.4 For their applications in Li-ion batteries, these SPEs should possess a high Li-ion 

conductivity (≥10-5 S/cm at 25 ℃), safe potential window (≥ 4 V), greater mechanical strength 



  6 

(≥30 MPa), thermal stability (>150 ℃), and a lithium-oxygen index (>27%).34 The most widely 

used polymer matrices are poly(ethylene oxide) (PEO), poly(acrylonitrile) (PAN), poly(ethylene 

glycol) (PEG), poly(ethylene carbonate) (PEC), poly(vinylidene fluoride) (PVDF), and its 

copolymers.35–40 

The commonly used lithium salts in polymer electrolyte systems are LiBF4, LiClO4, 

LiPF6, LiAsF6, LiCF3SO3, LiN(CF3SO2)2 and arranged in the descending order of their 

mobility.7,41 The classic SPEs with dissolved lithium salts in polymer matrices have low ionic 

conductivities (10-5 – 10-6 S/cm) and lithium transference numbers (tLi
+ < 0.5) due to the 

simultaneous movement of anions and cations.7 Different approaches to increase the ionic 

conductivity, tLi
+, and reduce the activation energy have been used like (1) incorporation of 

plasticizers such as carbonate solvents (ethylene carbonate (EC), diethyl carbonate (DEC), 

dimethyl carbonate (DMC), propylene carbonate (PC) or ethyl methyl carbonate (EMC)) and 

ionic liquids which increase the amorphous nature, and ionic mobility as well as ion-dissociation 

in the polymer matrix; or (2) using inactive fillers such as micro/nano-ceramic particles (Al2O3, 

SiO2, and TiO2, etc.) are used to enhance the ionic conductivity in the SPEs substantially.29,37,39   

PEO has been the most favorable polymer matrix in terms of being a solid solvent for the 

dissolution of lithium salts.42 This is because of ether oxygens' strong electron donor behavior 

and the flexible segments of ethylene oxide, which readily dissolve the lithium cations. 

Polysiloxanes have a flexible backbone and two sites for cross-linking on each monomer. As Li+ 

coordinates with four oxygen atoms, in PEO-based electrolytes, four repeating units of PEO 

polymer dissolve one Li+ ion as each unit has one electron donor atom.43 Recently, nano-SiO2 

particles were integrated into 3D PEO networks using a rigid-flexible coupling method to 

produce SiO2-PEO SPEs in situ. The siloxane polar group promotes the PEO polymer chains to 
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crosslink and form a 3D network. The incorporation of SiO2 nanoparticles enhances the PEO 

polymer chain movements due to the strong Lewis acid-base and hydrogen bond interactions. 

Further, a decrease in PEO crystallinity was observed due to the interactions between PEO 

hydroxyl groups with SiO2 nanoparticles and LiClO4. Therefore, SiO2-PEO SPEs exhibits good 

ionic conductivity (~10-4 S/cm at 30℃), significantly increased solid-solid interface stability, and 

a high cycling capacity (~ 90mA h g-1 after 100 cycles under 2C at 90℃).39  

Various polymer hosts, such as poly (vinyl pyrrolidone) (PVP), poly (acrylonitrile) 

(PAN), poly (vinyl chloride) (PVC), etc., are used to make these ‘polymer gels’ or ‘gel 

electrolytes.’ These gels were made from appropriate amounts of lithium salts, organic solvents, 

and polymer hosts and further heated to temperatures of 120-150 ℃ until a clear, viscous liquid 

was formed. The ionic conductivities observed in a few of these gel electrolyte systems lie in the 

range of 10-3-10-4 S/cm.44 The most widely studied gel or plasticized systems are PEO, PAN, 

PVdF, or PMMA-based polymer electrolytes. Polymer gel electrolytes undergo the ‘syneresis 

effect’ when stored for an extended period. This effect will cause the solvent to ooze onto the 

electrolyte's surface, which makes the electrolyte gradually turbid. This increases the electrolyte's 

viscosity, leading to lower ionic mobility and, ultimately, lower ionic conduction.45 Other minor 

issues with the gel electrolytes include compositional compatibility, mechanical strength, and 

interfacial stability, which must be tackled for their commercial applications. Zhang et al. used 

LLZTO fillers in the polyacrylonitrile-LiClO4 matrix to improve the mechanical strength (10.3 

MPa) and ionic conductivity of 2.2 x 10-4 S/cm with good stability against Li metal.36 

PVDF is also a standard binder for electrode materials in Li-ion batteries. However, 

PVDF-SPEs have low crystallinity and reduced ionic conductivity due to less amorphous paths, 

and they can be plasticized to improve ionic conduction. Still, the conductivity of these PVDF-
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gels is mainly due to the carbonate solvation of cation/anions, leading to lithium-transference 

numbers less than 0.45. Another approach is to use single-ion conducting polymer structures 

(SIPE) wherein the anion is bound to the polymer backbone, leaving Li-ion as the only mobile 

ion, which also prevents lithium dendrite formation. The SIPE based on Li-PVDF membranes 

after solvent doping in a mixture of EC/PC exhibited a high ionic conductivity of 10-4 S/cm at 30 

℃, electrochemical stability up to 4.3 V (vs. Li+/Li), and a lithium transport number of 0.87.40 

Inorganic fillers such as ceramic fillers, clay, and carbon nanotubes (CNTs), MOFs are 

dispersed into a polymer matrix, producing organic-inorganic hybrid composite electrolytes. This 

hybrid solid electrolyte will retain its structure even at high temperatures. This is essentially done 

to enhance the mechanical properties and ionic conduction and improve the interfacial stability 

of the polymer electrolytes. 34,46 It has also been reported that the crystallinity of the polymer 

composite system decreases as the particle size reduces (i.e., when nanoparticles are 

incorporated); thereby, the ionic conductivity increases.47,48 The increase in ionic conductivity of 

these composite electrolytes is also due to the ‘percolating interfacial effect’ wherein the anions 

get adsorbed onto the filler surfaces and increase the interfacial conductivity.49 Therefore, the 

particle size and the filler surface area play a crucial role in the conductivity of the composite 

solid-state electrolytes. 

Due to their unique properties such as natural abundance, low-cost production, eco-

friendly and biodegradable nature, natural polymers such as cellulose, chitosan, Lignin, and 

gelatin, etc., have been studied as alternatives to synthetic polymers for developing eco-friendly 

solid-state electrolytes.11,50 Cellulose and its derivatives were first used as a re-enforcement to 

improve the mechanical properties of polymer electrolytes. Cellulose has polar functional groups 

which dissolve lithium salts, and its high Tg brings the required mechanical strength. Recently, 
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Hadad et al.43 investigated amorphous cellulose-based gel electrolytes and SPEs with high ionic 

conductivities of ~ 10-2 S/cm and excellent capacity retention of 90% after 100 cycles. 

Amorphous cellulose derivatives such as oxidized carboxymethyl cellulose (OCMC) and 

cellulose acetate (CA) have a minimum of 13 electron donor groups in each repeating unit 

coordinated with 3 Li+ ions.43 The amorphous nature and irregularity of the chains with their 

high oxygen atoms created a Li+ conduction path in these systems (as shown in Figure 2). 

Recently, Lignin was grafted with PEG and mixed with PVDF-HFP to prepare an SPE with an 

ionic conductivity of ~10-5 S/cm at 25 ℃. The ether oxygens in PEG-lignin promoted the 

interchain Li+ hopping among lignin polymer chains, and also the abundant aromatic moieties in 

Lignin enhanced the Li+ association.51 

Figure 2. Li+ ion movement in PVA-OCMC electrolyte.43 

 

Li et al. used chitosan-silica fillers in a PEO-based SPE, and the chitosan-silica aerogel 

was prepared via the sol-gel method.52 The aerogels’ organic-inorganic interpenetrating network 

provides strength to the PEO polymer matrix, and an ionic conductivity of ~10-4 S/cm was 

achieved. The presence of silica was determined using FTIR, EDS, and Raman spectroscopy. 

The hydroxyl groups in chitosan act as acidic sites and the ether and amine groups form primary 
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sites making complex interactions in the polymer matrix. Further, fillers increase the amorphous 

nature; they can reduce the effective ionic conduction paths when used in large proportions; 

therefore, it is necessary to get an optimal solution.52 Biopolymer pectin, lithium salt, and 

plasticizer EC were used to develop a solid electrolyte using a solution casting technique. The 

amorphous pectin electrolyte films produced an ionic conductivity of ~ 10-4 S/cm. The plasticizer 

EC has a higher dielectric constant and donor number when compared to DMC/PC. EC's effect 

in the plasticized pectin-based electrolyte was studied using C=O and O=C-O stretching using 

FTIR spectroscopy.53  

1.4 Coordination polymer frameworks/ Metal-organic frameworks as SSEs 

According to the 2005 IUPAC Red Book of inorganic nomenclature, ‘A coordination 

compound is any compound with a coordination entity. A coordination entity is a neutral 

molecule, or an ion made of a central atom, generally a metal, to which a surrounding array of 

atoms or groups of atoms, each known as a ligand, is attached.’ Coordination polymers comprise 

inorganic units and organic ligands as integral constituents extending to one-, two-, and infinite 

three-dimensional networks via coordinative bonding.54 Since their appearance in the 1960s, 

coordination polymers have been crucial to organic-inorganic hybrid materials. Due to their 

highly tunable molecular building blocks, versatile physical and chemical properties can be 

achieved; hence, they are essential in various fields.55 In 1995, Yaghi and co-workers defined a 

new class of porous coordination polymers known as Metal-organic frameworks (MOFs), which 

are crystalline coordination networks having organic ligands (or linkers) bound to metal centers 

(secondary building units (SBUs)) forming 2D or 3D porous structures.56,57 More than 20,000 

different MOFs have been synthesized by changing the SBUs and organic linkers. Their versatile 

properties, such as high surface area and porosity, are desirable for gas storage and 
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separation58,59, sensing60, catalysis61, thin films62, and so on63. Most MOFs are obtained by 

coordinating transition metal ions with organic linkers such as nitrogen or carboxylate units.64  

Figure 3. Classification of coordination polymers and metal-organic frameworks.65 

 

The most common method for synthesizing MOFs right is solvothermal synthesis, which 

performs at high temperature. Several new methods emerged, such as microwave, ultrasonic, 

electrochemical, and mechano-chemical synthesis. These methods often employ cheap inorganic 

salts as metal precursors and use multidentate organic linkers to produce flexible MOFs of high 

surface area and dynamically respond to external factors such as pressure, temperature, or guest 

molecules. These frameworks are structurally flexible to modulate the pore size due to weak 

interactions such as hydrogen bonding, π-π, and van der Waals interactions, apart from the 

coordination bonds. Hence, their functional diversity, along with low framework density and 

cheap starting materials, make them suitable for applications in clean energy storage devices 
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such as fuel cells, hydrogen sorption and generation, solar cells, supercapacitors, and 

rechargeable Li-ion batteries.64,66,67  

More recently incorporation of MOFs into solid-state electrolytes (SSEs) has emerged as 

a desirable research hotspot. The high surface area and surface polarity of MOFs could enhance 

the Lewis-acid base interactions and the overall electrochemical properties due to more contact 

with other components.22 Furthermore, their periodic crystalline structure and tunable porosity, 

along with ordered channels, facilitate well-defined ionic pathways for cation transfer and aid in 

forming a uniform interfacial layer along with enhanced cycling stability. Additionally, they 

suppress the side reactions by trapping the unwanted by-products in the system due to their 

strong adsorption and surface energy capabilities.22 Therefore, these versatile properties of 

MOFs show great potential for designing battery-specific-SSEs. Broadly, in three ways, MOFs 

have been demonstrated as SSEs, namely, ‘MOF-incorporated polymer hybrids’ as SSEs, ‘ionic 

liquid (IL) -loaded MOF hybrids’ as SSEs and ‘neat MOFs’ as SSEs.   

The ‘MOF-incorporated polymer hybrids’ are organic/inorganic hybrid electrolytes in 

SSEs, consisting of polymer matrices, metal salts, plasticizers, and MOF fillers. Incorporating 

plasticizers and MOF fillers enhances ion dissociation in metal salts and segmental polymer 

mobility. The increase in mobile ions and migration pathways further enhances the ionic 

conductivity of these composite SSEs. Therefore, the high-surface areas, along with the rich 

porosity of MOFs, provide better contact with polymers and metal salts than the traditional filler 

materials in hybrid SSEs and also provide preferential anion attachment due to Lewis acidity.22  

Incorporating ILs into MOFs is another powerful approach for advanced properties in 

SSEs. ILs have gained attention as new green solvents composed of ions with a low melting 

point (<100 ℃) possessing high ionic conductivity and solubility, non-flammability, minimal 
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volatility, and high thermal stability.68 MOFs can behave as reservoirs for ILs without the risk of 

leakage, owing to their strong adsorptive capacity and high porosity and surface area in these 

frameworks. Further, confinement of ILs in the micro/meso-pores of MOFs promotes ion 

diffusion and selective ion bonding with polar MOF surfaces, enhancing the transference number 

and the overall ionic conductivity.68 There are several approaches to making these IL@MOF 

composites, the first approach being the ‘post-impregnation approach’ wherein the synthesized 

MOFs are socked in IL-containing solutions. The second is the ‘capillary action-promoted 

diffusion,’ where the stoichiometric amounts of IL and MOF are physically mixed and annealed. 

And the third is the ‘ship-in-bottle’ method which involves introducing IL precursors into MOF 

pores and assembling them to obtain an IL inside the MOF pores.69 Strong interactions such as 

coulombic, π-π, hydrogen-bonding, Vander Waals, and coordination interactions facilitate IL 

dispersion and capillary adsorption in MOFs. Hence, while designing these IL@MOF 

composites, carefully considering MOF pore size, size of ILs, and structural and coordination 

parameters of MOFs is beneficial.22  

1.4.1 Metal-carboxylate Frameworks in SSEs 

Modular chemistry allows the use of discrete molecular building units to build extended 

networks at near room temperature and impart the desired physical properties to the target 

frameworks. Understanding the concept of secondary building units (SBUs) is critical to 

designing robust MOFs with permanent porosity and those with unsaturated open-metal sites. 

The aggregates of metal ions, i.e., M-O-C clusters, are referred to as SBUs, which can be 

obtained using multidentate ligands such as carboxylates. They form rigid frameworks because 

the carboxylates lock the metal ions and form rigid vertices to give extended neutral frameworks 

with high structural flexibility. To achieve highly porous frameworks, either the longer linkers 
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that increase the void space, known as expansion, or a net of vertices can produce highly rigid, 

non-interpenetrating networks known as decoration.70 Di-, tri- and tetranuclear ‘metal-

carboxylate clusters’ such as copper and zinc acetate were used as SBUs to generate porous 

crystalline metal-carboxylate frameworks with polytopic linkers such as 1,4-

benzenedicarboxylate (BDC), 1,3,5-benzenetricarboxylate (BTC), 4,4′-azodibenzoate (ADB), 

and 1,3,5,7-adamantanetetracarboxylate (ATC).70  

These crystalline porous and rigid metal-carboxylate frameworks have applications in 

catalysis, gas storage, sensors, and SSEs.22,70 For instance, MIL-53(Al) (Aluminum 1,4-

benzenedicarboxylate)71 and MOF-5 (Zn4O(1,4-benzenedicarboxylate)3)
72 were incorporated as 

filler materials into PEO-based SSEs. In the case of MIL-53(Al), a thin-film electrolyte was 

made using the lithium bis(trifluoromethanesulfonyl)imide (LITFSI) salt and PEO as the 

polymer matrix.71 The interactions between the Lewis acidic surfaces of MIL-53(Al) and 

N(SO2CF3)2 anions improved the LITFSI dissolution, which gave an enhanced ionic conductivity 

(9.66 x 10-4 S cm-1 at 120 ℃) and oxidation potential (5.10 V) for the electrolyte. Further, this 

composite electrolyte was incorporated to fabricate an all-solid state LiFePO4/Li button cell and 

gave an initial discharge capacity of 136.4 mA h g-1 (at 5 C and 120 ℃). An increase in the 

thermal and mechanical stability was observed as MIL-53(Al) particles acted as cross-linking 

centers with PEO.71 Similarly, when MOF-5 was incorporated into the PEO and LITFSI matrix 

the interaction between the alkoxide chains of PEO and Lewis acidic sites of MOF-5 accelerated 

the salt dissolution and PEO chains movement.72 Further, MOF-5 could trap the trace solvents 

and impurities which promoted ionic conduction and avoided side-reactions with the Li/CPE 

interface.72 Furthermore, Kitagawa and co-workers demonstrated the incorporation of ionic 

liquids like EMI-TFSA (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide) into 
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the chemically and thermally stable MOF, ZIF-8 (Zn(2-methylimidazole)2) to demonstrate an IL-

loaded MOF system as SSEs.24,73 Their results suggested a lithium ion-diffusion mechanism 

wherein the Li-cations diffuse through the ZIF-8 micropores by exchanging the solvating TFSA- 

anions, similar to the ‘Grotthusss mechanism’ in proton conductivity.24  

1.4.2 Lithium coordination compounds 

Lithium was first recognized as a new alkali metal in 1817 by J.A. Arfvedson and lithium 

compounds were found to be less soluble in water than sodium (Na) and potassium (K).74 

Lithium is the third element (Z = 3) in the periodic table having two isotopes (6Li and 7Li) with 

an atomic weight of 6.941 (amu) and an electronic configuration of 1s2 2s1. It occurs in 

ferromagnesian minerals by partially replacing magnesium and its most commercially available 

mineral is spodumene (LiAlSi2O6). It has a relatively low abundance of about 18 ppm by weight 

in crustal rocks. It is the smallest element with the highest ionization energy and melting point in 

the alkali metal group and is the solid having the lowest density at room temperature. At least 20 

different coordination geometries of lithium are known with coordination numbers ranging from 

1-12.74  

The modern concepts on coordination compounds are based on Alfred Werner’s study on 

‘spatial arrangement of ligands around metal centers’ in 1893. These coordination compounds 

have two key concepts namely, oxidation state (or ionizable valence) and coordination number 

(or non-ionizable valence). Coordination compounds can be broadly classified as coordination 

polymers, discrete coordination compounds and metal-organic frameworks.75 Coordination 

polymer is a metal-coordination compound where the ligand (or the linker) bridges between the 

metal centers (or the connectors) and each metal would bind to more than one ligand that could 

extend as an infinite array at least in one dimension through either covalent or coordinate 
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interactions.76  More interestingly, compartmentalized ligands are capable of producing 

heterometallic systems by providing coordination pockets to connect different metal centers. 

These heterometallic compounds have been widely synthesized using Schiff-base ligands derived 

from salicylaldehyde and diamines.77 Coordination compounds have great importance due to 

their applications in gas adsorption, catalysis, sensing, luminescence, energy storage and so on. 

Due to their structural diversity, molecular design, tunable pore-size and redox-active sites, these 

coordination compounds can provide higher density of Li-storage sites, operate at high capacities 

over wide voltage ranges and also can provide fast Li-ion transport.75 Hence, understanding the 

design principles and lithium storage mechanisms in these coordination compounds is of great 

significance and they have been demonstrated as effective anode, cathode and electrolyte 

materials in LIBs.75  

Coordination compounds of lithium and lithium-ion complexes are an interesting field 

due to their biological significance and applications in LIBs. Lithium (I) compounds commonly 

exhibit a coordination number between 2 to 8 and their binding is mostly electrostatic.78  Due to 

the undirected coulombic forces, the radius of Li ion (0.6 Ǻ) is critical to determine the structure 

of the final complex. Other factors which affect the coordination number of Li-ion are the 

number of binding sites, ion-ion interactions (anions) and ion-dipole interactions (neutral ligand 

and solvent). However, beyond a minimal cavity radius (rm) the coordination sphere interactions 

are independent of the cation radius (rLi+) and based on the rm/ rLi+ values, the most promising 

coordination numbers for Li-ion are found to be 4, 5 and 6. Most lithium complexes selectively 

exhibit ‘4-fold tetrahedral’ or ‘5-fold square pyramidal’ coordination.78  

Lithium-ion is known as a ‘hard acid’ and most of its organic/ inorganic complexes are 

bound to ligands through the lithium-oxygen (Li-O) interactions. The oxygen atoms (hard base) 
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in most natural/synthetic ionophores act as donors (such as hydroxyl, keto, carbonyl, 

carboxylate, ester, ethereal, etc) and the interactions of lithium with oxygen donors are stronger 

than with nitrogen.78 For instance, lithium forms stable complexes with hard oxygen atoms of 

carboxylic acids (mono-, di-, hydroxy-) and give different coordination polyhedra for their 

coordination numbers 4 (tetrahedral), 5 (trigonal bipyramidal, square pyramidal) and 6 (distorted 

octahedral) respectively. The strong electrostatic interactions (ion-ion) between hard Li-ion and 

hard oxygen donor-atoms are responsible for these stable coordination complexes, and as the 

carboxylic groups for coordination increase, the Li-O bond distance also increases. 

Contrastingly, the lithium crystal complexes with alcohols are uncommon and, they form 

tetrahedral or square pyramidal coordination with the hydroxyl-oxygen atoms.78 

1.5 General Goals of Research 

The dissertation research investigates two novel coordination polymer frameworks and 

three derivatives from its subclass, metal organic frameworks (MOFs) for developing novel solid-

state electrolyte systems. Aim 1 focuses on understanding lithium-ion conduction in three 

isoreticular lithium-based MOFs (Li-MOFs) synthesized via a solvothermal method augmenting 

the isoreticular framework expansion approach. Utilizing tannic acid, a natural polyphenol, Aim 2 

focuses introducing a novel lithium-based coordination polymer, lithium-tannate coordination 

complex (TALi) and its lithium-ion conduction in solid-state. Introducing the silsesquioxane 

network via a sol-gel synthesis method, Aim 3 targets modifying the structure and functionality of 

TALi complex to make porous microstructures of TALi-silsesquioxanes. 

Rationale: Coordination polymer frameworks and MOFs could be potential candidates as 

SSEs owing to their high porosity, ordered channels, structural modularity, and capability for 

high tunability. These unique characteristics offer several advantages to surpass the traditional 
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liquid electrolytes, resulting in high ionic conductivities, improved safety, and longer lifespan.30 

Past research has evidenced that MOF-based solid-state electrolytes can confine small amounts 

of liquid electrolyte inside the host matrix of porous frameworks. They are safer than liquid 

electrolytes at higher operating temperatures, have good electrode contact, stability, and higher 

ionic conductivities than SSEs, and provide mechanical stiffness to block dendrites.79–81 The 

addition of plasticizer increases the free volume by adding additional salts to increase charge 

carriers, boosting the dielectric constant to improve salt dissociation.82,83 Ethylene carbonate 

(EC) was used as the plasticizer because of its high dielectric constant (89.1), which can help 

dissociate lithium salts easily, a high donor number (16.4), and a high boiling point (248 ℃).53,84 

Reducing EC content can help the solid-electrolyte interphase (SEI) formation on the electrode 

surface for higher stability. Mainly, EC-based electrolyte is efficient at limiting the graphite 

anode exfoliation compared to PC-based electrolytes, resulting in better battery stability and 

lifetime. The higher stability of the Li-EC pair than other Li-solvent pairs helps suppress 

electrolyte decomposition.85 LiClO4 was used because it’s easy to purify, inexpensive, and forms 

highly conductive solutions with carbonate solvents and highly compatible with graphite 

electrodes.86 

Impact on the Scientific Community: It is a step towards producing low-cost, safe, 

efficient, and eco-friendly solid-state electrolytes. Also, integrating renewable resources and 

principles of green chemistry in synthesizing lithium-tannate-based CPFs is very appealing to the 

scientific community. 

Aim 1: Design and Synthesis of isoreticular Li-MOFs to investigate lithium-ion conduction 

for Li-MOF based solid-state electrolytes. 

Objective: To understand the effect of isoreticulation on ionic conductivity in Li-MOFs. 



  19 

Hypothesis: The porosity of the frameworks might increase with the increase in the organic linker 

length, thereby providing additional lithium-ion conduction pathways which may lead to an 

increase in the ionic conductivity. 

To complete Aim 1, this research targets the following two tasks: 

Task 1: Synthesis of Li-MOFs using the three carboxylate linkers (1,4- BDC; 2,6- NDC 

and 4,4’-BPDC) and characterization. 

Task 2: Studying the ionic conduction in the Li-MOFs using electrochemical impedance 

spectroscopy. 

Novelty: Solid-state ionic conduction in these isoreticular Li-MOFs as SSEs has not been 

explored yet. 

Expected Outcomes: Isoreticular Li-MOFs to use as low-density SSEs. 

Aim 2: Design and Synthesis of lithium-tannate coordination complex to investigate 

lithium-ion conduction for TALi based solid-state electrolytes. 

Hypothesis: The lithium-tannate coordination complexes with rich oxygen functionality 

will aid lithium-ion hopping through oxygen-coordination centers in solid-state.  

Rationale: Tannic acid has abundant oxygen-rich, phenolic hydroxyl groups which can act 

as ‘polydentate ligands’ providing strong metal chelating sites for binding metal ions at higher pH. 

Catechol and gallol groups allow five-sided ring coordination with different metal ions.87 

Furthermore, the polymers with polar groups –O-, =O, -S-, -N-, -P-, C=N, -NH- (imide), -S- (thiol), 

and C=O will be able to dissolve the lithium salts.7 This dissociation in turn determines the number 

of free lithium ions in the electrolyte matrix, which affects the ionic conductivity. The ion transport 

is due to the electrostatic interactions between polar groups in these coordination polymers and 

electron-withdrawing Li-ions which generate the ionic transport pathways.83 
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To complete Aim 2, this research targets the following two tasks: 

Task 1: Synthesis and characterization of lithium-tannate (TALi) complex from tannic 

acid. 

Task 2: Studying lithium-ion conduction in the TALi-based electrolytes using 

electrochemical impedance spectroscopy. 

Novelty: Lithium-tannate complexes and its potential as a solid-state electrolyte. 

Expected Outcomes: Lithium-tannate complexes to use as bio-based SSEs. 

Aim 3: Design and Synthesis of lithium-tannate-silsesquioxane microstructures to 

investigate the lithium-ion conduction for TALi-SSQ based solid-state electrolytes. 

Hypothesis: The lithium-tannate silsesquioxane network with silsesquioxane structure will 

provide added functionality to aid lithium-ion hopping through Si-O matrix, resulting in high ionic 

conductivity compared to TALi complexes. 

Rationale: Sol-gel synthesis is a versatile bottom-up method that involves conversion of a 

colloidal solution into a network of discrete particles or polymers. Under a basic environment, 

condensation is rapid when compared to hydrolysis and formation of silane linkages is increased.88 

In this base-catalyzed sol-gel reaction, first hydrolysis occurs wherein trimethoxy groups convert 

into trihydroxy groups and then polycondensation occurs with the surface hydroxyl groups of 

lithiated tannic acid.89 Also, 3-APT has an amine group which is hydrophobic would facilitate 

interactions with the free hydroxyl groups of lithiated tannic acid.90 The silsesquioxane nanocages 

with the formula (RSiO1.5) have reactive functional groups at cage corners which are available for 

surface bonding.91 Further, these silica cages can entrap plasticizer within the SSE which can 

exhibit higher ionic conductivities at room temperatures.91 The internal inorganic silicon oxygen 
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core of the silsesquioxanes materials facilitates the lithium-ion conduction and also hinders 

crystallization of the host polymer.92  

To complete Aim 3, this research targets the following two tasks: 

Task 1: Synthesis and characterization of lithium-tannate silsesquioxane (TALi-SSQ) 

microstructures. 

Task 2: Studying the ionic conduction in the TALi-SSQ-based electrolytes using 

electrochemical impedance spectroscopy. 

Novelty: Synthesis and Characterization of the novel lithium-tannate-silsesquioxane based 

SSEs, and their solid-state ionic conduction.  

Expected Outcomes: TALi-SSQ microstructures to use as silsesquioxane-based SSEs. 

1.6 Dissertation Layout  

This dissertation consists of seven chapters, and a brief introduction to each of the 

chapters is described here. Chapter 1 starts with an overview of the current challenges in lithium-

ion batteries and the need for solid-state electrolytes. Further, the chapter discusses the state-of-

the-art in SSEs, emphasizing the solid polymer electrolytes, both synthetic and natural polymers. 

Finally, an introduction to CPFs/MOFs-based SSEs and state-of-the-art metal-carboxylate-based 

SSEs has been discussed. Chapter 2 introduces natural polyphenols in LIBs and reviews plastic 

crystal-based SSEs, lithium coordination compounds, and the basics of a LIB. Later, Chapter 2 

describes the ionic conduction mechanisms in SPEs and MOFs and then describes the working 

principle in electrochemical impedance spectroscopy (EIS) technique and ionic conductivity 

measurements in detail. Chapter 3 presents the experimental sections for the preparation of 

materials (Li-MOFs, TALi, and TALi-SSQ), the characterization techniques, and the sample 

preparation methods used. Chapter 4 presents the synthesis and characterization of Li-MOFs. 
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Further, ionic conductivity measurements and ionic conduction in Li-MOF-based SSEs are 

described using EIS and FTIR spectroscopy. Chapter 5 discusses the synthesis, characterization, 

and ionic conduction of TALi complexes. Chapter 6 discusses the synthesis, characterization, 

and ionic conduction of TALi-SSQ microstructures. The dissertation is finally summarized in 

Chapter 7, which also makes some comments and recommendations for future directions. 
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CHAPTER II: BACKGROUND 

2.1 Natural Polyphenols 

Natural polyphenols are mostly the biologically active components of plant-based edibles 

such as fruits, vegetables, coffee, and cereals.93 Although these compounds have complex 

structures consisting mainly of catechol and galloyl groups, phenolic ring acts as their basic 

monomer. They can be widely classified into condensed and hydrolysable families, and possess 

attractive biological properties such as antioxidant, anti-bacterial, antiviral, anti-inflammatory, 

antitumor activity, etc. Hence, they have been widely used in food industry, water treatment, 

pharmaceutical research, oil-field chemistry, leather industry and so on.87,93 Moreover, due their 

biocompatible nature along with intriguing chemical and physical properties such as metal 

chelation, hydrogen bonding, amphiphilic nature; they are widely being integrated into 

engineering functional materials in multi-disciplinary fields like diagnostics, drug-delivery, and 

designing of hydrogels, thin-films, core-shell/hollow particles and metal-phenolic coordination 

compounds.87,94–99  

Metal-phenolic networks (MPNs) are ‘supramolecular network structures’ formed due to 

the coordination between metal ions and phenolic ligands. They are of great interest because they 

can act as versatile platforms to engineer ‘green’, low-cost nanomaterials and biointerfaces.97 

Natural phenolic acids such as gallic acid (GA), ellagic acid (EA) and tannic acid (TA) have 

been widely studied for their interactions with transition metals, proteins, and DNA to form 

coordination complexes. These coordination complexes could be tuned to result in formation of 

advanced materials such as hydrogels87,100, films87,101, capsules99,102 and various 

nanostructures87,101. For instance, fluorescence quenching in DNA was studied using these 

phenolic acids (TA, GA and EA) and strong interactions of DNA with the phenolic acids were 



  24 

observed, indicating the intercalation of these phenolic acids into DNA.97 Furthermore, 

metallogels synthesized using the Fe3+-catechol complexes showed self-healing properties and 

high elastic modulus due to the reversible nature of the metal-phenolic coordination. 

Contrastingly, Fe3+-catechol coordination bonds have strength comparable to covalent bonds and 

possess pH responsive nature due to the need to deprotonate the hydroxyl groups which is 

favorable at higher pH.103,104  

The deprotonated phenol group generates an oxygen center having a high charge density, 

which is known as a “Hard Acid”.18 Most phenols have a pKa value range of 9-10 in the presence 

of cations such as Fe3+, Cu2+, while the protons get displaced at a lower pH range 5-8. Hence, a 

pH around 7 is most suitable for metal chelation by phenols. Oxidation occurs in catechols 

producing the products semiquinone and quinone which coordinate with metal cations. For 

instance, the peri positions of phenolic hydroxyl groups in TA act as oxygen anions to react with 

metal cations and form stable “five-numbered ring complexes”.105 The oxidation state of 

coordinated metal is often difficult to determine because of the delocalization of orbitals among 

the metal and at least one phenolic ring. Interestingly, the stoichiometry of TA complexes with 

Fe+2 and Fe+3 metal cations were found using the UV-Visible spectroscopy since TA shows 

intense absorption bands at 274 nm, as TA is a strong ‘UV absorbing chromophore’.105 

Intramolecular electron-transfer reactions can also be observed in metal-catechol complexes such 

as with Fe and Cu, where the value of pH and presence of other ligands could influence the 

equilibrium.18 Due to the numerous chelation sites available on TA, it has been extensively 

studied for coordination with about 18 different metals, that mostly include transition metals, to 

produce MPN films which are capable of forming hollow capsules.99 Although, there is 

significant research on MPNs mostly with the transition metals such as Fe, there is still lack of 
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research pertaining to coordination of phenolic ligands with alkali metals such as lithium and 

sodium, which is of great interest in the field of energy storage.  

2.1.1 Natural Polyphenols in Lithium-ion Batteries  

Due to the increased research in high-performance renewable energy storage devices, 

sustainable rechargeable batteries and all-solid-state batteries are in huge demand in recent 

times.34,106 Traditional inorganic materials mostly based of metal-oxides show slow lithium-ion 

diffusion kinetics, large volume changes and also produce toxic heavy-metal waste, that leads to 

fast capacity fading and huge polarizations.107 Hence, researchers have shifted to organic 

compounds as the weak intermolecular interactions accommodate diverse metal ions and give 

superior electrochemical properties, besides being inexpensive and abundant in nature.108,109 In 

the light of this, natural polyphenols such as ellagic acid, tannic acid, have been demonstrated as 

potential separator110–112 and electrode materials113,114 in lithium-ion batteries, due to the 

presence of π-π conjugated aromatic structures, rich carbonyl, carboxyl and phenolic groups.  

Ellagic acid is formed by the dimerization of gallic acid resulting in a biaryl structure. 

Tannic acid is an oligomer of gallic acid having ten galloyl units around a glucose center. The 

numerous π-π conjugated structures in TA and EA provide “layer-by-layer intermolecular 

interactions” and enhanced diffusion of lithium cations leading to a superior ionic conductivity. 

When EA and TA were used as active anode materials against a Li metal counter electrode in a 

coin cell containing a liquid electrolyte, they gave specific capacities of 364 and 451 mAh g-1 at 

0.2 A g-1 after 250 cycles. These discharge capacities were higher than imine-, azo-, carbonyl-, 

organosulfur- based active materials and were comparable to that of metal-oxide based anodes. 

TA and EA-based LIBs showed higher cycling stabilities than the metal-oxide based LIBs.113 In 

a similar study performed by Goriparti et al.114, EA demonstrated high reversible capacities of 
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450 mAh g-1 and 200 mAh g-1 at C/10 and C/2.5 discharge rates, respectively. They have 

demonstrated that the process of lithiation-delithiation in EA is reversible through ex-situ NMR 

spectroscopy and have also proposed the possible mechanism.114 Xu et al.115 demonstrated TA as 

a potential organic anode material in LIBs due to the presence of abundant oxygen-

functionalities. They have found that the dissolution of TA in an electrolyte consisting of LiTFSI 

salt was considerably lower than in LiPF6 and confirmed the insertion of lithium-ions into the 

TA framework. Further, TA in high concentrations of LiTFSI gave higher specific capacity and 

longer cycling life.115 TA was also used to improve the lithium-ion diffusion in Li1.2Mn0.6Ni0.2O2 

(LMNO) cathodes.116 The catechol groups of TA formed a metal-organic coordination complex 

(MOC) with the transition metal Ce to produce nanofilms (~10 nm) on the surface of LMNO 

cathode. This CeO2-coated LMNO provides a pathway along the MOC for the fast diffusion of 

lithium ions and hence the discharge capacity increased to 132 mAh g-1 at 8C from 86 mAh g-1 

of the pristine LMNO.116  

Separators in LIBs play a critical role in cycling stability and overall battery performance. 

The most used commercial separator materials are microporous polyolefin films with good 

mechanical strength, chemical and thermal stability. But their hydrophobic surface and low 

surface energy causes poor wettability as their pores are incompletely filled with liquid 

electrolytes, leading to higher ionic resistance with the electrodes.111 In order to increase the 

hydrophilicity on the surface of the polyolefin separators, such as polyethyleneimine110 (PEI) and 

polypropylene111,112 (PP) were modified using tannic acid and were demonstrated as potential 

separator materials for lithium-ion batteries. Multiple phenolic units in tannic acid can self-

polymerize and form hydrophilic coating on the surface of the polyolefin separators, besides 

being a cheap and green modification technique when compared to dopamine.110 TA coated 
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polypropylene (TA-PP) films showed no change in porosity or thermal stability but showed a 

decrease in the contact angle of water to 720. This showed that TA-PP membranes became more 

hydrophilic and exhibited better wettability (~125 wt % uptake) with the liquid electrolyte (1M 

LiPF6 in EC/DMC). This further increased the ionic conductivity of TA-PP separator to 0.46 mS 

cm-1 from 0.23 mS cm-1 (PP separator) and also a slight increase in the specific capacity of the 

cell.111 Zhang et al.110 extensively explained the self-assembly process between TA and PEI 

where hydrogen bonding and oxidation polymerization were the two possible mechanisms. The 

catechol and pyrogallol units in TA were oxidized in alkali solutions to form quinoid structures 

generating functional layers by the reaction of amines of PEI through a Schiff base reaction.110 

Solid-state electrolytes have received great attention in the past few decades as they 

provide superior safety than the conventional liquid electrolytes. Additionally, they have 

properties such as no leakage of the electrolyte, ‘wide electrochemical stability window’, better 

thermal stability, great mechanical strength, flexibility and processability, which make them 

suitable for high energy and ‘high power density’ rechargeable batteries.34 Poly(ethylene oxide) 

(PEO)-based polymer electrolytes are extensively studied because the lithium-ion conduction 

takes place through the ethylene oxide groups.117 They still have a drawback of low ionic 

conductivity when compared with the liquid electrolytes, due to the poor polymer chain mobility 

and high crystallinity of ethylene oxide chains at low temperature.118 In order to increase the 

polymer chain mobility and further the ionic conduction, modified TA was used as a plasticizer 

and a cross-linking agent with polymer electrolytes without disturbing the solid-state of 

polymers.119 It was observed that addition of small amounts of plasticizer (2.0 wt %) and cross-

linking agent (0.1 wt %) to polymerize poly(ethylene glycol) methyl ether methacrylate 

(PEGMA), gave a higher ionic conductivity (5.6 x 10-4 S cm-1) at room temperature.119 Cho et 
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al.120 created a quasi-SPE using PEGMA polymer matrix, Methacrylated TA (MTA) as 

crosslinker, nano-SiO2 and liquid electrolyte as a plasticizer which resulted in a honeycomb-

branched structure. This QSPE film gave an ionic conductivity of ~10-3 S/cm at room 

temperature and a voltage window of 5.1 V.120 Due to their diverse properties, there is a lot of 

scope for polyphenols to be used as a main matrix in solid-state electrolytes and there is an 

immense need for extensive research in this area in order to build green-all solid-state LIBs. 

2.2 Plastic Crystal-based Solid-State Electrolytes 

There is an increase in demand for shape-conformable solid-state Li-ion batteries due to 

their diverse applications in flexible displays and electronics. One effort to manufacture such 

shape-conformable electrolytes is to use plastic crystals. These plastic crystal-based polymer 

electrolytes are composed of plastic crystals, which have good solvating capacity, and lithium 

salts.121 The concept of plastic crystals is not an entirely new one and was explicitly described by 

Timmermans in his historical review, in 1961. He has described the process of melting to be 

complex in the liquid crystals as it depends entirely on the “thermal movements of molecules”.122 

If the molecules are able to move freely in all directions, they form ‘isotropic liquids’, whereas 

long molecules having double bonds form ‘anisotropic liquids’ due to their restricted motion. On 

the contrary, in plastic crystals, the freedom to rotate in a crystal already exists due to its globular 

shape but the coherence of the crystal is broken at its melting point.122  

These plastic crystals are quasi-spherical or gluobular or disk-shaped molecules having 

rotational disorder while preserving their translational order.121 Due to their structural disorder 

plastic crystals show greater diffusivity and plasticity when compared to rigid crystals. Plastic 

crystals based on the ionic species show ionic conductivity. Inorganic salts like Li2SO4 and 

Na3PO4, molecular species like succinonitrile (SN) and sebaconitrile, and organic ionic plastic 
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crystals (OIPCs) exhibit plastic crystal behavior thus far. Plastic crystals have more plasticity and 

diffusivity when compared to conventional rigid crystals. Therefore, solid-electrolytes based on 

lithium salts dissolved in plastic-crystals exhibit remarkably high conductivities.123–125  

In 1999, Macfarlane et al. demonstrated fast-ionic conductivity in a plastic crystal-based 

electrolyte wherein salts containing the ‘imide’ cations or anions were doped in the P1x matrix.126 

From the ionic conductivity measurements, it was observed that doping about 1% cationic Li 

into the P11 and P12 matrix had enhanced the conductivity by 20-fold. The thermograms of the 

doped materials showed rotational disorder and presence of vacancies in the lattice.126 Similarly, 

many other ion-conducting plastic crystal systems were investigated and reported good ionic 

conductivity values. One such report on pyrazolium imides demonstrated conductivity values of 

about 6.2 x 10-3 S/cm at 60 0C in the plastic crystal phase. By doping small amounts of lithium 

bis-trifluoromethanesulfonimide (LiTFSI), a tenfold increase in the ionic conductivity was 

observed at room temperature.127 

Alarco et al. investigated that a polar, non-ionic plastic-crystal form of succinonitrile can 

be used as a conductive matrix for the applications in solid-state batteries. Due to its high 

polarity, it is able to dissolve many salts and the ionic conductivity originates entirely from the 

doped ionic salts in this non-ionic matrix. The plastic phase of succinonitrile extends from -35 0C 

to 62 0C (melting point). It has a higher ability to separate charges than the other liquid solvents 

due to the various conformations possible (from syn to anti), which also results in a dielectric 

constant of 55 at 25 0C. It also has a lesser tendency to solvate cations owing to its lower donor 

number (15) as compared to PEO (22).128 Since the plasticity of succinonitrile is comparable to 

that of polymer electrolytes, it would be able to accommodate the volume changes which occur 

due to the mechanical stress induced by the intercalation/de-intercalation process. Various salts 
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were doped with succinonitrile to produce transparent films and a maximum ionic conductivity 

of 3 x 10-3 S/cm was achieved.128 

The lithium doped succinonitrile based plastic-crystal electrolytes (PCEs) which show the 

trans-guache isomerism (i.e., the rotation of molecules about the C-C bonds of succinonitrile) 

exhibit a greater ionic conductivity in the order of 10-3 S/cm. The trans-isomer is an impurity 

phase which lowers the activation energy for ionic conduction by increasing the lattice defects in 

succinonitrile.121 A comprehensive study was done by Das et al. on the ionic conduction 

mechanisms in the succinonitrile-lithium perchlorate PCEs. It was reported that both 

configurational isomerism and ion-solvation mechanisms were responsible for the ion-transport 

in the SN-LiClO4 electrolyte. X-Ray diffraction and cryo-crystallography for single crystals were 

used for the structural investigations in these PCEs. It was found that with increase in 

temperature and salt-concentration the configurational dynamics increased due to a higher degree 

of disorder. On the contrary, higher salt-concentration results in ion association which negatively 

affects the ion conduction. Therefore, an optimal salt concentration is desirable.129 

Ha et al. demonstrated the fabrication of semi-interpenetrating PCEs from LiTFSI doped 

succinonitrile and imparted mechanical bendability along with electrochemical stability.121 

Following this, Zhou et al. imparted cyanoethyl polyvinyl alcohol (PVA-CN) into succinonitrile 

(PVA-CN/SN) based PCE. This PVA-CN based electrolyte was prepared by the sequential 

addition of the two lithium salts (LiTFSI and LiPF6) in PVA-CN/SN at a weight ratio of 5:1.130 A 

high mechanical stress of 15.4 MPa was obtained when PVA-CN/SN electrolyte was dispersed 

in the pores of PAN-based electrolyte. The ionic conductance obtained at room temperature was 

0.3 S and a high lithium-ion transference number of 0.57 was achieved, along with good 

flexibility.130 
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2.3 Basics of an LIB 

Although many battery technologies have been tested on a laboratory scale, only a few of 

them could be commercialized after going through several safety cycles. Since rechargeable 

(secondary) batteries are mostly preferred over disposable (primary) batteries, therefore the 

companies were keen on commercializing them. The first ever successful lithium-ion battery 

(LIB) was based on the prototype of Yoshino et al.131 and was commercialized by SONY in 

1991. This LIB has carbon as its anode and discharged LiCoO2 as its cathode. Though many 

electrode materials, electrolytes and separators have been explored, the present-day battery is not 

very different from the cell SONY first commercialized.  

In a rechargeable LIB, the electrodes are connected to an external electrical supply. 

During the charging process, electrons are released at the cathode and move to the anode 

externally, while internally lithium ions move from cathode to anode through the electrolyte. The 

opposite occurs during discharge as shown in Figure 4. In this manner the electrical energy is 

converted to the electrochemical potential of the cell. Since the Li+ ions move between the 

cathode and anode, this mechanism is called the ‘shuttle chair’ mechanism.132 Ionic resistivity 

arises from anything that hampers the motion of Li-ions in the battery, which could be from the 

electrolyte, the interface between the electrolyte and the electrodes, or from the resistance inside 

the electrode materials.133 The external electric field and the concentration gradient are the two 

driving forces that allow the Li-ions to pass through the electrolytic media. Mobility is the ease 

with which Li-ions pass through electrolyte when an electric field is applied, whereas diffusivity 

is the ease with which Li-ions pass through under a concentration gradient. Mobility and 

diffusivity are the two fundamental properties that affect the ionic conductivity in a LIB.133     
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Figure 4. Illustration of a lithium-ion cell's fundamental components and basic operating 

principle.134 

 

The theoretical cell voltage is given by,  

𝛥𝐸 = − 
𝛥𝐺

𝑛𝐹
 ,     Eq. 2.1 

where ΔG is the total Gibbs free energy determined by the electrode materials, n is the 

number of electrons transferred, and F is the Faraday’s constant. Other parameters which 

determine the performance of LIBs are specific energy/gravimetric energy density, 

cyclability/cycle life, safety abuse tolerance, charge/discharging rate, and coulombic 

efficiency.132,135 Coulombic efficiency is given by, 

𝜂 =
𝑄𝑑𝑖𝑠

𝑄𝑐ℎ
,      Eq. 2.2 

where Q is the total charge per unit weight. Specific capacity (Ah/kg) is the total amount 

of charge stored reversibly per unit mass. Specific energy (Wh/kg) is the energy stored per unit 

mass and given by the product of specific capacity and operating cell voltage (V). Ionic 

conductivity is given by, 

σ = enZµ,     Eq. 2.3 
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where Ze is the ionic charge, n is the carrier concentration, µ depends on the mobility of 

the ion136. The mobility of the ions depends on the activation energy for the ionic conduction. 

Whereas the ionic conductivity for a solid electrolyte pellet from the impedance measurements 

can be calculated using, 

σ =
L

A.Rb
,            Eq. 2.4 

where L is the thickness of the pellet, A is the cross-sectional area of the pellet and Rb is 

the bulk resistance.137 Ion transport (or transference) number, ti, is the fraction of total current 

passed through an electrolyte due to a particular anion, with ⅀ti = 1. For a single salt containing 

monovalent ions, the ti is given by, 

𝑡𝑖 =
µ±

µ−+µ+
,    Eq. 2.5 

where µ± are the mobilities of cation and anion respectively. These transport numbers can 

be determined by using methods such as Hittorf, radiotracers or moving boundaries.138 

Li-ion conductivity and the Li-ion transference number (tLi+) are the two main parameters 

that are looked up for practical applications in solid-state Li-ion batteries. A high Li-ion 

transference number, ideally near 1, is a highly desired attribute for electrolytes because a low 

transference number suggests significant anion mobility, which could result in concentration 

polarization during battery operation.  tLi+ < 1 will lead to concentration gradients at the 

electrodes and cause limiting currents. Hence, the limiting currents in the battery and the cell 

cyclability depend on tLi+, whereas the maximum power attainable depends on the ionic 

conductivity. Li-ion transport number and its diffusion coefficient are generally calculated using 

the Tubandt method, concentration cell method, and various NMR techniques.41 The ionic 

conductivity of polymer electrolytes with respect to temperature follows the Vogel-Tammann-

Fulcher (VTF) or the Arrhenius mechanism.  
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2.3.1 Ionic Conduction Mechanism in solid polymer electrolytes (SPEs) 

Ion conductivity is an indispensable feature of electrolytes since it measures the ionic 

mobility and availability for the ongoing electrochemical reactions, which significantly influence 

the cell’s power output. A low viscosity and high dielectric permittivity to dissolve the salt are 

required for a solvent to meet the ion transport and interfacial stability requirements with the 

electrodes. Most often, solvents with either high dielectric permittivity or low viscosity are 

chosen since there is no single solvent available satisfying both properties. In most lithium-ion 

battery (LIB) applications, ethylene carbonate (EC) is a key ingredient along with other 

carbonate or carboxylic ester solvents like dimethyl carbonate (DMC), diethyl carbonate (DEC), 

mixed with lithium salts that reach ionic conductivities of 5-10 mS/cm at ambient 

temperatures.139  

It is crucial to understand the Li+ ion-solvent interaction to understand the ionic 

conduction mechanism in electrolyte systems. Li+ ion being the second smallest cation has strong 

interactions with the nucleophilic sites on solvent molecules when compared to other metal 

cations. In conventional liquid electrolytes, Li+ ion binds with the carbonyl oxygen of carbonate 

molecules whose lone-pair electrons effectively neutralize the coulombic attraction of the small 

Li+ cation.140 FTIR spectroscopy reveals that the strong perturbation of the carbonyl stretching at 

~1800 cm vibration was observed due to the dissolution of lithium salts.141 In addition, the C13 

NMR studies show downfield shifts of carbonyl and the 17O NMR study shows that the carbonyl 

O is deshielded which indicates that Li+ directly coordinates with the carbonyl oxygen instead of 

ethereal oxygen in carbonate ester solvents.142,143  

Solid polymer electrolytes (SPEs) are a class of materials that include a polymer matrix 

with a low lattice energy salt that is dissolved in an organic solvent having a high dielectric 
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constant and low viscosity. Mostly the polymers with polar groups –O-, =O, -S-, -N-, -P-, C=N, -

NH- (imide), -S- (thiol), and C=O will be able to dissolve the lithium salts.7 Low lattice energy 

of the salt and a high dielectric constant of the host polymer facilitate the dissociation of these 

salts.144 This dissociation in turn determines the number of free lithium ions in the polymer 

matrix, which affects the ionic conductivity. At normal temperatures, polymer electrolytes are 

known to have both amorphous and crystalline fractions. Ion transfer is known to take place 

mostly in amorphous regions.145,146 There are three major Li-ion transport mechanisms in solid-

polymer electrolytes namely, segment motion, ion hopping (Grotthuss mechanism), and the 

vehicle mechanism (mass diffusion). Segment motion is the most common mechanism in 

polymer electrolytes than ion-hopping or vehicle mechanism. 

In segment motion, ionic transport is largely dependent on the segmental motion of the 

polymer chains (liquid-like conduction), mostly in the amorphous regions above the glass 

transition temperature (Tg).
146 As depicted in Figure 5(a), ion transport is due to the electrostatic 

interactions between polymer sidechains and electron-withdrawing groups, and as the polymer 

chain segments move, they create free-volume sites generating ionic transport pathways.83 The 

cation component in the dopant salt is initially protected by the electron donor panel in the 

polymer, which then aids ion separation and causes ionic conductivity. The rapid segmental 

mobility of the polymer matrix and the intense Lewis-type acid-base interaction between the 

cation and donor atom causes ionic conduction.139 Ionic conductivity depends on the amorphous 

phase in polymers as the segmental motion of polymer chains occurs in amorphous regions only. 

Hence, polymers with low Tg are desirable for high flexibility and fast ion movement. 

Temperature dependence of ionic conductivity largely dependent on segmental relaxation in 
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polymers follows the Vogel-Tammann-Fulcher (VTF) model given by the non-linear 

equation83,145, 

 𝜎 = 𝐴𝑇−1/2 exp [−
𝐵

𝑘𝐵 (𝑇−𝑇0)
],    Eq. 2.6 

where T0 (T0 = Tg - 50 K) is also known as the ‘Vogel temperature’ corresponding to zero 

configurational entropy, A is the pre-exponential factor related to the number of charge ions, kB 

is the Boltzmann constant, and B is the pseudo-activation energy associated with the polymer 

segmental motion.83,145 The VFT theory (Figure 5(c)) was developed for purely polymeric 

systems and, it is in accordance with the free volume theory which correlates the dynamics of 

polymers with the amount of free space available for macromolecular movement.82 According to 

this theory, below Tg, the conventional SPE has almost no ionic conduction. Therefore, the ionic 

conductivity in an SPE can be increased by the addition of plasticizers or residual solvents as it 

increases the free volume, by adding additional salts to increase charge carriers, boosting the 

dielectric constant to improve salt dissociation; and by increasing segmental mobility (reducing 

Tg).82,83 

 

 

 

 

 

 

 

 



  37 

Figure 5. (a) Li-ion transport assisted by segmental motion (liquid-like) in the polymer 

matrix, (b) Ion-hopping mechanism (solid-like) through the free-volume sites.83 

(Abbreviation: TFSI, bis(trifluoromethanesulfonyl)imide.), and (c) Arrhenius (solid line) 

and VTF-behaviors (dotted line) in SPEs.82,83   

           

The ion-hopping mechanism (solid-like) is mostly observed in solid-inorganic 

electrolytes or ionic crystals wherein the ion-hopping is assisted by the point defects (vacant 

sites) in the lattice without any lattice rearrangement.145,146 In comparison to inorganic 

electrolytes, cation-polymer interactions are typically strong, and the mean free path of ion 

hopping is comparatively large in solid-polymeric systems. Therefore, to enable high ionic 

conductivity via the ion hopping mechanism, these two problems must be solved in SPEs.146 In 

conventional SPEs, the Arrhenius relationship represents that the ions migrate due to simple 

ionic hopping between the free-volume sites within the polymer matrix independent of the 

segmental polymer motion, as shown in Figure 5(b).145,146 According to Arrhenius’s theory 

(Figure 5(c)), the relationship between temperature and ionic conductivity is as follows: 

𝜎 = 𝜎0 exp (−
𝐸𝑎

𝑘𝐵 𝑇
),     Eq. 2.7 

where Ea, 𝜎0 and kB are the activation energy, pre-exponential factor and Boltzmann 

constant, respectively. Unlike polyethers, polyalcohols and polynitriles are less associated with 
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the VFT behavior because their ionic conduction is less coupled with the polymer matrix.82 For 

instance, the Arrhenius mechanism in SPEs were reported in PVP:KClO4, PVP:IL, and chitosan-

OA:LiOAc electrolytes.147–149 Ion hopping in polymers may also be accompanied by polymer 

chain segmental motion, relaxation, or breathing. Some reports suggest that Li+ ions can move 

along the polymer chains and then hop from one chain to another because of the cooperative 

polymer segment and ionic motions.146 

In the vehicle mechanism, ions are transported by the free diffusion of charge carriers 

which is typically observed in liquids. For instance, proton transfer through the pores of the 

Nafion membrane is via the vehicle mechanism. Li+ ion transport in polymers via the vehicle 

mechanism has not been extensively studied.146 

2.3.2 Ionic Conduction Mechanism in Metal-Organic Frameworks (MOFs) 

Although the ionic conductivity of polymer electrolytes has improved to a practical 

degree due to the addition of organic solvents, the polymer dissolves to generate a gel that no 

longer prevents dendritic penetration.150  Hence, MOFs having a highly porous crystalline 

structure and ordered host-guest chemistry have been studied in recent times as solid-state 

electrolytes (SSEs) as they have a great potential to improve upon polymer electrolytes.30 These 

frameworks can hold an organic electrolyte without gelling because of their three-dimensional 

pore system, and crystalline structure made of strong bonds. A high density of immobilized 

anions can be created by tweaking the molecular building blocks in MOFs, which leaves the Li-

ion as the only mobile species. MOF electrolytes can be classified into two major categories: (1) 

all solid-state electrolytes (SSEs) consisting of lithium salts with MOFs and (2) ‘pseudo/quasi-

SSEs’ with the addition of organic solvents, liquid electrolytes, or ionic liquids.146,151 
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The mechanism of lithium-ion transport with lithium salts grafted in MOFs continues to 

lack understanding. While the porous structure permits the occurrence of the Grotthuss (ion 

hopping) or vehicle mechanism, the periodic organic crystalline structure can impede ligand 

transport.146,152,153 In order to demonstrate how MOFs immobilize anions in the porous 

framework, two widely accepted mechanisms have been developed. Anions coordinating with 

open metal sites in charge-neutral skeletons, or the anions being restricted by the inherent 

nanoporous MOF structure acting as a cage/host to facilitate Li-ion transport.154,155 The cations 

can travel relatively freely along the pores because the metallic center of MOF materials can trap 

the anions of Li salt. For instance, the encapsulation of TFSI- anions in ZIF-67 MOF revealed the 

strong interactions among the TFSI- anions and MOF metallic center.155   

The nanostructured and microporous structure of MOFs can be used as a scaffold for 

encapsulating liquid electrolytes and enhancing the ionic conductivities in these ‘quasi-solid’ 

systems. These ‘quasi-solid state’ electrolytes have ionic conductivities very close to liquid 

phase and possess the stability of a solid matrix as well. This hybrid system acts as a reservoir of 

liquid electrolytes due to MOF's wide porosity and high absorption capacity.79,146,156 The process 

for Li+ transfer is more intricate in ‘quasi-solid-state’ MOF-based electrolytes. The Li-ions first 

diffuse through the channel-like pores, after which the liquid electrolyte is nano-confined by the 

MOF’s micro-porosity and easily retained due to capillary effects in the rigid matrix. The 

metallic center also serves as the anion coordination unit, enabling Li+ ions to freely move 

between sites.79 These hybrid conductors possess high Li-ion transference numbers, high ionic 

conductivities, better mechanical, and thermal stability when compared to traditional pristine 

MOFs.146  
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Mg-MOF-74 was demonstrated as a quasi-solid electrolyte (QSSE) by soaking in two 

different liquid electrolyte solutions, LiClO4 (2M)-PC and LiClO4 (1M) in EC-DMC to introduce 

conductive liquid guests into the MOF frameworks.156 The effect of electrolyte nanoconfinement 

on the Li-ion dynamics was studied using the electrochemical and full solid-state NMR tests. 

The room temperature Li+ ion conductivity of LiClO4-PC@MOF-74 (1.4 x 10-4 S/cm) was one 

order higher than the LiClO4-EC/DMC@MOF-74 (4.6 x 10-5 S/cm) quasi-solid electrolyte. Also, 

the LiClO4-PC@MOF-74 electrolyte pellet shows a higher transference number (0.7) and lower 

activation energy (0.2 eV) due to the lower solution viscosity compared to LiClO4-EC/DMC, 

promoting faster ionic transport. NMR experiments on the two QSSEs confirmed the presence of 

adsorbed Li+ ions in the porous ionic channels of Mg-MOF-74 (in-pore adsorbate) and the non-

adsorbed Li+ cations in the interparticle void spaces (ex-pore adsorbate). Further, the 7Li NMR 

relaxometry suggests two possible Li+ diffusion mechanisms, the slower 1D diffusion through 

the MOF channels and faster Li+ diffusion through the crystallites.156  

A molecular dynamics simulation of the solvent PC infused-MOF-688(Mn) was modeled 

to investigate the influence of the metal center on Li+ ionic conduction. The Li+ ion conduction 

mechanism in this MOF-based QSSE was primarily solvent-assisted hopping between the 

metallic clusters.151 Another class of QSSEs is ‘ionogels’ constructed using ionic liquids in MOF 

frameworks. Chen et al.155 reported a simple ionogel using LiTFSI-based ionic liquid and the 

ZIF-67 MOF particles. The ionic liquid maintains dynamic mobility after being enclosed in MOF 

3D channels because the metal atoms of the MOF interact strongly with TFSI- anions and 

increase Li+ mobility. The successful confinement of the ionic liquid was confirmed using the 

FTIR and Raman spectroscopy.155  
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The ionic conduction mechanism in MOFs is complex, and the proton conduction studies 

have contributed significantly to our understanding of ionic conductivity in MOFs. Figure 6(a) 

shows the vehicle mechanism wherein the larger protic carriers aid translational proton motion, 

and the proton conductivity is determined by the rate at which the carrier molecules diffuse. In 

the Grotthuss mechanism (Figure 6(b)), the protons hop from one site to another aided by the 

water molecules or conducting media. The Grotthuss process involves breaking and forming 

hydrogen bonds; hence, the activation energy required is lower than 0.4eV because the 

dissociation energy of one hydrogen bond is only 0.11 eV. However, the vehicle process needs a 

carrier molecule to diffuse over long distances with little proton exchange between the vehicles 

and has much greater activation energy (0.5-0.9 eV).153,157 

Conceptually, ion-conducting MOFs are like ion-conducting polymers, wherein the 

polymer is swollen due to solvent and exists in a gel-like state. But MOF-based SSEs retain the 

properties of a true solid despite being activated by soaking in a liquid electrolyte in most cases. 

These soaked MOF-SSEs/QSSEs are dry powders containing solvent in the pores which enables 

processing them into thin-films. This liquid electrolyte in MOF pores facilitates the ionic 

conduction and hence, both the Grotthuss and vehicular solution-based transport mechanisms 

that are utilized to explain ion diffusion in the single-ion and cooperative solid-state materials 

must also be considered in MOFs.153,157 
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Figure 6. (a) Vehicle and (b) Grotthuss-type mechanisms of proton conduction within the 

frameworks.153 

 

2.3.3 Ionic Conductivity Measurements 

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique used to 

study the electrical characteristics of solid electrolyte materials and their interfaces (i.e., 

electrode/electrolyte interfaces). In this technique, the electrochemical system's impedance is 

determined by recording the current response to an applied voltage (1-10 mV) at various 

frequencies (mHz to MHz). Another name for this technique is AC impedance spectroscopy or 

complex impedance spectroscopy (CIS) or dielectric spectroscopy which is a common technique 

for determining the SSEs' dielectric relaxation and ion conduction mechanism. This is a standard 

technique to determine the ionic conductivity and activation energy in SSE’s. 

A dielectric material's resistance cannot be calculated using a direct current (DC) method 

because of the polarization of charges at the electrode-electrolyte interface. However, an 

alternating current (AC) applied to the sample measures the impedance of the sample and 

thereby, the polarization effect can be avoided.145,158 In a potentiostatic EIS (PEIS), a small 

sinusoidal voltage (E(t)) is applied to an SSE sandwiched between two ion-blocking electrodes 

resulting in a linear current density (j(t)) and the impedance, Z(t) is given by, 

𝑍(𝑡) =
𝐸(𝑡)

𝑗(𝑡)
          Eq. 2.8 
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Impedance is influenced by the electrolyte, morphology, and content of the electrode 

materials, as well as the nature of the electrode-solution contact.159 The charge transfer at surface 

of electrodes occurs in the faradaic heterogeneous reactions, and in these types of reactions, the 

change in impedance is due to the adsorption of responding species, ion diffusion, and charge 

transfer by redox species. 159 The electrochemical impedance spectrum is commonly represented 

in two forms, namely, the Nyquist plot (the imaginary part (-Zim) versus the real part (Zre) of 

impedance) or the Bode plot (the norm of phase angle and impedance versus frequency). The 

impedance of the electrolyte as measured at a specific frequency is represented by each data 

point on the Nyquist plot (also called as Argand diagram or complex plane plot), and it is divided 

into high frequency and low frequency regions. The low frequency zone is plotted away from the 

origin of x- and y-axes, whereas the high frequency region is plotted in the direction of the origin 

(Figure 7(b)).159,160 The Nyquist plot is mostly used for SSE’s, represented by the following 

equations: 

𝑍𝑟𝑒 =
𝑅𝑏

1+(𝜔𝑅𝐶)2          Eq. 2.9 

and  

𝑍𝑖𝑚 =
𝜔𝑅𝑏

2𝐶

1+(𝜔𝑅𝑏𝐶)2 
+  

2

𝜔𝐶𝑒
                   Eq. 2.10  

where Ce is the electrical double-layer (EDL) capacitance, Rb is the bulk resistance of the solid 

electrolyte, and C is the bulk geometrical capacitance. The shape of these equations suggests that 

the Nyquist plot is made up of a vertical spike and a perfect semicircle with the center on the real 

impedance axis. The spike denotes an ideal capacitor and is represented by the second term of 

Eq. 2.10. The EDL (or electrode polarization) is created due to the accumulation of charged ions 

at the respective opposite charged electrodes (Figure 7(a)), which hinders the impedance 

measurements of most electrolytic systems.160,161 The parameters Ce , Rb and C are given by, 



  44 

𝐶𝑒 =
𝜀𝑟 𝜀0𝐴

𝜆
                   Eq. 2.11 

𝐶 =
𝜀𝑟 𝜀0𝐴

𝑡
                   Eq. 2.12 

𝑅𝑏 =
𝑡

𝜎𝐴
                   Eq. 2.13 

where εr is the electrolyte’s dielectric constant, ε0 is the dielectric permittivity of vacuum (8.85 x 

10-14 F cm-1), λ is the thickness of EDL, A is the electrolyte/electrode contact area, σ is the ionic 

conductivity of the solid electrolyte, and t is thickness of the electrolyte.  

Figure 7. (a) Schematic of an SSE between the two blocking electrodes, and (b) Nyquist plot 

for an SSE with a perfect semicircle.160 

 

A perfect semicircle in the Nyquist plot is not frequently seen experimentally, and 

processes with identical time constants will overlap, necessitating careful modeling and spectrum 

fitting. Hence, it is a common practice to use the ‘equivalent circuit modeling,’ which involves 

fitting complex non-linear least squares (CNLS) to the experimental data using specialized 

software, such as ZView (Scribner Associates) or EC-Lab (Biologic). Since no EIS spectrum 

solution is unique, adding additional parts tends to make the equivalent circuit model (ECM) fit 
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better, thus typical scientific modeling practices, such as selecting the simplest solution possible, 

should be followed, and the number of elements in the model should be kept as few as 

possible.159,162 

Standard electrical components like resistors (R), capacitors (C), constant phase elements 

(CPE or Q), Warburg (Zw), and inductors (L) constitute most of the circuit components used in 

ECM. A resistor can represent the SSE's bulk ionic and grain boundary resistance as well as the 

resistance due to charge transfer between the SSE and the electrodes. A capacitor can be utilized 

to illustrate charge accumulation and depletion at the interface between the SSE and the 

electrode as well as across the phase boundaries. The constant phase element is used for non-

ideal capacitances (or leaky capacitors) that may be due to surface roughness, porosity, chemical 

inhomogeneity, and the non-homogeneous nature of the EDL surface. Warburg impedance can 

describe resistances caused by mass transfer or diffusion, which are most noticeable at low 

frequencies. Inductors represent impedance contributions at low and high frequencies caused by 

degradation processes and electrical connections, respectively.159,161–163 

Nyquist plots generated from impedance measurements can consist of a depressed 

semicircle, a tilted spike, or a depressed semicircle along with a tilted spike. The Nyquist plot 

having a depressed semicircle can be represented by an equivalent circuit consisting of a constant 

phase element (CPE or Q) and a resistor linked in parallel. The plot that resembles a spike can be 

represented by a resistor connected in series with a CPE. A parallel combination of a resistor and 

capacitor (or CPE) that are linked in series with another capacitor (or CPE) (Figure 8(a)) can be 

used to produce the Nyquist plot (Figure 8(b)), which consists of a depressed semicircle with a 

slanted spike. The tilted spike symbolizes the electrical double layer, while the depressed 

semicircle depicts the bulk material.161,163 Figure 8(c) shows another common fit, the Randles 
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equivalent circuit, where Rb is the bulk electrolyte resistance, Cdl is the double layer capacitance, 

Rct is charge transfer or polarization resistance, and  Zw is Warburg impedance.159,164 After fitting 

the experimental EIS data with the equivalent circuits, the bulk resistance (Rb) value is used to 

calculate the ionic conductivity of the SSE using equation 2.13.  

Figure 8. (a) Equivalent circuit model for the Nyquist plot of an SSE160, (b) Nyquist plot for 

an SSE with a depressed semicircle and a tilted spike160, and (c) Randles equivalent circuit 

model and the corresponding Nyquist plot.164 
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CHAPTER III: EXPERIMENTAL SECTION 

3.1 Materials  

All the chemicals were used as received. 

Tannic Acid (C76H52O46; Molar mass = 1701.19 g/mol), (3-aminopropyl)trimethoxysilane 

(3-APT: C6H17NO3Si; Molar mass = 179.29 g/mol), lithium perchlorate (LiClO4; Molar mass = 

106.39 g/mol), ethylene carbonate (EC: C3H4O3; Molar mass = 888.06 g/mol), and anhydrous 

ethanol (200 proof) were obtained from Sigma-Aldrich. Lithium hydroxide monohydrate 

(LiOH.H2O; Molar Mass = 41.96 g/mol) was obtained from Alfa Aesar. Lithium nitrate (LiNO3) 

was purchased from Honeywell. Terephthalic acid (Benzene-1,4- Dicarboxylic acid – 98%), 2,6-

Naphthalenedicarboxylic acid (2,6-NDC, 95%), Biphenyl-4,4’-dicarboxylic acid (4,4’-BPDC, 

97%), and N,N-Dimethylformamide (DMF: anhydrous, 99.8%) were obtained from Sigma-

Aldrich.  

3.2 Characterization 

This section describes all the characterization techniques used in the dissertation work. 

The UV-visible spectral traces were collected in ethanol using a UV-visible spectrometer, 

(Varian Cary 6000i) and used a 10mm x 4mm quartz cell. The functional groups from the 

molecular fingerprint were obtained using Fourier transform infrared spectroscopy (FTIR-Varian 

670-IR spectrometer). The chemical composition and oxidation states of the materials were 

obtained from X-ray photon spectroscopy (XPS-Escalab Xi+-Thermo Scientific). Morphology 

analysis was performed using the field emission scanning electron microscope (Zeiss Auriga 

FIB/FESEM) and transmission electron microscope (TEM Carl Zeiss Libra 120 and JEOL 2100 

HR-TEM equipped with STEM/EDS). A 7 nm gold-palladium coating was used to coat the SEM 

samples on the Leica ACE200 Sample Coater. The thermal stability was investigated on 10-15 
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mg of sample and placed into sample pan of the thermogravimetric analyser (TA instruments 

Q500). The samples were heated up to 800°C/1000°C at the increment of 5°C/min under the 

nitrogen gas flow. Dynamic Light Scattering (DLS Malvern Nano ZS) and zeta potential 

measurements were performed on the suspensions of the samples re-dispersed in absolute 

ethanol after sonication of the samples for about 20 minutes. The powder XRD analysis was 

conducted using Cu Kα radiation (40 kV, 40 mA, λ=1.540 Å) with an exposure time of 90 s at a 

working distance of 55 mm on the X-ray diffractometer (XRD, Agilent technologies Gemini). 

The simulated powder diffraction pattern was generated by loading the .cif files into the VESTA 

software (for λ=1.540 Å), obtained from the crystallography databases (i.e., Crystallography 

Open Database (COD), and Cambridge Crystallographic Data Center (CCDC)) for each of the 

Li-MOFs. The simulated XRD pattern obtained from the VESTA software was matched with the 

experimental XRD data in Origin.  

The Micrometrics analyzer accelerated surface area and porosimetry (ASAP #2060) 

system by Micromeritics Instrument Corp was used to obtain the Brunauer-Emmett-Teller (BET) 

surface area, Barrett-Joyner-Halenda (BJH) adsorption/desorption isotherms, BJH adsorption and 

desorption cumulative pore volumes and cumulative pore area distributions using t-plots. The 

pore width and pore volume distributions were obtained using non-local density functional 

theory (NLDFT) and Horvath-Kawazoe Cumulative Pore Volume Plots. Approximately, 150-

200mg sample was loaded into the BET sample tube and the sample was degassed at 90 °C for 

one hour, followed by additional 12 hours at 250 °C (for Li-MOFs samples) and 180 °C (for 

TALi and TALi-SSQ samples) to remove any moisture and atmospheric gases occupied in the 

accessible pores. The full N2-adsorption/desorption isotherms were measured at 77 K. A low-
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pressure incremental dose amount of 3.0 cm3/g STP was used for Li-MOF samples and 0.01 

cm3/g STP was used for TALi-SSQ samples with equilibration intervals 40, 30, and 20 seconds. 

Ionic conductivity measurements were collected using electrochemical impedance 

spectroscopy (EIS) with a VMP3 Bio-Logic multichannel potentiostat. The diameter and 

thickness of the pellets were measured with vernier calipers. The pellet samples were 

sandwiched between two gold-coated copper disk (25 mm diameter) electrodes, which were 

linked to an alternating current of 10 mV amplitude with a frequency range from 106 to 10 Hz. 

The ionic conductivity (σ, S/cm) was determined based on σ = L/ (Rb × A) using the bulk 

resistance (Rb, Ohm) from the Nyquist plot, thickness of the pellet (L, cm), and surface area of 

the pellet (A, cm2). EC-Lab software was used to fit EIS data using the Zfit function and 

determine the Rb of the samples. Ionic conductivity was measured at various temperatures 

between 25-65 °C, repeated three times at each temperature in the air using a hot plate. The 

pellets were sandwiched in between the two gold-coated copper disk electrodes and subsequently 

placed on the hot plate connected to the EIS system using the two probes. The temperature of the 

pellet was increased by incrementally increasing the temperature of hot plate and monitored it 

using a temperature gun. After reaching the desired temperature on the pellet (~upper electrode 

surface), ionic conductivity was measured three times at each temperature using the EIS system. 

Further, the activation energies were computed from the slope of ln σ versus 1000/T graphs 

(refer Appendix B and C) for each of the samples using the Arrhenius equation, σ (T) = Ae−
𝐸𝑎
𝑅𝑇, 

with a linear fitting coefficient of approximately 0.99, where A is the pre-exponential factor, R is 

the gas constant (8.3145 J K-1 mol-1 ) and Ea is the activation energy. The activation energy was 

calculated from the slope of ln σ versus 1000/T graph, where Ea = -(Slope * R *1000) J/mol. For 

the Cyclic voltammetry (CV) measurements, the TALi@LEC and TALi-Si@LEC electrolyte 
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pellets were sandwiched between the two stainless steel spacers in a CR2032 coin cell and 

placed it in a coin-cell holder connecting it to the two probes of the potentiostat. Cyclic 

voltammetry was conducted for 4 cycles using stainless steel as counter, reference and working 

electrodes at a scan rate ranging from 5-100 mV/s in the -1 to 1 V range.  

3.3 Experimental Procedures  

3.3.1 Synthesis of Li-BDC MOF 

To a vial (20.0 mL), LiNO3 (0.69 g, 0.010 mol) and 1,4-BDC (0.83 g, 0.005 mol) were 

added and dissolved in anhydrous DMF (10 mL). The vial was sonicated for 20 minutes until the 

precursors were dissolved, resulting in an opaque solution. The reaction vial was charged with a 

small magnetic stir bar and heated at 110 ℃ for three days. The colorless crystals were collected 

after multiple washing with anhydrous DMF, followed by anhydrous ethanol, using gravity 

filtration. The precipitate collected after washing was dried at room temperature to yield 

colourless crystals (418 mg, 28%). FTIR stretching (cm−1): 1570 (sharp peak, metal ion-

coordinated carbonyls), 1500 (aromatic C=C stretching), 1392 (sharp peak, Li-O-C=O), 1095 

(multiple peaks, C-O), 826 (sharp peak, Li-O), 753 (aromatic C=C bending); XPS elemental 

compositional analysis (weight%) for the formula Li2C8H4O4: Experimental - C (55.98), Li 

(7.87), and O (36.15); Theoretical - C (53.98), Li (7.80), O (35.95) and H (2.27). 

3.3.2 Synthesis of Li-NDC MOF 

To a vial (20.0 mL), LiNO3 (0.69 g, 0.010 mol) and 2,6-NDC (1.08 g, 0.005 mol) were 

added and dissolved in anhydrous DMF (10 mL). The vial was sonicated for 20 minutes until the 

precursors were dissolved, resulting in a white solution. The precursor solution was heated to 

110 ℃ for three days after being charged with a small magnetic stirrer bar. Yellow precipitates 

settled at the bottom of the vial, which was collected after multiple washing with anhydrous 



 

  51 

DMF, followed by anhydrous ethanol, using gravity filtration. The yellow precipitate was dried 

at room temperature to yield a yellow powder (663 mg, 37%). FTIR stretching (cm−1): 1602-

1565 (metal ion-coordinated carbonyls), 1497 (aromatic C=C stretching), 1396 (sharp peak, Li-

O-C=O), 1196-1144 (multiple peaks, C-O), 802 (sharp peak, Li-O), 778 (aromatic C=C 

bending); XPS elemental compositional analysis (weight%) for the formula Li2C12H6O4: 

Experimental - C (64.03), Li (6.05), and O (29.92); Theoretical - C (63.20), Li (6.09), O (28.06) 

and H (2.65). 

3.3.3 Synthesis of Li-BPDC MOF  

To a vial (20.0 mL), LiNO3 (0.69 g, 0.010 mol) and 4,4’-BPDC (1.21 g, 0.005 mol) were added 

and dissolved in anhydrous DMF (10 mL). The vial was sonicated for 20 minutes until the 

precursors were dissolved, resulting in a white solution. The reaction vial was charged with a small 

magnetic stir bar and heated at 110 ℃ for three days. A lemon-yellowish precipitate settled at the 

bottom of the vial, which was collected after multiple washing with anhydrous DMF, followed by 

anhydrous ethanol and centrifugation at 10,000 rpm for 15 min. The white precipitate collected 

after washing was dried at room temperature to yield a white powder (510 mg, 27%). FTIR 

stretching (cm−1): 1585 (sharp peak, metal ion-coordinated carbonyls), 1538 (aromatic C=C 

stretching), 1397 (sharp peak, Li-O-C=O), 1270-1003 (multiple peaks, C-O stretching), 840 (sharp 

peak, Li-O), 772 (aromatic C=C bending); XPS elemental compositional analysis (weight%) for 

the formula Li2C14H8O4: Experimental - C (68.48), Li (4.89), and O (26.63); Theoretical - C 

(66.18), Li (5.46), O (25.19) and H (3.17). 

3.3.4 Preparation of LEC@Li-MOF solid-state electrolytes 

Li-MOF powder (300 mg) were heated to 250 ℃ under vacuum overnight and soaked in 

the presence of 5wt% LiClO4 in 2 g EC at 80 ℃. These LEC@Li-MOF powders were collected 
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using filtration on a Whatman filter at 80 ℃ and dried under ambient conditions. The dry powder 

(400-600 mg) prepared in this manner was pressed into pellets with a diameter of 1.5 cm at 44 

MPa force on a hydraulic press. Prior to the electrochemical testing, the pellets' surfaces were 

cleaned with a Kim wipe. The temperature-dependent ionic conductivity measurements were 

conducted on the Li-MOF@LEC solid pellets at the temperature ranged between 25-55 ℃ on a 

hot plate after sandwiching the pellet with two gold-coated copper disk electrodes. Area of the 

pellet A = πd2/4, where d = 1.5 cm. XPS Elemental compositional analysis for the LEC@Li-

BDC: Experimental - C (48.28), Li (8.51), Cl (0.54) and O (42.67). XPS Elemental 

compositional analysis for the LEC@Li-NDC: Experimental - C (51.38), Li (6.25), Cl (1.87) and 

O (40.51). XPS Elemental compositional analysis for the LEC@Li-BPDC: Experimental - C 

(42.56), Li (6.32), Cl (2.44) and O (48.68) 

3.3.5 Synthesis of Lithium-tannate coordination complex (TALi) 

Tannic acid (TA- 2g, 1.176 mmol) and Lithium hydroxide (LiOH- 986.7 mg, 23.52 

mmol) were dissolved in absolute ethanol in two separate conical flasks, respectively, and were 

sonicated to yield clear solutions. Tannic acid solution was a clear yellow color solution, and the 

lithium hydroxide solution is an opaque suspension. The dropwise addition of the lithium 

hydroxide (100 mL) solution into the tannic acid solution (100 mL) showed a color change of the 

suspension from brownish to dark violet to a dark green suspension, under vigorous stirring 

(Figure 10). The resulting dark greenish suspension was allowed to stir for 24 hours, under 

ambient conditions. The precipitate was collected after washing with ethanol using centrifugation 

at 8000 rpm for 10 min. The precipitate collected in this manner was dried at room temperature 

to yield a brown powder (Figure 9 (b)) (2.124 g, 71.13%). FTIR stretching (cm−1): 3371 (broad 

O-H), 1582-1502 (aromatic C=C stretching), 1391-1333 (multiple peaks, Li-O), 1205-1052 
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(multiple peaks, C-O), 865-834 (aromatic sp2 C-H bending), 760 (aromatic C=C bending); XPS 

elemental compositional analysis (weight%) for the formula Li18C76H34O46.8H2O: Experimental - 

C (47.3), Li (6.71), and O (45.99); Theoretical - C (46.76), Li (6.4), O (44.76) and H (2.58). 

Figure 9. (a) Experimental setup for making TALi, (b) Image of TALi powder, and (c) 

Image of TALi@LEC powder. 

 

Figure 10. Color changes during the formation of TALi-complex. 

 

3.3.6 Preparation of TALi@LEC solid-state electrolytes   

TALi powder (300 mg) was soaked in the presence of 5wt% LiClO4 in 2 g EC at 80 ℃, 

followed by collected using filtration on a Whatman filter at 80 ℃ and dried it under ambient 

conditions. In a similar manner, varying LiClO4 %weight (2-20 wt%), TALi@LEC pellets were 

prepared. Further, the TALi@LEC powder (Figure 9 (c)) was collected using a motor-pestle and 
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pressed into pellets with a diameter of 1.9 cm at 44 MPa on a hydraulic press. The temperature-

dependent ionic conductivity measurements were conducted on TALi@LEC (5wt%) solid pellet 

between 25-45 ℃ using a hot plate. Area of the pellet A = πd2/4, where d = 1.9 cm. 

3.3.7 Synthesis of Lithium-Tannate Silsesquioxane (TALi-SSQ) microstructures  

Tannic acid (TA- 1.0 g, 0.58 mmol in 5 mL anhydrous ethanol) and lithium hydroxide 

(LiOH- 247.1 mg, 5.8 mmol in 15 mL anhydrous ethanol) were dissolved in absolute ethanol in 

two separate conical flasks, respectively. Tannic acid solution was a clear yellow color solution, 

and the lithium hydroxide solution is an opaque suspension. A drop-wise addition of the lithium 

hydroxide (15 mL) solution at a continuous rate of 1 mL/min into the tannic acid solution (5 mL) 

showed a color change of the solution from brown suspension to dark violet suspension, under 

vigorous stirring. The reaction mixture was allowed to stir for another 5 minutes and then 3-

aminopropyltrimethoxy silane (3-APT, 2.0 mL) was added at once, followed by addition of 1 mL 

28% ammonium hydroxide (28%NH4OH) dropwise at a continuous rate of 0.5 mL/min. The 

resulting dark greenish suspension was allowed to stir for 24 hours, under ambient conditions to 

yield dark brown, thick suspension. A chocolate brown precipitate was collected after 

centrifugation at 10000 rpm for 20 min and repeated washing with anhydrous ethanol (~ 15 mL). 

This precipitate was dried at room temperature to yield a chocolate brown fine powder (2.184 g, 

66.16%) (Figure 11 (b)). FTIR stretching (cm−1): 3348 (broad O-H), 2948 (alkane sp3 C-H 

stretching), 1582-1498 (aromatic C=C), 1371 (Li-O), 1204 (C-O), 1096 (Si-O-C), 862 (aromatic 

sp2 C-H bending), 762 (C=C bending); XPS elemental compositional analysis (weight%): 

Experimental - C (39.84), Li (2.07), Si (14.4), N (7.14) and O (36.55). 

Using the same synthesis procedure, a series of TALi-SSQ microstructures were prepared 

by changing the 3-APT from 2 mL to 1.0, 0.5, and 0.25 mL. In the second series, by changing 
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the base concentration, TALi-SSQ were also synthesized.  Table 1 summarizes the TALi-SSQ 

samples with respect to the 3-APT and base concentrations.  

Table 1. Experimental volumes of 3-APT and 28%NH4OH were used to prepare TALi-SSQ 

microstructures and their respective yields. 

Sample Name 3-APT (mL)/NH4OH (mL) Yield (%) 

TALi-Si-B1 2/1 66.2 

TALi-Si-B2 2/0.5 83.3 

TALi-Si-B3 2/0.25 58.9 

TALi-Si-B4 1/1 77.8 

TALi-Si-B5 0.5/1 89.7 

TALi-Si-B6 0.25/1 78.9 

Figure 11. (a) Experimental setup for making TALi-SSQ microstructures, (b) Image of 

TALi-Si-B1 powder, and Image of TALi-Si-B1@LEC powder. 

 

3.3.8 Preparation of TALi-Si@LEC solid-state electrolytes 

TALi-SSQ microstructures (300 mg) were soaked in the presence of 5wt% LiClO4 in 2 g 

EC at 80 ℃, collected using filtration on a Whatman filter at 80 ℃ and dried it under ambient 

conditions. The TALi-Si@LEC powders (Figure 11 (c)) were collected using a motor-pestle and 

pressed into pellets with a diameter of 1.9 cm at 44 MPa on a hydraulic press. Prior to the 
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electrochemical testing, the pellets' surfaces were cleaned with a kim-wipe. The temperature-

dependent ionic conductivity measurements were conducted on the TALi-Si@LEC solid pellets 

by varying the temperature between 25-65 ℃, using a hot plate after sandwiching the pellet 

between the two gold-coated copper disc electrodes. Area of the pellet A = πd2/4, where d = 1.9 

cm. 
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CHAPTER IV: DESIGN AND SYNTHESIS OF ISORETICULAR LI-MOFS TO 

INVESTIGATE LI-ION CONDUCTION FOR LI-MOF-BASED SOLID-STATE 

ELECTROLYTES 

4.1 Introduction 

Metal organic frameworks are a major class of porous materials composed of secondary 

building units and metal ions. MOFs as powerful adsorbents and have versatile applications 

mainly gas storage, but recently they emerged as platforms for developing solid-state Li-ion 

conductors. Their high surface areas, tunable pore sizes, low electronic conductivities and 

ordered channels provide ideal platforms for designing solid-state electrolytes with high ionic 

conductivities and transference numbers.22 They can provide well aligned one-dimensional 

channels for transport pathways with Li cations. Mostly, MOF-based solid-state electrolytes 

were successfully demonstrated by incorporating free Li+ ions into MOF architectures by 

modifying their SBUs or forming anion binding sites.22 Li-metal ions in the MOF framework 

would induce effective ionic transport through the MOF channels. For example, Nath et al. 

synthesized Li-MOFs using the carboxylate linkers AOIA and TMCA. Additionally, doping 

lithium salts into the activated Li-MOF channels enhanced the Li-ion hopping through these 

porous bio-inspired ionic channels to achieve a room temperature ionic conductivity in the order 

of 10-5 S/cm.165 However, isoreticular Li-MOFs as solid–state electrolytes have not been fully 

explored.  

The direct incorporation of lithium salts into porous MOFs shows low Li-ion transference 

numbers (<0.5), relatively low ionic conductivity and high interfacial resistance.166 Hence, Li- 

cation solvating plasticizers such as ethylene carbonate (EC) and propylene carbonate (PC) were 
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incorporated into the microporous MOFs which improved the dissociation of lithium salts 

leading to better ionic mobility. These hybrid conductors have high ionic conductivity, lithium-

ion transference numbers, and mechanical and thermal stability.79 For instance, Park et al. 

synthesized single-ion solid electrolytes using Cu-azolate MOF and PC-filled pores loaded with 

the lithium salts (LiCl, LiBr, LiBF4) having ionic conductivities in ~ 4 x10-4 – 10-5 S/cm with 

activation energies in the range of 0.16-0.32 eV. A solvothermal method was used to make these 

Cu-azolate MOFs having multiple anion binding sites (open-metal sites), leaving free cations in 

the pores.167 Similarly, Mg-based MOF was used as a solid lithium-ion electrolyte material after 

soaking it in a LiBF4-EC-DEC solution which gave an ionic conductivity of ~10-4 S/cm and an 

activation energy of 0.15 eV.168 The intraparticle processes dominate the ionic conduction in the 

conduction channels of these polycrystalline particles more than the boundary ones.168 HKUST-1 

is another common MOF for designing MOF-based SSEs80,169,170 loaded with ionic liquids or 

liquid electrolytes. Shen et al. developed HKUST-1 MOF with biomimetic ionic channels having 

3D pores of ~1nm, which were used as a scaffold for incorporating LiClO4-PC electrolyte. The 

open metal sites in these MOFs anchor the ClO4
- anions enabling faster Li-ion transport with low 

activation energy (0.21 eV) and superionic conduction (>1mS/cm).169 A single ion conductor 

developed using UiO-66 MOF by incorporation of the plasticizers EC-PC gave ionic 

conductivities in the ~10-4 S/cm, wherein the anions were covalently linked to the MOF structure 

and the Li-ions diffused freely through the MOF channels.171 

The majority of the MOFs use first row transition metals for framework construction due 

to their preferential coordination with aromatic polycarboxylate ligands. Incorporating light 

weight metals such as lithium into framework construction is less explored. But developing 

porous lithium-based MOFs could result in increased gravimetric storage capacity due to strong 
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electrostatic interactions of uncoordinated lithium centers and the adsorbed molecules.172 This 

property could be beneficial in developing Li-MOF based solid-state electrolytes. Therefore, in 

this study, isoreticular Li-MOFs using the carboxylate linkers (1,4-BDC; 2,6-NDC and 4,4’-

BPDC) were synthesized. The parameters like temperature, amount of solvent, precursor 

concentrations were optimized to obtain highly crystalline, porous Li-MOFs. Their chemical 

composition, crystallinity, thermal stability, and morphology were investigated. The lithium-ion 

conduction in Li-MOFs in solid-state was studied using electrochemical impedance 

spectroscopy, XPS and FTIR spectroscopy. 

4.2 Background 

The combination of coordination chemistry and solid state/zeolite chemistry led to the 

development of Metal-Organic Frameworks (MOFs), also called porous coordination 

polymers.173 MOFs are self-assembled nanostructures that belong to the class of porous 

crystalline organic-inorganic materials, wherein organic ligands link the inorganic metal ions to 

form crystalline structures.174 In MOFs, coordination bonds connect metal nodes to the organic 

linkers, resulting in porous 3D hierarchical structures.175 Depending on their pore size and shape, 

MOFs have applications in gas storage, separation, catalysis, energy storage, etc.174 

IRMOF-1 (i.e., MOF-5) was the first MOF synthesized by the Yaghi group. They have 

developed a series of porous materials by reticulation of metal ions and the carboxylate linkers 

named isoreticular MOFs (IRMOFs).176 An isoreticular series of MOFs shares the same net 

topology by differing only in nature and size of organic linkers.175,177 The concept of isoreticular 

MOFs was introduced with MOF-5 in 2002 and extended to mixed-linker compounds to play 

around with the pore size and their functionality.173 For instance, MOF-5 has octahedral Zn-O-C 

clusters and benzene links which can be functionalized with organic groups to increase its pore 
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size, resulting in isoreticular series of MOF-5, IRMOFs.178 Many applications linked to the 

distinctive properties of various IRMOFs-n (n = 1, 3, 6, 8) linkers have been investigated. 

 It is challenging to synthesize crystalline solid-state materials by systematically adjusting 

the chemical composition, functionality, and molecular dimensions without affecting the 

underlying topology. To synthesize the targeted extended structures with same precision, the 

starting building blocks should have similar attributes of the desired structures and the synthesis 

should be tunable to use derivatives of those building blocks to produce structures with the same 

skeleton but different functionalities.179 The most common and first method used for IRMOF-1 

introduced by the Yaghi group was the solvothermal method in a closed container which gave 

high yield. The conventional solvothermal method requires longer time for crystallization and 

yields a porous network. Other techniques such as sonochemical, microwave, hydrothermal, 

micro-fluidic strategy, and room-temperature synthesis, etc, have also been adopted for MOF 

synthesis over the years.  

MOFs have high surface areas and pore volumes that are helpful for capturing and storing 

the adsorbate. They are physically, chemically, and thermally stable adsorbents to be used even 

in challenging environments. Their excellent tunability through modification allows for the 

improvement of their adsorption performance. IRMOFs have a great potential to be used as 

adsorbents because the pore-size can be expanded keeping the topology same. This design 

criteria helps adsorption of different size molecules.176 The defects in MOFs can be well-

engineered to benefit adsorption by controlling the temperature, water content, and modulating 

acids in the reaction. For instance, in UiO-66 MOF defects were tuned to generate active sites 

generating open frameworks for adsorption.171,180 Open-metal sites can be created if the solvent 

molecules coordinate with the unsaturated metal centers during the MOF synthesis. Further, the 
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solvent molecules can be removed from the unsaturated metal sites to create open metal sites 

using the ‘activation’ technique. 

Solvent (guest) molecules inadvertently get entrapped in the pores of the framework 

during the synthesis of MOFs, and excess linkers may also be trapped in a few cases. Activation 

is a process to eliminate solvent molecules to reach the high surface areas and permanent 

porosity promised by many framework structures.181,182 Conventional activation involves 

removing the solvent molecules by using heat and vacuum treatment, and this strategy is mainly 

used to activate zeolites.183 The activation temperature should be significantly above the solvent's 

vacuum boiling point and far below the framework's decomposition temperature.181 In case of 

framework collapse with conventional heating, solvent exchange with a lower boiling point 

solvents such as ethanol or acetone can be performed prior to heating under vacuum. Other 

techniques such as super critical CO activation, freeze-drying or chemical treatments can be used 

to activate MOFs.  

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization of Li-MOFs 

The initially reported isoreticular (IRMOFs) of Li-BDC184, Li-NDC185 (ULMOF-1), and 

Li-BPDC186 (ULMOF-2) were synthesized using the solvothermal synthesis from the precursor 

salts such as lithium perchlorate/lithium nitrate (LiNO3), and the organic linkers (1,4-BDC, 2,6-

NDC, and 4,4’-BPDC) in either mixture of N,N-dimethyl formamide (DMF)/ethylene glycol or 

DMF/ammonium fluoride. Typically, in solvothermal synthesis, the temperature is below 220 

℃, and the crystallization time varies from several hours to days.187 Higher yields are possible 

using solvothermal synthesis, and the product has superior crystallinity. The solvent can be 

heated above its boiling point because of the increased pressure, which improves the solubility of 
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the reacting salts and speeds up the reactions. Additionally, regular big crystals with a large 

interior surface area result from gradual crystallization from a solution. One benefit of this 

process is the ability to completely control the synthesis settings over an extended period, which 

enables the reproducible creation of procedures.188  

Scheme 1. Schematic representation of the synthesis route to Isoreticular Li-MOFs  

 

The chemistry to create isoreticular Li-MOFs is depicted in Scheme 1. Herein, we used a slightly 

modified solvothermal synthesis with the metal-ion precursor LiNO3 in the presence of DMF for 

developing the highly crystalline microstructures of the three isoreticular Li-MOFs. In the typical 

procedure, microstructures of Li-BDC, Li-NDC, and Li-BPDC were prepared from precursor 

solutions of LiNO3 and the respective organic ligands with initial sonication at room temperature 

followed by controlled heating at 110 ℃ for 3 days in the presence of DMF to yield the respective 

nanocrystals of Li-MOFs. The structural and morphological characterizations were performed 

using FTIR, UV-Visible spectroscopy, TEM, and SEM. The structural, compositional analysis and 

thermal stability were elucidated by X-ray photoelectron spectroscopy (XPS), elemental 

composition analysis, and thermogravimetric analysis. The porosity distribution was obtained 
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from the N2 absorption-desorption analysis. The crystal structures and unit cell parameters were 

assessed by comparing the experimental powder XRD patterns with the simulated powder XRDs 

obtained from their original crystal structures (CCDC 664607, COD ID 4509412, and COD ID 

4509710), reported previously. 

The UV-Visible spectrum of 1,4-BDC obtained in anhydrous ethanol (Figure 12(a)) 

shows absorption maximum at 239 nm, with a weak shoulder peak at 294 nm which could be 

assigned to the π- π* transition from the aromatic ring and n - π* transition from the carbonyl 

group in the carboxylic acid moiety.189 The absorption peak at 239 nm is red shifted ~ 8 nm (λmax 

= 247.5 nm) in Li-BDC MOF, attributed to lithium-ion coordination to aromatic carboxylic acid, 

resulting in electronic structure delocalization in benzene ring. The shoulder peak at 290 nm in 

1,4-BDC is also red-shifted in Li-BDC MOF, further confirming the lithium-ion coordination to 

carboxylic acid group. Figure 12(b) exhibits the comparison UV-Vis spectral traces for Li-NDC 

MOF along with 2,6-NDC dicarboxylic acid linker. The absorption peaks at 204, 242, 270, 283, 

and 293 nm are characteristics to vibronic transitions of naphthalene moiety and are slightly red 

shifted in Li-NDC MOF with no absorption peak at 204 nm. The UV-vis absorption spectrum of 

Li-BPDC along with the respective linker absorption show two absorption maxima at 204 nm 

and 281 nm, respectively, and are characteristics to biphenyl rings (Figure 12(c)). Although 

there are no noticeable peak shifts in Li-BPDC compared to the organic linker along, there is a 

drastic decrease in the absorption intensity in the absorption spectrum of Li-BPDC compared to 

the absorption intensity of BPDC linker.   
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Figure 12. UV-Visible spectra of (a) Li-BDC MOF, (b) Li-NDC MOF, and (c) Li-BPDC 

MOF. 

 

As depicted in Figure 13(a), the strong band at 1672 cm-1 corresponds to carbonyl (C=O) 

stretching in carboxylic acid group of terephthalic acid (1,4-BDC). It appears at a lower 

frequency due to the strong hydrogen bonding interactions between the acid's carbonyl group and 

hydroxyl groups of dimers.190 The stretching at 1421 cm-1 and 1672 cm-1 are assigned 

respectively to the symmetric and anti-symmetric modes of the carboxylic acid groups.191 The 

absorption peaks at 1508 cm-1 and 1421 cm-1 correspond to the aromatic C=C stretching and O-H 

bending of terephthalic acid. The C=O stretching peak at 1672 cm-1 in the 1,4-BDC linker shifted 

to 1570 cm-1 in Li-BDC MOF. Further, the C-O stretching peak was observed 1095 cm-1 in Li-

BDC. The strong Li-O bending peaks were observed at 1392 cm-1 and 826 cm-1 which 

corresponds to the lithium-coordinated carboxylate groups in Li-BDC MOF.184 The absorption 

peak at 753 cm-1 corresponds to the C=C bending of the benzene ring in Li-BDC MOF. 

The FTIR spectra of Li-NDC MOF (Figure 13(b)) shows the carbonyl (-C=O) peak shift 

from 1674 cm-1 in 2,6-NDC to 1602-1565 cm-1 in Li-NDC indicating the lithium coordination.192 

The strong O-Li bending peaks at 1396 cm-1 and 802 cm-1 indicate the lithium coordinated 

carboxylic acid groups in Li-NDC MOF. The FTIR spectra of Li-BPDC MOF (Figure 13(c)) 

show the peak shifts in C=O stretching from 1670 cm-1 to 1585 cm-1 indicates the coordination of 
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carboxylate groups (COO-) to the Li+ metal center.193,194 Also, the O-H bending peak shift from 

1426 to 1397 cm-1 and the Li-O peak at 840 cm-1 in Li-BPDC MOF confirms the Li-ion 

coordination with the carboxylic acid groups of 4,4’-BPDC.  

Figure 13. FTIR spectra of (a) Li-BDC MOF, (b) Li-NDC MOF, and (c) Li-BPDC MOF 

 

The chemical composition study was conducted by XPS elemental survey and supported 

the empirical formula of Li-BDC to be Li2C8H4O4. The chemical composition is consistent with 

the theoretical elemental composition. Similarly, the theoretical empirical formula for Li-NDC 

MOF (Li2C12H6O4) agrees with the elemental composition survey analysis performed by XPS 

and both Li-BDC and Li-NDC MOFs indicate the presence of the elements C, O, and Li. the 

XPS survey analysis of Li-BPDC MOF confirms the presence of elements C, O, Li with absence 

of solvent molecules (i.e., DMF) in the frameworks (Figure 14(a) and (e)). The binding energy 

spectra for C 1s, O 1s, and Li 1s for Li-BDC and Li-NDC MOFs are shown in Figure 14 (b)-(d) 

and (f)-(h). The binding energy spectrum of C 1s for Li-BDC and Li-NDC MOFs show peaks at 

284.8 eV and 288.5 eV, which is assigned to the sp2 bonded carbon of the C phenyl and C 
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carboxyl groups of the organic linkers (1,4-BDC), respectively.194 The O 1s scan of Li-BDC and 

Li-NDC MOFs shows two peaks at 531.5-532 eV and ~533 eV, which correspond to the sp2 

C=O and C-O bonds of the carboxylate groups.195  

Figure 14. (a) XPS survey spectrum of Li-BDC and binding energy spectra of Li-BDC 

MOF for (b) C1s, (c) O 1s, and (d) Li 1s; and (e) XPS survey spectrum of Li-NDC and 

binding energy spectra of Li-NDC MOF for (f) C1s, (g) O 1s, and (h) Li 1s 

 

From Figure 15(a), the XPS survey analysis of Li-BPDC MOF confirms the presence of 

elements C, O, Li with absence of solvent molecules (i.e., DMF) in the frameworks, and the 

respective binding energy spectra are also shown in Figure 15(b)-(d). The C 1s and O1s scans 

show peaks corresponding to the binding energies for carboxylate groups in the organic linker 

4,4’-BPDC. The empirical formula calculated from the peak table obtained to match the 

expected empirical formula, Li2C14H8O4 (Li2(4,4’-BPDC)), and the theoretical weight percentage 

values of elements are in close agreement with the values obtained from XPS analysis. The full 

width at half maximum (FWHM) of 4.12 eV, 4.04 eV, and 3.95 eV for O 1s in Li-BDC, Li-NDC 

and Li-BPDC MOFs further supports the oxygen chemical bonding state of O-2 corresponding to 
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the carboxylate form.194,196,197 In all the three Li-MOFs, Li 1s gave an FWHM of 3.69 eV, 3.68 

eV and 3.67 eV for the Li-BDC, Li-NDC and Li-BPDC MOFs supporting the oxidation state of 

+1 (Li+) along with its binding energy peak at ~55.7 eV.198 

Figure 15. (a) XPS survey spectrum and binding energy spectra of Li-BPDC MOF for (b) 

C1s, (c) O 1s, and (d) Li 1s. 

 

Thermal stability of Li-MOF samples was studied after vacuum dried the samples to 250 

℃ overnight. The thermogravimetric analysis of the 1,4-BDC linker exhibits stability upto 276 

℃ and completely decomposes at 382 ℃ due to the sublimation of 1,4-BDC.199 The first 

degradation of the Li-BDC framework (Figure 16(a)) occurs at 551 ℃ with a weight loss of 

46%, demonstrating that the framework is stable up to that temperature. Thereafter, the 

framework starts to collapse and completely decomposes to char at 709 ℃. Although most BDC-

coordination polymers200 lose organic components in the temperature range of 220-400 ℃, the 

Li-BDC framework shows a significant high thermal stability, perhaps due to the lack of solvent 

molecules incorporated into the structure.201 The total weight loss of 74% occurs in the 551-1000 

°C range due to the degradation of the framework and the loss of organic components, and the 
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final char of 26% corresponds to Li2O.202 A similar trend was observed with the Li-NDC MOF, 

in which the framework is stable up to 554 °C and decomposes by 713 °C, resulting in a char 

weight of 18%.203 The peak degradation values obtained for Li-BDC and Li-NDC MOFs are 

closer to the originally reported values.185,202  The major weight loss for Li-BPDC MOF begins at 

496 °C with a weight loss of 71%, demonstrating the framework stability up to that temperature, 

and the char obtained is 19%.204 An overall weight loss of 78% occurs in the 520-1000 °C range 

due to the degradation of framework and the loss of organic component.202 The initial weight 

loss of 1-2% in the range of 380-500 ℃ could be due to the surface absorbed moisture. The 

thermal stability of these Li-MOFs was higher when compared to the Li-AOIA and Li-TMCA 

MOFs, whose major degradation occurs in the 250-400 ℃ region due to the bound solvent 

molecules in the framework structures.165  

Figure 16. TGA and derivative thermograph of (a) Li-BDC, (b) Li-NDC, and (c) Li-BPDC 

MOFs.  

 

4.3.2 Morphology and Crystallinity studies 

The experimental powder XRD patterns were collected and compared with the simulated 

powder XRD patterns from original crystal structures reported for Li-BDC, ULMOF-1, and 

ULMOF-2 (CCDC 664607, COD ID 4509412, and COD ID 4509710). The simulated XRD 

patterns generated from the crystal structures of Li-BDC184, Li-NDC185, and Li-BPDC186 MOFs 
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perfectly overlap with the experimental diffraction patterns (Figure 17(a-c)) and confirm that 

their crystal structures agree with the reported crystal structures (Figure 17(d-f)). The crystal 

structure of Li-BDC MOF is a 3D network built using bridge-quadridentate fashion (four lone 

pairs bound to the central metal ion) formed by lithium ions and carboxylate groups from 1,4-

BDC, as shown in Figure 17(d). Four oxygen atoms from four bridging 1,4-BDC ligands 

coordinate the central lithium ion, giving it a distorted tetrahedral coordination geometry since 

the O-Li-O bond angles are between 103.33 - 123.10° and Li+ ions frequently have a 

coordination number of 4.78,184,205,206 Three of the four 1,4-BDC ligands that are coupled to a 

single Li+ ion is parallel to each of the three planes, except for one 1,4-BDC ligand being in a 

distorted position in a different plane. A branch-shaped motif is formed by two 1,4-BDC ligands 

overlapping one another. Li-BDC MOF crystallizes with a monoclinic topology that belongs to 

the space group P2(1)/c with the lattice parameters a = 8.365 Å, b = 5.129 Å, c = 8.516 Å, and β 

= 92.916.184  

The aromatic bridging unit and alternating layers of LiO make up the structure of Li-

NDC MOF, and the lithium atom with the carboxylate oxygen coordinate in the distorted 

tetrahedral geometry. Each lithium atom is connected to four separate naphthalene rings (Figure 

17(e)) by the four carboxylate moieties, and the lithium's bond valence sum is predicted to be +1. 

A 2D layer of Li-O-Li is formed due to the tetrahedral coordination with the two carboxylate 

groups connecting the two LiO layers.185 The 2D LiO (abab type) layers form an antifluorite-

type motif consisting of edge-shared tetrahedra with tetrahedral vacancies.185 The close contact 

between the naphthalene rings allows possible π –π* interactions among the adjacent rings.185 Li-

NDC MOF also crystallizes with a monoclinic topology belonging to the space group P2(1)/c 

having the lattice parameters a = 10.302 Å, b = 5.345 Å, c = 8.662 Å, and β = 98.659.185 
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A 3D framework of Li-BPDC MOF comprises alternating LiO layers joined by aromatic 

biphenyl bridging units isoreticular to both the Li-BDC and Li-NDC MOFs, wherein the lithium 

atom is in a distorted tetrahedral geometry. The 2D LiO layers consist of edge-sharing lithium 

tetrahedra dimers which are corner-shared forming a layered structure.204 Li-BPDC MOF also 

crystallizes with a monoclinic topology belonging to the space group P2(1)/c having the lattice 

parameters a = 12.753 Å, b = 5.138 Å, c = 8.420 Å, and β = 97.218.204 A similar distorted 

tetrahedral geometry was observed in other lithium-based MOFs (Li-AOIA and Li-TMCA with 

the linkers being 5,5'-((anthracene-9,10-diylbis(methylene))bis(oxy))diisophthalic acid 

(H4AOIA), and 5,5'-(((2,3,5,6-tetramethyl-1,4-phenylene)bis(methylene))bis(oxy))diisophthalic 

acid (H4TMCA)) synthesized via the solvothermal approach using DMF and belongs to the space 

group C2/c, wherein the lithium-ion coordinates three dicarboxylate units and one solvent 

molecule.165 The average crystallite size was calculated for the Li-BDC, Li-NDC, and Li-BPDC 

MOFs were calculated to be 10.94 (±3.06) nm, 11.98 (±3.57) nm, and 15.25 (±4.59) nm, 

respectively. Debye-Scherrer equation (4.1) was used to calculate the crystal size. 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
,          Eq. 4.1 

Where K is the shape factor (0.94 for spherical crystals with cubic symmetry), D is the 

crystallite size, λ is the wavelength of X-ray (λ =0.154 nm), β is the full-width at half maximum 

(FWHM) calculated using the origin software, and θ is the diffraction angle.207 
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Figure 17. The powder XRD spectrum of microstructures and simulated powder XRD 

spectra of original (a) Li-BDC MOF, (b) Li-NDC MOF, (c) Li-BPDC MOF, respectively, 

and the crystal structure generated from the crystallography data of (d) Li-BDC MOF184, 

(e) Li-NDC MOF185, (f) Li-BPDC MOF186 respectively. 

 

The morphology studies on Li-MOFs were performed using scanning and transmission 

electron microscopy. The SEM images in Figure 19 show truncated rods and irregularly shaped 

microstructures of the isoreticular Li-MOFs. Li-BDC microstructures (Figure 18(a,b)) have 

average widths and lengths of 8-35 μm and 18-67 μm, Li-NDC microstructures (Figure 18(c,d)) 

have average widths and lengths of 13-20 μm and 26-74 μm, and Li-BPDC microstructures 

(Figure 18(e,f)) have average widths and lengths of 3-16 μm and 5-23 μm, respectively.  
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Figure 18. SEM images of (a, b) Li-BDC, (c, d) Li-NDC, and (e, f) Li-BPDC MOFs. 

 

As shown in Figure 19 (a,c,e), HRTEM images of the microstructures show that they are 

composed of a hierarchy of self-assembled nanocrystal layers with randomly ordered voids 

between the nanocrystals. The interplanar spacing measured from the TEM images of the 

respective Li-MOFs is shown in Figure 19 (b,d,f). The lattice spacings are calculated from the 

images using ImageJ software, and the lattice distances are approximately 0.44 nm & 0.39 nm in 

Li-BDC, 0.29 nm in Li-NDC, and 0.33 nm in Li-BPDC, respectively. From Figure 19(b), the 

lattice spacing of 0.44 nm resembles the distance between the two Li atoms along the plane [001] 

and 0.39 nm resembles the spacing between the two neighboring oxygen atoms bonded to the Li 

in the distorted tetrahedron in Li-BDC MOF. From Figure 19(d), the lattice spacing of 0.29 nm 

corresponds to the distance between the two O-atoms in the tetrahedron node in Li-NDC 

MOF.185 From Figure 19(f), the lattice spacing of 0.33 nm corresponds to distance between the 

O-atoms of the distorted tetrahedron in Li-BPDC MOF.204  
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Figure 19. TEM images and lattice spacings of (a, b) Li-BDC, (c, d) Li-NDC, and (e, f) Li-

BPDC MOFs, respectively. 

 

4.3.3 BET measurements 

To understand the Li-ion conduction in these porous Li-MOFs, studying the adsorption-

desorption behavior of Li-MOFs is essential. The surface area of Li-MOF microstructures and 

surface porosity distribution were evaluated using the N2 Brunauer–Emmett–Teller (BET) 

(Figure 20(d)) and Barret–Joyner–Halenda (BJH) analyses (Figure 20(e)) as summarized in 

Table 2. The full N2 adsorption-desorption isotherms obtained after the Chi-square goodness of 

fit test exhibits Type I(b) reversible isotherms for all the three Li-MOFs. Type I(b) isotherm is 

for solids containing both wider micropores (<2nm) and narrow mesopores.208 Due to lack of 

hysteresis in the isotherms, the pores are cylindrical allowing reversible adsorption-desorption 

without any pore blocking phenomenon.209 The BET surface areas obtained for all the three Li-

MOFs are high with Li-NDC MOF having the largest BET surface area of 894.76 m2/g. 

However, BET method can give overestimated surface areas for materials with micropores 
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below 20Å due to micropore filling rather than mono/multi-layer coverage.208,210 Hence, BET 

theory can be applied to microporous materials if an appropriate pressure range is used.208 The 

N2 molecules first populate the corners followed by a monolayer formation till the pores get 

filled completely. This process occurs in the pressure range (0.05<P/P0<0.3) where the BET 

surface area is commonly calculated.208 Herein, the single-point BET (P/P0 =0.3) surface areas of 

Li-BDC, Li-NDC and Li-BPDC MOFs are 410.49 m2/g, 446.10 m2/g, and 382.63 m2/g, 

respectively. The BET surface area and BJH pore volume of Li-NDC was found to be largest 

when compared to the Li-BDC and Li-BPDC MOFs due to the packing arrangement of ligands.  

Table 2. N2 BET surface area and BJH pore distribution analyses of Li-MOFs.  

The classic BJH method uses the Kelvin model for pore filling and is widely used for 

porosity characterization. The average BJH adsorption pore widths for the three Li-MOFs were 

in the mesopore range 4.5 nm to 4.7 nm. BJH method mostly gives accurate results for the 

mesoporous and microporous materials. It does not account for interactions between the pore 

surface and sorptive fluid in finer pore sizes (<8nm). For microporous materials (pore size less 

than 2nm), the Horvath-Kawazoe method can be applied. However, NLDFT (Non-local Density 

Functional theory) model allows obtaining a continuous pore-size distribution across 

Li-MOFs BET surface 

area (m2/g) 

BJH desorption 

cumulative pore 

volume (cm3/g) 

BJH desorption 

cumulative pore 

area (m2/g) 

BJH adsorption 

average pore 

widths (Å) 

Li-BDC  834.84 0.650 569.35 45.97 

Li-NDC  894.76 0.708 614.46 45.27 

Li-BPDC 741.54 0.618 526.62 47.26 
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microporous (<2nm) through mesoporous (2-50nm) to macroporous (>50nm) regions. Using the 

Horvath-Kawazoe method, the pore size distributions in the microporous regions were obtained 

for the three Li-MOFs. The average micropore widths were found to be 18.71 Å, 18.65 Å, 18.59 

Å for Li-BDC, Li-NDC, and Li-BPDC, respectively. From Figure 20(a-b), the NLDFT model 

gave accurate pore distributions for three Li-MOFs microstructures have bimodal pore 

distributions containing both the micropore (10 to 20 Å) and mesoporous (20 to 200 Å) regions. 

Due to this bimodal pore distribution, high N2 BET surface areas and BJH pore volumes were 

observed in these isoreticular Li-MOFs similar to the microporous IRMOF-6 and MOF-5 

frameworks.179,211 
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Figure 20. Porosity distribution plots obtained from NLDFT analysis for Li-MOFs: (a) a 

line graph of dV/dw pore volume distribution, (b) a bar graph of dV/dw pore volume 

distribution, (c) the 3D plot of pore volume distribution in the micropore size region, (d) N2 

BET Isotherms, and (e) BJH adsorption and desorption pore volume distribution plots for 

Li-MOFs. 

 

4.3.4 Ionic conductivity studies 

Prior to conducting the ionic conductivity analysis, Li-MOFs were pre-heated at 250 °C 

under vacuum overnight, to remove any surface adsorbed moisture and residual solvents (DMF) 

molecules. Then Li-MOFs powder samples were subsequently soaked in the LEC (LiClO4-

ethylene carbonate) electrolyte solution to incorporate Li+, 𝐶𝑙𝑂4
−, and EC as guest molecules into 

these porous isoreticular Li-MOF frameworks. These LEC@Li-MOF powders prepared in this 
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manner were pressed into dense pellets and analysed on the EIS to evaluate their ionic 

conductivities. As a control, EIS analysis was performed on the Li-MOF pellets prior to soaking 

in LEC electrolyte solution and open-circuit graphs (Figure A47) were obtained indicating no 

ionic conductivity.  

The total ionic conductivity (σ) obtained at 25 °C is reported in Table 3, following 

normalization for pellet thickness (1.2-2mm). The ionic conductivities of the pellets were in the 

range of 10-5 S/cm, with respect to the linker length of Li-MOFs, and the highest ionic 

conductivity of 6.66 x 10-5 S/cm was obtained for the Li-BPDC frameworks. The main factors 

which influence the ionic conductivity are binding strength, coordination, and dynamics of Li+ 

ions apart from the aromatic linker flips, guest molecules’ reorientation and local motions.212 

Herein, the slight increase in ionic conductivity with framework expansion could be due to the 

difference in LEC guest molecules loaded into the pores of the frameworks. EC having a static 

diameter is 5.74Å213, facilitates the solvation of lithium salt thereby enabling the mobile Li+ ions 

to hop along the porous channels. Due to the different pore volume distributions observed in Li-

MOFs, the Li+, 𝐶𝑙𝑂4
−, and EC guest molecules’ loading in the pores can vary which led to 

variation in ionic conductivities. The pore volumes of Li-BDC and Li-NDC were higher than Li-

BPDC thereby allowing higher concentration of LEC guest molecules in the frameworks which 

can hinder the Li-ion mobility and cause lower ionic conductivities. Therefore, the Li-ion 

conduction mechanism could be a pore-filling mechanism via hopping through the EC 

molecules. The ionic conductivities were a order of magnitude lower than the lithium-based 

MOF electrolytes (Li-AOIA@NO3 and Li-TMCA@BF4)
165 and MOF-based solid-state 

electrolytes such as LPC@HKUST-1154, LiClO4- EC-DMC@MgMOF74214, Mg2(dobdc)168 and 

Cu-azolate23 MOFs. 
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Temperature-dependent ionic conductivity studies were performed on the LEC@Li-

MOFs pellets in the temperature range of 25-55 ℃ below the glass-transition temperature (Tg) of 

the solid-pellets. Figure 21 shows the ln σ versus reciprocal temperature (1000/T) plots for all 

three Li-MOFs. These experimentally obtained temperature dependent ionic conductivities were 

fitted using the Arrhenius expression and corresponding activation energies were calculated from 

the corresponding slopes of the fitted curve. Arrhenius theory describes the conductivity of a 

thermally initiated ion-transport mechanism in an amorphous phase below Tg and activation 

energy is the energy required to initiate this process.215 Above Tg, the temperature-dependent 

ionic conductivity in the amorphous polymer electrolytes is mostly non-Arrhenius and the 

equations such as Vogel-Tamman-Fulcher (VTF) are used to fit these non-Arrhenius 

curves.215,216  The loss of trapped EC was observed during the temperature-dependent ionic 

conductivity measurements as the LEC@Li-MOF electrolyte pellets turn semi-solid in nature 

with increase in temperature beyond 55 ℃. The experimental data indicates that the ionic 

conductivity with increasing temperature obeys the Arrhenius relationship with highest 

correlation coefficient (R2) in LEC@Li-BPDC (R2 =0.99), when compared to LEC@Li-BDC (R2 

=0.98) and LEC@Li-NDC (R2 =0.97) which imply poor fits and the non-linearity of the data. 

The non-linear Arrhenius behavior indicates that the local environment surrounding the mobile 

Li+ ions is dynamic (non-rigid). This implies that the activation energy involves the energy 

required for the rearrangement of local structure as well as the energy barrier for the lithium-ion 

hopping between the coordination sites in the electrolytes.215 The activation energy values range 

from 0.635-0.719 eV, with the lowest activation energy corresponding to the Li-BPDC 

frameworks. Activation energy measures the energy required to initiate a chemical reaction 

which determines the rate of a chemical reaction, and generally, a higher activation energy 
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indicates a slower reaction. The activation energy required for the ions to move through the 

porous frameworks affects the ionic conductivity, and a lower activation energy gives a higher 

ionic conductivity.217 Lower activation energies indicate the presence of broader Li-conduction 

pathways allowing more effective lithium-ion solvation, and perhaps reduction in confinement 

and tortuosity effects.169,218 Herein, lower activation energy in LEC@Li-BPDC indicate the 

presence of faster lithium mobility through the Li-BPDC frameworks when compared to the Li-

NDC and Li-BDC MOFs. The smaller porous channels in Li-BPDC could reduce the diffusion 

distance for Li+ ions when compared to larger porous channels in Li-BDC and Li-NDC, thereby 

require less energy to diffuse via the pores. However, the activation energies of these LEC@Li-

MOFs were higher than the MOF-based SSEs (Li-AOIA@BF4
219, Mg2dobdc23 and Cu-azolate220 

based SSEs). Hence, in order to further understand the lithium-ion conduction mechanism, and 

the variation in ionic conductivities of these three isoreticular Li-MOFs, the pellets were 

characterized by FT-IR, XPS and TGA and are discussed in the follow up section.   

Table 3. Ionic conductivity and activation energy values of Li-MOF microstructures. 

Sample Name Ionic Conductivity 

at 25 ◦C (S/cm) 

Activation 

Energy (eV) 

Li-BDC-EC-5wt% LiClO4 1.72 x 10-5 0.718±0.106 

Li-NDC-EC-5wt% LiClO4  3.66 x 10-5 0.719±0.121 

Li-BPDC-EC-5wt% LiClO4  6.66 x 10-5 0.635±0.083 
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Figure 21. Arrhenius plot and activation energy of (a)&(d) LEC@Li-BDC, (b)&(e) 

LEC@Li-NDC, and (c)&(f) LEC@Li-BPDC electrolytes (inset- images of the pellets). 

 

4.3.5 FTIR Spectroscopy Measurements on LEC@Li-MOF electrolytes 

In order to understand the hypothesized pore filling Li-ion conduction mechanism in the 

Li-MOF@LEC electrolytes, FTIR spectroscopy was performed on LEC@Li-MOF (prior to ionic 

conductivity measurements), Li-MOF@EC, Li-MOFs, and EC samples, respectively. The major 

peaks for EC at 1789 cm-1, 1768 cm-1, 1554 cm-1, 1146 cm-1, and 1058 cm-1 are assigned to C=O 

stretching (carbonate ester), CH2 bending vibrations and C-O stretching vibrations, respectively 

(Figure 22(a)).221,222 Originally, the C=O stretching mode of EC occurs at 1771 cm-1.223 But the 

splitting of bands into 1768 cm-1 and 1789 cm-1 is due to the Fermi resonance of the C=O 

stretching mode with an overtone of ring breathing at 891 cm-1 and the short-range ordering of 

molecular orientation caused by the dipole-dipole interaction of two EC molecules.222,223 EC’s 

ring breathing mode occurs at 891 cm-1 and EC’s ring bending mode occurs at 715 cm-1.224 

Interactions with other molecules profoundly influence the C=O stretching vibrations in EC.222 
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In Figure 22(a), LEC@Li-BDC spectra shows a reduction in the Li-BDC’s C=O peak at 

1570 cm-1 along with peak broadening in the region 1585-1593 cm-1 which is due to the 

interactions of EC’s C=O group with the Li+ nodes in the Li-BDC framework. The CH2 bending 

peak of EC appears at 1554 cm-1 exhibits reduced absorption in LEC@Li-BDC, featuring a weak 

shoulder, which is associated to the binding of the carbonyl oxygen with Li+ in the framework’s 

metal oxide nodes. An additional peak at 1540 cm-1 suggests the interactions of EC’s carbonyl 

oxygens with the solvated Li+ ions of the LiClO4 salt. Further, the shifts in EC’s carbonyl bands 

to 1795 cm-1 and 1771 cm-1 along with the reduced absorption intensities is due to the EC’s 

carbonyl interactions with the solvated Li+ ions. Some of the Li ions may also interact with the 

oxygen atoms in the EC ring along with the interactions through the EC’s C=O groups.224 Figure 

22(b) shows the peak shifts in C-O-C stretching of EC at 1146 cm-1 and 1058 cm-1 to 1156 cm-1 

and 1067 cm-1. These peaks shifts confirm the interactions of EC’s ether oxygens with the 

mobile Li+ ions from the LiClO4 salt due to solvation. These interactions between the plasticizer, 

EC, and lithium salt leads to reduction in the coulombic interaction between the cation and anion 

of salt, thus dissociating the lithium salt to produce more mobile Li-ions.222 From the Figure 

22(c), the additional peaks at 841 cm-1 along with slight reduction of Li-O peak at 826 cm-1 

corresponds to the interactions of solvated Li+ ions from LiClO4 salt with the oxygen atoms in 

the metal-oxide nodes of the frameworks. The reduction in intensity of the benzene ring bending 

peak at 753 cm-1 along with the slight shoulder peak at 764 cm-1 further confirm the interactions 

of solvated Li+ ions with the oxygen atoms in the metal-oxide nodes of the frameworks.The ring 

breathing mode of EC at 891 cm-1 showed shoulder peak at 867 cm-1, and the ring bending mode 

of EC at 715 cm-1 shifted to 710 cm-1 along with a weak shoulder peak at 704 cm-1 which 

confirms the Li-ion solvation due to EC’s carbonyl and ether oxygen groups.224 From Figure 
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22(d), the peak at 623 cm-1 belongs to one of the vibrational mode of perchlorate (𝐶𝑙𝑂4
−) anion 

having a tetrahedral structure. The additional shoulder peaks at 636 – 646 cm-1 indicate that the 

symmetry of 𝐶𝑙𝑂4
− anion has been disturbed by EC molecules.224 Further, previous studies 

suggest that two EC molecules bind to the free Li+ leading to stable complexes of 

Li+(EC)2𝐶𝑙𝑂4
−.225 Therefore, from the FTIR spectra of LEC@Li-BDC, it is evident that the EC 

interacts with the LiClO4 salt resulting in dissociation of the salt into Li+ and 𝐶𝑙𝑂4
− ions. These 

free Li+ ions hop along the porous channels while interacting with the EC’s carbonyl/ether 

oxygens, Li-O framework oxygens as well as the carbonyl oxygens of the linker. These strong 

interactions of the Li+ ions with the framework oxygens can lead to higher activation energy 

required for Li-ion conduction through the pores.  

Figure 22. The normalized FTIR spectra of LEC@Li-BDC, Li-BDC, and EC in the region 

(a) 1900-1500 cm-1, (b) 1200-1000 cm-1, (c) 925-725 cm-1, and (d) 725-600 cm-1. 
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In Figure 23(a), LEC@Li-NDC spectra shows a reduced absorption in the C=O peak at 

1565 cm-1 along with a shoulder peak at 1574 cm-1 which is due to the interactions of EC’s C=O 

group with the Li+ nodes in the Li-NDC framework. Also, there were no noticeable shifts in 

EC’s carbonyl bands at 1789 and 1768 cm-1 but the reduced absorption intensities indicate lower 

probability of EC’s carbonyl interactions with the solvated Li+ ions of the LiClO4 salt. Figure 

23(b) shows peak shift in the C-O- Li+  stretching peak of Li-NDC from 1396 to 1391 cm-1 in 

LEC@Li-NDC along with the disapperance of C-O stretching peaks at 1379 cm-1 and 1341 cm-1 

indicate the free Li+ ion interactions with the oxygen atoms in the metal-oxide nodes of the 

frameworks. Figure 23(c) shows no noticeable peak shifts in EC’s C-O-C stretching at 1146 cm-

1 and 1058 cm-1 but observed a slight reduction in peak intensities indicating lower probability of 

EC’s ether oxygens interactions with the solvated Li+ ions. Further, Figure 23(d) shows the peak 

shift from 778 cm-1 to 770 cm-1 in the naphthalene ring bending peak which confirms the 

interactions of EC’s carbonyl oxygen with the Li+ metal nodes in the Li-NDC framework. The 

FTIR spectra of LEC@Li-NDC show no noticeable interactions between the EC molecules and 

the mobile Li+ ions of the salt, while the mobile Li+ ions bind to the oxygens of metal-oxide 

nodes of the frameworks. This suggests the lithium hopping over the framework edges as 

opposed to hopping through the porous channels via EC molecules. This is due to the largest 

pore volume observed in the Li-NDC MOF which does not favor the binding of free Li+ ions and 

EC guest molecules. 
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Figure 23. The normalized FTIR spectra of LEC@Li-NDC, Li-NDC, and EC in the region 

(a) 1900-1500 cm-1, (b) 1450-1300 cm-1, (c) 1200-1000 cm-1, and (d) 825-600 cm-1 

 

In Figure 24(a), the slight C=O peak shifts from 1789 and 1768 cm-1 in pure EC to 1797 

and 1770 cm-1 in LEC@Li-BPDC possibly indicates the EC molecules solvated to Li-ions, i.e., 

the interactions of oxygen atoms of EC’s carbonyl (C=O) with Li+ ions of the lithium perchlorate 

salt.222 There were no noticeable peak shifts in the Li-BPDC MOF’s carbonyl at 1585 cm-1 

indicating no major interactions of EC with the Li-BPDC frameworks. Figure 24(b) shows a 

slight shift in O-C- Li+ peak from 1397 cm-1 in Li-BPDC to 1392 cm-1 indicating the EC 

interactions with the metal nodes of the Li-BPDC frameworks. The reduced absorption 

intensities of peaks at 1485, 1471 and 1554 cm-1 corresponds to the CH2 scissoring and CH2 

bending of EC could be due to the EC’s carbonyl group and ether oxygen bind to Li+ metal 

nodes in the framework.226,227  From Figure 24(c), the C-O peak shifts at 1158 cm-1 and 1067 

cm-1 in LEC@Li-BPDC indicate further interaction between the ether oxygens of EC and Li+ 
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ions from LiClO4 salt due to solvation, i.e., between the ether oxygens (C-O-C) with Li+ ions of 

the salt.222 In Figure 24(d), no changes were observed in Li-O stretching mode of Li-BPDC at 

840 cm-1 and, also no shifts in the aromatic ring bending mode at 772 cm-1 indicating minimal 

interactions of mobile Li+ ions with the framework metal oxide nodes. Further, the appearance of 

shoulder peak at 903 cm-1 to the EC’s ring breathing mode at 891 cm-1 confirms the Li-ion 

solvation due to EC. Further, the shift in EC’s ring bending stretch at 710 cm-1 to 715 cm-1 

confirms the interactions of EC’s ether oxygens with the free Li+ ions of the salt. Additionally, 

the peak at 623 cm-1 belonging to one of the vibrational mode of 𝐶𝑙𝑂4
− anion along with an 

additional shoulder peak at 636 cm-1 confirms the interactions of 𝐶𝑙𝑂4
− anion with EC 

molecules.224 Hence, the FTIR spectra of LEC@Li-BPDC confirms the EC’s interations with 

LiClO4 salt result in dissociation of the salt into Li+ and 𝐶𝑙𝑂4
− ions. These free Li+ ions hop along 

the porous channels while interacting with the EC’s carbonyl/ether oxygens. There is no 

presence of interactions of the free Li+ ions with the framework functional sites. Therefore, the 

mobile Li+ ions only move along the EC guest molecules through the porous channels in Li-

BPDC which resulted in lower activation energy required for Li-ion conduction. 
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Figure 24. The normalized FTIR spectra of LEC@Li-BPDC, Li-BPDC, and EC in the 

region (a) 1900-1500 cm-1, (b) 1500-1350 cm-1, (c) 1200-1000 cm-1, and (d) 925-600 cm-1 

 

4.3.6 XPS and TGA measurements on LEC@Li-MOF electrolytes 

XPS analysis was performed on the Li-MOFs and LEC@Li-MOF samples (prior to the 

EIS measurements) as shown in Figures 25-27. From the XPS survey spectra for each of the 

LEC@Li-MOF samples, a Cl 2p peak was observed which corresponds to the lithium 

perchlorate salt along with the O 1s, C1s, and Li 1s peaks of the Li-MOFs. From Figure 25(b), 

the C 1s scan shows an additional C-O-C peak at 286.1 eV corresponding to the ether bonds in 

ethylene carbonate in LEC@Li-BDC.228 Also, the peak at 290.8 eV belongs to the 𝐶𝑂3
2−ion from 

the carbonyl groups of EC.229–231 Further, in the O 1s scan Figure 25(d), there is an increased 

strength in the C=O peak with a slight peak shift of 0.4 eV and the C-O peak has a 1.4 eV peak 

shift corresponding to the carbonyl and ether oxygens from EC, respectively. Further, the Li 1s 

scan Figure 25(c), shows an additional peak at 57.9 eV corresponds to the lithium from the 
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lithium perchlorate salt.232,233 The Li 1s peak at 55.99 eV corresponds to the lithium oxides i.e., 

lithium coordinated to the BDC ligand.232,234 Figure 25(e) shows the Cl 2p spectra for the Li-

BDC soaked in LEC solution which exhibits LiClO4 signals with 2p3/2 and 2p1/2 doublets at 

208.9 eV and 210.2 eV.233,235 The slight shoulder peak at 200.6 eV corresponds to the presence 

of some LiCl as a minor byproduct.229,233 From previous studies, it was observed that the lithium 

metal reacts with LiClO4 to generate LiCl and Li2O.229 A similar trend was observed in both the 

LEC@Li-NDC and LEC@Li-BPDC electrolytes. From Figures 26(b) and 27(b) additional C-

O-C and C carbonyl peaks corresponding to the ether and carbonyl species of ethylene 

carbonate. Figures 25(b), 26(b) and 27(b) show the C1s scans in Li-MOF hosts, the C-C peaks 

and O-C=O peaks at ~284.8 eV and ~288.7 eV which indicate no noticeable peak shifts due to 

incorporation of the LEC electrolyte. Figures 26(d) and 27(d) show a similar increase in 

strength of C-O peak in the O 1s scans along with the additional LiClO4 peaks in Li 1s spectra 

and the presence of doublets in Cl 2p spectra. Therefore, the XPS data confirms the presence of 

EC as well as the lithium perchlorate in the LEC@Li-MOF electrolytes. 
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Figure 25. (a) Comparison of XPS survey spectrum and binding energy spectra of Li-BDC 

MOF with LEC@Li-BDC for: (b) C 1s, (c) Li 1s, (d) O 1s; and (e) Cl 2p in LEC@Li-BDC 

MOF. 

 

Figure 26. (a) Comparison of XPS survey spectrum and binding energy spectra of Li-NDC 

MOF with LEC@Li-NDC for: (b) C 1s, (c) Li 1s, (d) O 1s; and (e) Cl 2p in LEC@Li-NDC 

MOF. 
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Figure 27. (a) Comparison of XPS survey spectrum and binding energy spectra of Li-

BPDC MOF with LEC@Li-BPDC for: (b) C1s, (c) Li 1s, (d) O 1s; and (e) Cl 2p in 

LEC@Li-BPDC MOF. 

 

The thermal stability of LEC@Li-MOF electrolytes were studied using the TGA analysis 

as shown in Figure 28. Pure EC starts to degrade around 90 ℃ and completely decomposes 

before 150 ℃.236 Addition of lithium perchlorate salt could reduce the decomposition 

temperature and lower the thermal stability of LEC.237 Hence, in LEC@Li-BDC (Figure 28(a)), 

the initial weight loss of 11% occurs at 106 ℃ which corresponds to the encapsulated LEC 

electrolyte in the Li-BDC frameworks. A total weight loss of 62% was observed at 535 ℃ 

corresponding to the framework degradation which occurs at a slightly lower temperature than 

Li-BDC (551 ℃). Further, a weight loss of 9% occurs in the region 535 – 701 ℃ and a char of 

20% which is similar to the Li-BDC frameworks. The initial degradation of LEC in the Li-MOF 

hosts starts in the 45-50 ℃ range and hence, the LEC@Li-MOF electrolytes are stable upto 50 

℃ without the loss of LEC in the frameworks. In the LEC@Li-NDC sample (Figure 28(b)), an 

initial weight loss of 19% occurs at 112 ℃ which corresponds to the encapsulated LEC 
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electrolyte in the Li-NDC frameworks, followed by framework degradation at 510 ℃ and a char 

of 15% was obtained. Similarly, in the LEC@Li-BPDC sample (Figure 28(c)), an initial weight 

loss of 52% at 129 ℃ was observed indicating a higher amount of LEC in the Li-BPDC 

frameworks, followed by framework degradation at 496 ℃ and a char of 5% was obtained. 

There was an increase in weight% of encapsulated LEC in the frameworks as the linker length 

increased from Li-BDC to Li-BPDC MOFs which could be a reason for increased ionic 

conductivity observed with linker length. TGA analysis shows that the LEC@Li-MOF 

electrolytes were stable upto 500 ℃ indicating no major structural changes due to the 

incorporation of the LEC electrolyte solution into the Li-MOFs. 

Figure 28. TGA thermographs of (a) LEC@Li-BDC, (b) LEC@Li-NDC, and (c) LEC@Li-

BPDC electrolytes. 

 

4.3.7 Discussion  

In the prior research in MOF-based SSEs, Li-ion conduction involves complex 

interactions of the cations and anions in the porous frameworks. During the motion along the 

porous channels, the free carboxylic acid groups could exchange their acidic protons with 

lithium, or EC can partially solvate the lithium ions on the carboxylic acid groups, causing 

‘linker hopping’.238 Another feasible mechanism is the lithium ion hopping from one bound EC 

molecule to another.151,239 Recently, MIL53(Al)@LiCoD frameworks adopted an open-pore 
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conformation mechanism wherein the inserted Li-ions exhibited both free and bound states 

forming mutually communicating chains through the MOF nanochannels enabling both long-

range charge transfer and thereby, macroscopic conductivity.240 The ion transport in 

MIL53(Al)@LiCoD frameworks was a solid-like mechanism wherein the ion jumps over an 

energy barrier which is driven by electrostatic and elastic forces.240,241 The free Li+ ions were in 

the open-pore channels whereas the bound Li+ were coordinated to structural defects and narrow 

pore channels. Further, the additional grain boundary resistance of these MIL53(Al)@LiCoD 

frameworks lead to high activation energies (0.92-0.98 eV).240 

Due to absence of solvent molecules (i.e., lack of open-metal sites) in the Li-MOF 

frameworks confirmed from XRD, TGA and XPS analysis of Li-MOFs, the Li-MOF-based SSEs 

may follow a pore-filling Li-ion conduction mechanism in contrast to the MOF-based SSEs with 

anionic channels242. TGA and XPS analysis of LEC@Li-MOFs indicate that no structural 

modifications occur due to incorporation of LEC guests in Li-MOFs. A lower activation energy 

was observed for the highest ionic conductivity sample (LEC@Li-BPDC) indicating that the Li-

ions easily move through the LEC@Li-BPDC electrolyte as lower energy is required for 

conduction through this solid electrolyte. From the TGA data of LEC@Li-MOF electrolytes, the 

increase in ionic conductivity could possibly be due to the increased loading of LEC electrolyte 

guest molecules in the pores due to the isoreticular framework expansion.239 The FTIR analysis 

supports the Li-ion solvation due to EC molecules and, the possibility of Li-ion hopping via the 

encapsulated EC molecules and the framework functional sites in the porous Li-MOF channels. 

The pore filling Li-ion conduction mechanism is different for each of LEC@Li-MOF 

electrolytes due to the variation in pore volume and the different interactions of lithium salt with 

plasticizer and framework sites.  
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The FTIR data supports the Li-ion conduction in the LEC@Li-BDC (Scheme 2(a)), 

electrolyte by formation of two Li+ bound states with framework metal oxide nodes and pore 

filled ECs, which create two bridging complexes Li2O-Li+-EC, and EC-Li+-EC, respectively. The 

Li2O-Li+-EC bridging complex facilitates the Li hopping between unit cells in the crystal lattice 

while the EC-Li+-EC bridging complex allows the Li-hopping via EC molecules in the porous 

channels. Since the Li-ions move as single ion bound state with no movement of counter anions, 

LEC@Li-BDC electrolyte could be an ideal candidate for a single-ion solid-state conductor. The 

high activation energy and low ionic conductivity observed is due to the over binding of Li+ ions 

to the Li-BDC frameworks. 

The largest pore volume observed in Li-NDC and the FTIR spectra of LEC@Li-NDC 

(Scheme 2(b)), supports the presence of Li+ binding interactions with frameworks functional 

sites which suggests the Li+ conduction along the framework and pore edges. Therefore, the Li+ 

ions form Li+ bound states with the framework’s metal oxide nodes and carboxylate groups by 

forming two different bound state complexes [Li2O-Li+-OLi2] and [COO-Li+-OOC]. The weakly 

bound EC with the framework nodes minimizes the over-binding of Li-ions with the framework 

coordination sites and this could be a reason for slightly higher ionic conductivity observed in 

the LEC@Li-NDC electrolyte. 

In LEC@Li-BPDC electrolyte (Scheme 2(c)), from the FTIR spectra, it is observed that 

the Li+ ions favor binding to the plasticizer EC, over the framework functional sites which 

suggests a vehicular Li+ ion conduction. In this vehicle process, EC acts as a carrier molecule for 

Li+ ion diffusion through the porous channels. Further, from the vibronic stretching of LEC@Li-

BPDC electrolyte, Li-ion conduction involves both ion-hopping and the solid-phase vehicle 

mechanism due to the minimal binding of Li-ions to the frameworks and favorable EC binding to 
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the framework segments. This decoupling of Li+ ions from the hosts’ framework segments favors 

both the ion hopping and vehicle mechanisms.243,244 Thus, Li-ion conduction in LEC@Li-BPDC 

is via long-range continuous Li-ion hopping through the porous channels by the bridging EC 

molecules bound to frameworks’ metal-nodes and pore filled Li+ & 𝐶𝑙𝑂4
− ions creating 

continuous chain of (Li2O-EC-Li+-EC-) and (-EC-Li+-EC-ClO4
−) bridging complexes. The Li+ 

bound states create free volume for the free state Li+ ions to hop along the porous channels 

which lowered the activation energy required for the ion transport in LEC@Li-BPDC electrolyte. 

Scheme 2. Schematic representations of the proposed Li+ ion conduction mechanisms in: 

(a) LEC@Li-BDC, (b) LEC@Li-NDC, and (c) LEC@Li-BPDC. 

 

4.4 Conclusion 

In summary, this study demonstrated the successful synthesis of isoreticular Li-MOFs 

with three carboxylate linkers (1,4-BDC; 2,6-NDC and 4,4’- BPDC) using the solvothermal 

synthesis. The synthesis method is a simple technique with reasonable control over the design of 

MOFs with the variation of linkers, easily reproducible and scalable to achieve higher yields. 
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XRD and HRTEM analysis shows that the resulting isoreticular Li-MOFs were self-assembled 

nanocrystals to form highly crystalline, porous microstructures with a similar monoclinic 

topology belonging to the space group P2(1)/c. The compositional and morphology analysis 

performed on these MOFs confirm the 3D porous microstructures match their respective unit 

formulae. The TGA profiles of the three Li-MOFs show that these microstructures possess 

excellent thermal stability until 500 ℃. A bimodal pore distribution was observed in Li-MOFs 

which do not necessarily follow the framework expansion with respect to linker length but rather 

results in an optimal pore volume (in the order of Li-NDC<Li-BDC<Li-BPDC). The ionic 

conductivities of these isoreticular LEC@Li-MOF electrolytes were 1.7-6.7 x 10-5 S/cm at room 

temperature (in the order of Li-BDC<Li-NDC<Li-BPDC) with activation energies between 

0.635-0.719 eV. Interestingly, the LEC@Li-BPDC electrolyte showed a lower activation energy 

(0.63 eV) and a high ionic conductivity (6.66 x 10-5 S/cm) than the Li-BDC and Li-NDC MOFs. 

The FTIR, XPS and TGA analysis on the LEC@Li-MOFs show the presence of encapsulated 

LEC electrolyte.  

The ionic conductivities were comparable to the current state-of the art solid-polymer and 

MOF-based SSEs, but the rather high activation energies observed were due to the presence of 

free and bound states of Li+ ions in the Li-ion transport process. Although, according to our 

initial hypothesis the isoreticular expansion did not affect the ionic conductivities at room 

temperature significantly but the reticular expansion and pore size of Li-MOFs affect the Li+-ion 

conduction mechanisms. Further, we found that the Li-MOF based SSEs followed a ‘pore-filling 

driven Li ion conduction’ involving both free and bound states of Li+ ions which move either via 

ion-hopping or both ion-hopping and vehicular mechanism, foregoing on the isoreticularity of 

each of the Li-MOFs. The pore-filled EC molecules allow the solvation of lithium salts and act 
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as Li+ ion carriers along these porous Li-MOF channels. Herein, we have demonstrated the 

design and synthesis of isoreticular Li-MOFs as hosts for developing Li+ diffusion pathways in 

these SSEs. The choice of organic ligands and the frameworks' porosity significantly impact the 

ionic conductivity. Thus, these Li-MOF-based SSEs show the importance of reticular design of 

MOFs to understand the ionic conduction and enable the development of next-generation solid-

state Li-ion conductors.  
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CHAPTER V: DESIGN AND SYNTHESIS OF LITHIUM-TANNATE COORDINATION 

COMPLEX TO INVESTIGATE LITHIUM-ION CONDUCTION FOR TALI-BASED SOLID-

STATE ELECTROLYTES 

5.1 Introduction 

The substitution of the most often used materials as solid-state electrolyte with more 

ecologically friendly ones is becoming increasingly important to solve circular economy 

concerns and the growing concern about environmental issues with battery e-waste, even though 

they may not always be as functionally successful. Therefore, in recent times researchers have 

focused on developing ‘sustainable/green’ LIBs from renewable sources. Natural polymers are 

alternatively substituting synthetic polymers as they are inexpensive, abundant in nature, and 

environmentally friendly.9–11 Natural polymers such as cellulose, pectin, gelatin, and tannic acid 

have been demonstrated as electrodes, binders, separators, and electrolytic materials for the next 

generation LIBs.10,13,110,245,246 

The natural polymers were integrated into synthetic polymer matrices like PEO, PVP, and 

PEG to enhance the ionic conductivities. For instance, a solid polymer electrolyte (SPE) of 

cellulose ether and PEO (TPEOCELL) along with the lithium salt LiCF3SO3.
247 The glass 

transition temperature (Tg) increased with the increase in the salt concentration which indicates a 

reduction in the polymer chain mobility. This can possibly be due to the crosslinking of ether 

oxygen and the cations in the salt. The ionic conductivities of TPEOCELL complexes were 

measured to be in the range of 10-7 S/cm-1 at room temperature and ~10-4 S/ cm-1 at 373 K. When 

temperatures were increased, higher salt concentrations showed maximum ionic conductivities, 

and this is due to increase in contribution of charge carriers towards conductivity at higher 
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temperatures. Interestingly, Arrhenius behavior of ion conductivity with temperature was observed 

which indicates that segmental motion is less prominent in the ion conduction.247 Similarly, a 

composite gel-electrolyte was developed from polyvinylpyrrolidone (PVP) synthesized on lignin 

matrix. The PVP-lignin membrane was further dissolved in a liquid electrolyte solution to obtain 

better electrochemical properties. Addition of PVP to the lignin matrix increased its mechanical 

strength by 670% and the thermal decomposition temperature increased to 301 ℃. Due to the 

liquid electrolyte uptake of PVP-lignin, a high ionic conductivity of 2.52 x 10-3 S/cm and a capacity 

retention of 95.3% after 100 cycles was achieved.248 Further, a quasi-solid polymer electrolyte was 

developed by entrapping polyethylene glycol (PEG) inside the networked cellulose (NC) wherein 

PEG remained as a liquid in the random and highly porous NC structure.249 The hydrogen bonding 

interactions between the hydroxyl groups of NC chains and PEG might have caused the 

encapsulation of PEG in NC. Ionic conductivity in the order of 10-4 S/cm at room temperature was 

obtained at 12.8wt% NC and it was observed that conductivity reduced with increase in NC content 

in the PEG/LiClO4 matrix.249  

To improve the ionic conductivities in bio-polymer electrolytes, plasticizers and ionic 

liquids were used. For instance, lignin as an environmentally friendly gel electrolyte was fabricated 

using a liquid electrolyte (EC/DMC/EMC) and distilled water. The tensile strength of the lignin-

based electrolyte (1.16 MPa) was higher than the pure lignin (0.85 MPa) and it also exhibited good 

thermal stability below 100 ℃. A high lithium-ion transference number of 0.85 was achieved due 

to the increase in number of lithium ions in the gel polymer electrolyte. The strong hydrogen 

bonding from the phenolic groups in lignin promoted the dissociation of anions of the lithium salt 

thereby increasing the number of charge carriers.250 Similarly, a chitosan-based gel electrolyte was 

fabricated which consisted of ionic liquid as a plasticizer and lithium chloride salt to enhance the 
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ionic conductivity. Both adipic acid and acetic acid were used to disperse the chitosan. A maximum 

ionic conductivity of 4.6 x 10-3 S/cm was obtained from the film having adipic acid. It was 

observed that the ionic conductivity reduced with increase in LiCl concentration beyond an 

optimum value. This was due to the increase in viscosity of the gel as the salt concentration 

increases which results in clusters and ion-pair formation.251  

As an alternative approach, succinonitrile (SN) was used as a plasticizer along with the 

lithium salt, LiClO4, to improve the ionic conductivity of iota-carrageenan biopolymer electrolyte. 

SN improved the ionic conductivity of iota-carrageenan to 3.3 x 10-3 S/cm at room temperature 

and the inclusion of 0.5% LiClO4 gave a high ionic conductivity of 3.57 x 10-4 S/cm.252 Similarly, 

glycerol was used as a plasticizer in gelatin-based solid polymer electrolytes and the ionic 

conductivity changes with respect to different acetic acid quantities were observed. The room 

temperature ionic conductivity for 26.3wt% acetic acid was in the order 10-5 S/cm but when the 

temperature increased to 80 ℃, the ionic conductivity increased to 3.6 x 10-4 S/cm. This was 

attributed to the thermal movement of polymeric chains and the greater dissociation of salts at high 

temperature. The increase in conductivity with acetic acid content is due to an increase in mobile 

charge carriers.253  

Tannic acid (TA) is a natural polymer and a plant polyphenol containing abundant 

oxygen moieties such as quinone, polyphenol, and ketone groups. The five pyrogallol units and 

their catechol groups provide TA with multiple interaction sites accessible for hydrogen bonding 

and metal-ion coordination.254,255 Tannic acid possesses excellent metal-binding abilities, and 

aqueous tannic acid solutions quickly precipitate with metal ions through complex formation.256 

Owing to these unique characteristics, TA has been significantly used as a surface coating and an 

adhesive, providing radical-scavenging, antimicrobial and antifouling properties to the 
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surfaces.257–260 Recently, our group has introduced a novel aqueous-based synthesis method to 

make iron-tannate (Fe(III)-TA) coordination polymer frameworks and demonstrate its 

amphoteric properties to use as sorbents for heavy metals remediation and removing both cations 

and anions from water resources.261 These Fe(III)-TA CPFs possessed robust structural 

frameworks as they are built from a polytopic ligand (tannic acid) and metal nodes, along with a 

porous hierarchical coordination geometry similar to MOFs.261 

Additional functionalities can be easily imparted by modifying the phenolic groups of 

TA, and hence TA-based materials, being renewable and naturally abundant, have the prospects 

of being incorporated into the all-solid-state LIBs.110,262 For instance, the hydrophilicity of the 

commercial polypropylene (PP) membrane was enhanced using TA coating on it. The contact 

angle of water on the TA-PP separator membrane reduced to ~720 from 1200 (on the PP 

separator). Hence, the liquid electrolyte could thoroughly wet the surface of the TA-PP 

membrane, which in turn caused an increase in ionic conductivity and the electrochemical 

performance of the TA-PP separator.111 Similarly, when TA coated PP separator was used in the 

Li-O2 batteries, it was observed that the discharged product decomposed more efficiently due to 

the scavenged superoxide radicals and also improved the cycling stability.112 Further, PP 

separators modified with a thin TA-polyethyleneimine (PEI) coating improved the wettability 

and lithium-ion migration. It was shown that the TA/PEI layer promotes the ion pair dissociation 

and allows lithium ions to migrate through the separator. An ionic conductivity of 0.95 mS/cm 

and lithium-ion transference number of 0.44 was achieved.110 TA was further explored as a 

plasticizer and cross-linking agent in a solid polymer electrolyte. The addition of methacrylated 

TA to PEGMA (poly(ethylene glycol) methyl ether methacrylate) matrix gave a tensile strength 

of 2.1073 MPa and an ionic conductivity of 1.6 x 10-5 S/cm whereas, the addition of polyethylene 
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glycol grafted TA to PEGMA enhanced the ionic conductivity (5.6 x 10-5 S/cm) due to an 

increase in chain mobility.119 Furthermore, the lithium-ion storage capacity of TA was studied by 

varying the two salt concentrations (LiTFSI and LiPF6), and precipitation of TA was observed 

with LiPF6. Also, it was illustrated that TA as an anode material in a half-cell system gave a 

reversible capacity of 306.83 mAhg-1 with a coulombic efficiency of 93.4%.115 Due to its 

peculiar properties and easy availability, TA has much scope to be further explored as a solid-

state ionic conductor and incorporated into the LIBs.  

This study involves the development of bio-based solid-state electrolytes from a novel 

lithium-tannate (TALi) coordination complex. These TALi complexes were synthesized using a 

simple room-temperature synthesis by coordination between tannic acid and lithium-ions 

resulting in the microstructures of a bio-based lithium-tannate coordination complex. The 

parameters like precursor concentrations, amount of solvent and reaction times were optimized 

microstructures of TALi complex. Their chemical composition, thermal stability, and 

morphology were investigated. The lithium-ion conduction through these TALi-based SSEs was 

studied using the electrochemical impedance spectroscopy and the microstructure’s functional 

group interactions with the lithium salt and the plasticizer were studied from the FTIR 

spectroscopy measurements. 

5.2 Results and Discussion of TALi complex 

5.2.1 Synthesis and Characterization of TALi  

This project introduces an environmentally friendly room temperature synthesis to make 

a supramolecular coordination complex by lithiating a natural polyphenol, tannic acid. These 

supramolecular coordination complexes are commonly obtained by mixing metal and ligand 

precursors which spontaneously form metal-ligand bonds to produce a single thermodynamically 
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preferred product. The metal centers in these finite coordination complexes undergo self-

assembly with ligands containing multiple binding sites.263 The preparation method augments the 

principles of green chemistry, avoiding the use of toxic chemicals and high temperatures. 

Scheme 3 depicts the chemistry of synthesis. The synthesis involved dropwise addition of 

lithium hydroxide solution into tannic acid solution at a rate of 1mL/min under continuous 

stirring, which yielded a dark-violet precipitate which gradually turned to dark green upon 

complete addition of lithium hydroxide solution. The gradual color change from initial light-

yellow precursor solution to dark violet and eventually dark green suspension indicates the rapid 

complex formation.  

Scheme 3. Synthesis scheme for the preparation of TALi complex. 

 

UV-visible analysis was performed on the TALi suspension just after the complete 

addition of TALi, after one hour and on the purified nanoparticles after 24 hours of redispersal in 

ethanol (Figure 29a). The UV-visible spectra of TA exhibits two characteristic peaks at 219 nm 

and 277 nm attributed to the π-π* in aromatic ring and n- π* transitions, respectively (Figure 

29(a)).105,264 The red-peak shifts to 239 nm and 326 nm in TALi are indicative of the potential 

coordination bonding between the hydroxyl groups of tannic acid and lithium ion.18,261  
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The chemical functionality analyzed by FT-IR (Figure 29(b)) exhibits tannic acid’s 

hydroxyl groups’ stretching around 3600-3000 cm-1 with a strong, wide band centered around 

3362 cm-1. In addition, the strong absorption peaks at 1705 cm-1 correspond to the carbonyl 

(C=O) stretching of ester groups in the glucose unit, respectively. The peaks at 1610 cm-1 and 

1533 cm-1 in tannic acid corresponds to the aromatic C=C stretching. The strong peaks at 1310 

cm-1 and 1191 cm-1 belongs to the O-H bending and C-O stretching of phenolic groups in tannic 

acid (Figure 29(b,c)). The peak at 1444 cm-1 corresponds to the C-C deformation vibrations in 

the phenolic groups. The peaks at 871 cm-1 and 754 cm-1 correspond to the aromatic C-H 

bending and C=C distortion vibrations in benzene rings, respectively.265 In TALi, the stretching 

at 3371 cm-1 corresponds to the residual hydroxyl groups in tannic acid. On the other hand, 

lithium complexation to tannic acid led to drastic peak shift in ester carbonyl stretching from 

1705 cm-1 in tannic acid to a shoulder peak at 1689 cm-1 in TALi-complex. This shift indicates 

the strong coordination nature of lithium-ion with the carbonyls in pyrogallol units.261 Further, 

the aromatic C=C stretching peaks shifted from 1610 cm-1, and 1533 cm-1 in tannic acid to 1582 

cm-1, and 1502 cm-1 in TALi-complex (Figure 29(b,c)). The O-H bending peak at 1310 cm-1 in 

tannic acid has become a broad band split into two peaks at 1372 cm-1 and 1333 cm-1 which 

indicates the lithium-ion coordination with the hydroxyl groups of tannic acid.115 A phenolic C-O 

peak shift was observed from 1191 cm-1 to 1205 cm-1 along with the reduction in its intensity. 

The C-O stretching of ester groups in tannic acid shifted from 1083 cm-1 and 1023 cm-1 to 1093 

cm-1 and 1052 cm-1 suggesting lithium interactions with the ester carbonyls. These peak shifts 

suggest that both hydroxyl and ester groups in tannic acid could be involved in coordination with 

lithium-ions.266,267  Herein, the lithium ion being a Lewis acid could be forming a stable 

coordination complex with the oxygen donor atoms (hard base) of the carbonyl group as well as 
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the hydroxyl atoms.78 However, the coordination geometry is uncertain at this point. From an 

electrostatic standpoint, tetrahedral coordination is most stable and common among divalent non-

transition metal ion complexes.266 According to HSAB theory, hard acids with LUMO orbitals of 

high energy prefer to coordinate with hard bases with HOMO orbitals of lower energy. In 

general, hard acids/electrophiles have a small size with high positive charge and hard 

bases/nucleophiles have small size with high electronegativity like in carboxylate moieties.268  

Figure 29. (a) UV-visible absorption spectra taken at different time intervals, (b) and (c) 

FTIR spectra of TALi complex and tannic acid (TA).   

 

The XPS elemental survey supports the presence of the elements C, O and Li with the 

empirical formula of Li18C76H34O46.8H2O. The binding energy spectra for each element are 

shown in Figure 31(b–d), supporting their oxidation states.The C 1s scan shows peaks at 284.95 

eV, 286.35, and 288.62 eV, which is assigned to the sp2 bonded carbon of the C phenyl and ester 

groups of the tannic acid.195 In the O 1s scan depicted two characteristic peaks at 531.48 eV and 

533 eV which correspond to the C=O and C-O bonds of the ester carbonyl194 and phenol groups 

in tannic acid. A full-width half maximum (FWHM) value of 4.49 eV for O 1s supports the 

oxygen chemical bonding state of O−2 which corresponds to the phenolate form.261 Further, Li 1s 

gave an FWHM of 3.64 eV for TALi supporting the oxidation state of +1 (Li+) along with its 

binding energy peak at ~55.5 eV.198 
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The thermal stability of TALi complex was obtained by performing TGA (Figure 30(e)) 

which shows small weight loss in the 25-150 °C, corresponding to absorbed water. According to 

studies, the five outer-layer gallic acid units in tannic acid decompose via decarboxylation 

between 230 and 400 °C.269 From Figure 30(e), significant weight loss occurs in the region 200-

400 °C, which indiactive of the breaking down the complex (27.12 wt%) with a pronounced peak 

at 246 °C confirming the initial degradation temperature of tannic acid.270 The second 

pronounced peak from DTG curve is at a higher temperature in TALi (390 °C) when compared to 

tannic acid (306 °C).265 The presence of doublet peaks in DTG may be due to simultaneous 

decomposition of different gallic acid units from different branches.269 From Figure  30(e), the 

second major weight loss corresponding to the degradation of tannic acid occurs after 400 °C 

with a peak at 661 °C. Finally, after 700 °C the residual 28 wt% includes lithium oxide and char. 

The TALi coordination complex although showed similar degradation curve until 300 °C they 

show better thermal stability in the region 300-800 °C, when compared to tannic acid.265  

Figure 30(f) shows pH-dependent surface properties of TALi colloidal solution in 

anhydrous ethanol. The TALi colloidal solution is very stable in the basic pH range and the 

magnitude of zeta potential increases with increasing pH, exhibiting a high zeta potential value 

of -63.1 mV at pH 9. These particles have negative zeta potentials at most pH levels which 

indicate that the particles have negatively charged surfaces, except a positive zeta-potential of 

1.4 mV was observed at pH 1.33. The pH above 7 (basic pH) promotes the deprotonation of 

hydroxyl groups which contribute to negative charged surfaces. The surface charge stabilization 

at pH above 7 maybe due to the electrostatic repulsions between the negatively charged particle 

surfaces which promotes the colloidal stability. The isoelectric point of the TALi colloidal 

solution is at a pH of 1.8, where the zeta-potential value is zero and the colloidal solution is very 
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unstable promoting aggregation. Also, the TALi colloidal solution exhibits a positively charged 

particle surface at pH below 1.8. 

Figure 30. (a) The XPS survey spectrum, and the binding energy spectra of: (b) C 1s and 

(c) O 1s (d) Li 1s of TALi, (e) thermogravimetric analysis, and (f) zeta potential versus pH 

of TALi colloids in ethanol. 

 

Morphologies of TALi microstructures were studied using the SEM and TEM images 

depicted in Figure 31. The SEM images (Figure 31(a,b)) of the particles show irregular 

spherical nanoparticles with aggregated clusters. They have a variety of size distribution ranging 

from 40-100 nm with a mean particle diameter of 63 nm (Figure 31(c)) with void spaces (30-70 

nm) between the aggregated clusters. The TEM images (Figure 31(d-f)) of these aggregated 

clusters show irregular large cavities (> 100 nm). The pore-size distribution and pore volume 

obtained from the N2 adsorption-desorption isotherms (Figure 31(g-i)) using the 

Brunauer−Emmett−Teller Surface analysis. A Type IV(a) isotherm was obtained, which is 

typical for mesoporous (2-50 nm) materials.208 The average BJH adsorption pore width and BJH 
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desorption pore volume were 15 nm and 0.016 cm3/g with a very low BET surface area of 4.76 

m2/g. Capillary condensation is accompanied by hysteresis in Type IV(a) isotherms. These H3 

hysteresis loops could be due to the presence of non-rigid aggregates and macroporous pore 

networks, which are not completely filled with pore condensate.271 The low BET surface area 

and low pore volume indicate few or no available mesopore volumes in the TALi complexes. 

Figure 31. (a) & (b) SEM images, (c) size distribution curves for the aggregated particles, 

(d-f) TEM images, (g) N2 BET Isotherms, (h) BJH Adsorption dV/dw pore volume 

distribution plot, and (i) NLDFT Cumulative pore volume distribution plot for TALi. 

 

 

5.2.2 Ionic Conductivity studies 

To evaluate the ionic conductivity, TALi@LEC powders were pressed into dense pellets, 

having varying lithium perchlorate weight percentages. These pellets were analyzed on the EIS 
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as shown in Figure 32(a) and the overall ionic conductivity (σ) of these pellets obtained at 25 °C 

is illustrated in Table 4, after normalizing with the thickness of each pellet (0.74 – 1 mm). The 

ionic conductivity was calculated using the bulk resistance (Rb) value taken at the intercept of the 

semicircle in the higher frequency area on the real impedance axis, from the Nyquist plots.272 

The Nyquist plots for all the TALi@LEC pellets consist of a semicircle in the high-frequency 

area and an inclined line towards the lower frequencies. The semicircle in the high frequency 

region appears due to a combination of bulk resistance and bulk capacitance (R/C) in solid 

electrolytes, and the inclined line represents the electrical double layer at the 

electrolyte/electrode interface. As seen in Figure 32(a), with increasing lithium salt 

concentrations, the complex plot first shift to the left i.e., towards lower bulk resistances, and 

then they shift to the right with the optimum composition of lithium perchlorate of 10wt%. In 

addition, the radius of semicircle, and hence the charge-transfer resistance decreases with 

increasing salt concentrations upto 10wt%. The ionic conductivities of the pellets were in the 

range of 10-5 S/cm with the highest ionic conductivity of 8.77 x 10-5 S/cm for TALi@LEC with 

10wt% LiClO4. The increase in ionic conductivity with addition of LiClO4 is due to the increased 

mobile ions provided by the salt upto 10wt% (Figure 32(b)). The decrease in ionic conductivity 

could be due to the less solvation with the plasticizer, leading to stay as the salt lowering the ion-

pair dissociation.273 Initially, a control sample was investigated having TALi and the plasticizer, 

ethylene carbonate (EC) only (TALi-EC) which displayed open-circuit behavior indicating no 

ionic conductivity from the Nyquist plots. The plasticizer EC was used to increase the salt 

dissociation and facilitating the intramolecular interactions with the complex, thereby providing 

a Li+ ion conduction pathway.274  
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Figure 32(c) shows the ln σ(T) versus reciprocal temperature plot for the TALi@LEC 

pellet and the experimental data obeys the Arrhenius theory wherein the ionic conductivity 

increases linearly with temperature. The loss of EC was observed during the temperature-

dependent ionic conductivity measurements as the TALi@LEC pellet turns semi-solid in nature 

with increase in temperature beyond 55 ℃. The activation energy calculated from the Arrhenius 

fit for the TALi@LEC electrolyte is 0.855±0.146 eV for the salt concentration of 5wt%. 

Activation energy indicates the energy required to move ions through complex and, the 

activation energies higher than 0.15 eV are observed typically in lithium-salt systems with 

organic solvents.275 Herein, an activation energy of 0.855±0.146 eV indicates strong interactions 

between the TALi complex and the ions within the TALi@LEC electrolyte. The ionic 

conductivity values in the TALi@LEC electrolyte are comparable to bio-based solid polymer 

electrolytes such as cellulose276,277, chitosan278,279, agar280 based electrolytes but the activation 

energy obtained for TALi@LEC was higher. Cyclic voltammetry (CV) was performed on the 

TALi@LEC pellet applying the potential range of −1 to +1 at different scan rates as shown in 

Figure 32(d). In a CV experiment, a potential waveform is supplied to the electrode, and the 

resulting current is measured. The resulting current is related to the capacitance of the electrode-

electrolyte interface, and the faradaic and non-faradaic processes which occur at the electrode 

surface. The capacitance behavior of CV is explained using the electrical double-layer theory, 

which describes the behavior of charged particles at electrode-electrolyte interface. When the 

potential is applied to the electrode, charged particles in the electrolyte are attracted to the 

opposite electrode surface, forming a layer of charge known as the electrical double layer (EDL). 

This layer of charge acts as a capacitor storing charge and affects the current measured during 

the CV experiment. EDL capacitance behavior is observed at the solid-electrolyte/electrode 
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interface, and this can affect the performance of solid-state batteries especially their charge-

discharge rates. The CV curves in Figure 32(d) show that as scan rate increased the shape of the 

curve changed from a slightly rectangular shape to leaf like shape which is due to some internal 

resistance during the measurement.281 The curves did not depict any noticeable peaks that 

explained that the system did not undergo any oxidation/reduction reaction. It can also be 

observed that the charge-discharge of both EDL capacitors occurs reversibly at the 

electrode/solid-electrolyte interface. 

Figure 32. (a) Nyquist plots for TALi@LEC pellet containing 2wt% - 20wt% LiClO4, (b) 

composition dependence of ln σ versus LiClO4 concentration, (c) Arrhenius plot of 

TALi@LEC electrolyte (included an image of the pellet) and its activation energy for 

lithium-ion conduction, (d) CV plot of TALi@LEC pellet at various scan rates from 5-100 

mV/s.   
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Table 4. Ionic conductivities of TALi@LEC with different formulations of LEC. 

Sample Name Ionic Conductivity at 25 ℃ 

(S/cm) 

ln σ 

TALi_EC_2wt% LiClO4 1.03 x 10-5 -11.48 

TALi_EC_5wt%LiClO4 

(TALi@LEC) 

4.45 x 10-5 -10.02 

TALi _EC_7wt% LiClO4 6.99 x 10-5 -9.57 

TALi _EC_10wt% LiClO4 8.77 x 10-5 -9.34 

TALi _EC_15wt% LiClO4 4.08 x 10-5 -10.11 

TALi _EC_20wt% LiClO4 3.44 x 10-5 -10.27 

 

5.2.3 FTIR Spectroscopy Measurements 

In order to understand the mechanism of Li-ion conduction in the TALi@LEC 

electrolytes, FTIR spectroscopy, which can reveal the interactions between functional groups, 

was performed on TALi@LEC, TALi and EC samples, respectively. The major peaks for EC at 

1789 cm-1, 1768 cm-1, 1554 cm-1, 1146 cm-1, and 1058 cm-1 are assigned to C=O stretching 

(carbonate ester), CH2 bending vibrations and C-O stretching vibrations, respectively.221,222 EC’s 

ring breathing mode occurs at 891 cm-1 and EC’s ring bending mode occurs at 715 cm-1.224 

Interactions with other molecules profoundly influence the C=O stretching vibrations.222  

In Figure 33(a), C=O stretching peaks at 1789 cm-1 and 1768 cm-1 in EC shifted to 

higher wavenumbers at 1797 cm-1 and 1771 cm-1. This indicates the interactions of EC’s 

carbonyl groups with the Li+ ions due to solvation. Some of the Li ions may also interact with 

the oxygen atoms in the EC ring along with the interactions through the EC’s C=O groups.224 

Further, a reduced absorption intensity at 1689 cm-1 of C=O stretching along with a peak shift to 

1680 cm-1 in TALi@LEC indicate the interactions of EC’s carbonyl groups with the Li+ ions of 

the TALi complex. Additionally, the reduction in aromatic C=C stretching at 1582 cm-1 in TALi 
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and the CH2 bending vibrations in EC at 1554 cm-1 further confirm the interactions of lithium 

ions coordinated to the ester groups in tannic acid with the EC’s carbonyl oxygens. Figure 33(b) 

shows reduction in intensities of C-O-Li+ absorption peaks along with slight peak shifts to 1365 

and 1326 cm-1, which also corresponds to the strong binding interactions of EC’s carbonyl 

groups with the Li+ in the TALi complex. From Figure 33(c), the EC’s C-O peak shifts at 1146 

cm-1 and 1058 cm-1 to 1158 cm-1 and 1068 cm-1 in TALi@LEC correspond to the interactions 

between the ether oxygens of EC and Li+ ions from LiClO4 salt due to solvation.222 In Figure 

33(d), there was a reduced absorption peak of EC’s ring breathing mode at 891 cm-1 and the shift 

in EC’s ring bending mode at 710 to 715 cm-1 along with the intensity reduction of the secondary 

band at 687 cm-1 confirm the free Li+-binding to EC’s ether oxygens. The aromatic C=C bending 

mode in TALi complex at 760 cm-1 reduced to a shoulder peak with a slight shift to 752 cm-1 in 

TALi@LEC, corresponding to the interactions of the free Li+ of LiClO4 salt with the residual 

phenolic oxygens and ester carbonyl groups of TALi complex. Further, the reduced absorption of 

the aromatic C-H bending modes of TALi at 865 and 834 cm-1 are also indicative of mobile Li+ 

ions interacting with the oxygens of the TALi complex. The FTIR spectra of TALi@LEC show 

strong binding between the EC carbonyl groups and the lithium ions in the TALi complex. 

Additionally, strong interactions between the EC molecules and the LiClO4 salt result in 

dissociation of the salt into Li+ and 𝐶𝑙𝑂4
− ions. These mobile Li+ ions binds to both EC and the 

TALi complex. The presence of EC increases the Li-ion solvation facilitating the movement of 

lithium ions along ether oxygens in EC in the TALi@LEC electrolytes. Hence, the FTIR peak 

shifts indicate that the most probable mechanism (Scheme 4) for Li+ ions transport in the  

TALi@LEC electrolytes is via the Li interacting with the EC’s ether oxygens. While EC acting 

as a vehicle to carry Li+ ions, the strong interaction of Li+ ions with TALi’s oxygen functional 
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sites could hinder the movement of Li+ ions, thereby contributing to the lower ionic 

conductivities in ~10-5 S/cm and a high activation energy (~ 0.855 eV) observed for TALi@LEC 

electrolyte. However, for a definitive confirmation on the Li+ transfer mechanism, in-depth 

investigation is needed.   

Figure 33. The FTIR spectra of TALi@LEC, TALi@EC, TALi, and EC in the region (a) 

1900-1500 cm-1, (b) 1450-1200 cm-1, (c) 1200-1000 cm-1, and (d) 925-650 cm-1. 

 

5.3 Conclusion 

In summary, this study demonstrated the successful synthesis of bio-based TALi-

complex. An environmentally friendly cost-effective synthesis method was used to make these 

porous lithium-tannate coordination complex (TALi), which showed reproducibility and 

scalability to achieve higher yields, using an aqueous synthesis method. The UV-visible and 

FTIR spectroscopy analysis confirm the formation of a stable coordination complex of lithium-
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ions with the polytopic ligand, tannic acid, through its phenolic hydroxyl groups and the 

carbonyl groups. The compositional and morphological analysis confirm the formation of the 

lithium-tannate coordination network having an empirical formula, [Li18C76H34O46.8H2O]. TALi 

complex possesses better thermal stability than TA and these particles are very stable in the basic 

pH range. The ionic conductivities of the TALi@LEC electrolytes were in the range of 10-5 S/cm 

with activation energy of 0.855±0.146 eV (5wt% LiClO4) with a high ionic conductivity of ~ 9 x 

10-5 S/cm for the increase in salt concentration to 10 wt% LiClO4. Further the FTIR spectroscopy 

analysis on the TALi@LEC electrolyte shows that the probable Li+ transfer is via the ether 

oxygens of EC bound to the TALi. Nonetheless, this work may offer a guide to prepare novel 

phenolate based lithium-tannate complexes to use as a bio-based solid-state electrolyte material 

for applications in lithium-ion batteries. 
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CHAPTER VI: DESIGN AND SYNTHESIS OF LITHIUM-TANNATE-SILSESQUIOXANE 

MICROSTRUCTURES TO INVESTIGATE LITHIUM-ION CONDUCTION FOR TALI-SSQ-

BASED SOLID-STATE ELECTROLYTES 

6.1 Introduction 

There has been a significant interest over the recent years in designing new polymer 

electrolytes based on organic-inorganic hybrid nanocomposites because these systems provide 

improved conductivity compared to the purely organic macromolecules doped with inorganic 

salts that are typically used as solid electrolytes in batteries.282 Hybrids can be created by: (1) 

interpenetrating organic polyelectrolytes and inorganic silica doped with suitable lithium salts283, 

or (2) copolymerization of organo-alkoxysilane precursor, which can be turned to lithium 

conductors after neutralization with LiOH.284 These organic-inorganic hybrid materials are also 

lightweight and lead to high energy densities.  

A sol-gel approach is the most common path to make organic-inorganic hybrid 

nanomaterials in which organic-inorganic copolymers serve as hosts for lithium ions due to the 

presence of ion-dissolving units.285 Owing to their intriguing properties like strong thermal and 

electrochemical stability and ease of processing, silica-based inorganic-organic hybrids have also 

drawn much attention as polymer matrices for solid-polymer electrolytes.285,286 Several studies 

have described the applications of chemically modified siloxanes, namely ormolytes287, 

polysiloxanes288, polyoctahedral silsesquioxanes91, and polysilsesquioxanes284,288–290 as solid-

state electrolytes for lithium-ion batteries. Silsesquioxanes having the chemical formula 

[RSiO1.5]n are fascinating nanostructured hybrid materials as they exhibit great thermal stability, 
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high dimensional stability, and high ionic conductivities when incorporated as solid-electrolyte 

matrices.91,289,291   

Silicon-based organic-inorganic hybrid materials have three main sub-categories namely, 

organo-silica, organically modified silica or ormosils, and silsesquioxanes (SSQs). Organo-silica 

has the empirical formula Rn-SiO2, ormosils have the empirical formula of (R-Si2O3-SiO2)n, and 

the SSQs have the empirical formula of (RSiO1.5)n, where R stands for organic linkers like 

methyl, ethyl, phenyl, etc. The silsesquioxanes are characterized by silicon to oxygen ratio of 

1:1.5, where ‘sil’ refers to silicon, ‘sesqui’ means ‘one and a half’, and ‘oxane’ refers to 

oxygen.292 Further, the SSQs can be sub-divided into polyhedral oligomeric silsesquioxanes 

(POSS), polysilesquioxanes (PSQs), and bridged polysilsesquioxanes (BPSQs). POSS or cubic 

T8 silsesquioxanes have crystalline, cage-like silica-core structures and organic functional 

groups. These POSS units introduced to ionic liquids and inorganic salts hinder the 

crystallization of host polymer and have applications as SSEs.92 The PSQs are produced via sol-

gel synthesis of organotrialkoxy silanes and have been demonstrated to be used as hybrid 

polymer electrolytes in LIBs.289 BPSQs have organic fragments attached to more than two 

trialkoxy silyl groups and they have better thermal properties than PSQs owing to the tightly 

packed SSQ core structures.292 

Stöber sol-gel is the foundation for synthesizing silicon-based organic-inorganic hybrids 

involving either acid/base catalyzed hydrolysis of orthosilicates followed by the condensation to 

produce silica sols in an alcoholic solution.293 A typical synthesis involves hydrolysis and 

condensation of tetraethoxy silane to create a Si-O-Si network. These silica sols can be collected 

prior to gel formation as silica particles. Further, post functionalization of the silica-sol with 

organoalkoxy chlorosilane produces surface-functionalized silica nanoparticles. Further, the 
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synthesis of ormosils involves base-catalyzed hydrolysis and co-condensation of 

organoalkoxysilane and TEOS. This approach does not give control over size range of particles 

and the organic ligand content is less than 20%.292 The organic ligand content can be increased to 

>90% using the modified stober method, which involving the ‘direct hydrolysis and 

condensation’ of organoalkoxysilane monomer in aqueous solvents. PSQs or BPSQs can be 

synthesized using the modified stöber sol-gel method where the monomers are dissolved, and 

polymerization is initiated in the presence of a weak base typically in ethanolic solution.292  This 

base-catalyzed sol-gel approach is a versatile method to design three dimensional SSQ hybrid 

nanomaterials.  

Hybrid organic-inorganic polymeric networks can be obtained by metallo-organic 

precursors (such as silica or titanium) and natural polymers such as polysaccharides, derivatives 

of vegetable oils and cellulose materials.282 These natural polymers contain hydroxy groups that 

could interact with the in-situ produced metal-oxo polymers.282 Similarly, tannic acid’s hydroxyl 

groups provide suitable sites for metal coordination as demonstrated in Chapter 5 to make the 

lithium-tannate coordination complex. Previous reports have demonstrated the tannic acid-silica 

hybrid nanoparticles for heavy metal adsorption294 and catalytic activity295. Recently, our group 

has demonstrated nanoporous tannic acid-nanoparticles to create dielectric nanomaterials, 

wherein a silsesquioxane core was introduced via a sol-gel polymerization method.296  

In this study, a silsesquioxane network was introduced into the lithiated tannic acid 

complex to produce microstructures of TALi-SSQ using a sol-gel approach wherein residual 

hydroxy functional groups of tannic acid were functionalized with 3-aminopropyl trimethoxy 

silane. The introduction of the silica network is advantageous for: (1) introducing the porosity294–

296 into the lithiated tannic acid , (2) the incorporation of the silsesquioxane matrix enhances the 
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amorphous nature (3) the silsesquioxane nanocages (RSiO1.5) have reactive functional groups at 

cage corners which are available for surface bonding92, and (4) silica cages can entrap 

plasticizers91 and also increase the thermal stability of the final material as silsesquioxanes 

possess higher glass transition temperature. Hence, this study involves the development of solid-

state electrolytes from the novel lithium-tannate silsesquioxane (TALi-SSQ) microstructures, 

hoping to achieve higher ionic conductivity compared to TALi complexes, at room temperatures. 

The parameters like silane precursor concentrations, amount of the base, and reaction times were 

optimized to obtain the porous TALi-SSQ microstructures. Their chemical composition, thermal 

stability, and morphology were investigated. The lithium-ion conduction of TALi-SSQ-based 

solid-state electrolytes was studied using electrochemical impedance spectroscopy. The lithium-

ion interactions with the microstructures and the plasticizer were deduced using FTIR 

spectroscopy analysis. 

6.2 Results and Discussion of TALi-SSQ microstructures 

6.2.1 Synthesis and Characterization of TALi-SSQ microstructures 

In this work, lithiation followed by base-catalyzed sol-gel process297,298 was used to 

synthesize the lithium-tannate silsesquioxane (TALi-SSQ) microstructures. In a typical synthesis 

process, first tannic acid was randomly lithiated using lithium hydroxide to make TALi complex, 

which was further reacted with 3-aminopropyl trimethoxy silane in the presence of ammonium 

hydroxide as a base. 105Scheme 5 depicts the chemistry of producing TALi-SSQ microstructures. 

These TALi-SSQ microstructures have a silsesquioxane core structure of lithiated-tannic acid 

upon the sol-gel polymerization.297,298 The effect of the base concentration and the amount of 3-

APT on the formation of microstructures was also studied. The morphology, thermal stability, 

and particle’s chemical compositions of TALi-SSQ microstructures prepared in this manner were 
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evaluated. The pellets of solid-state electrolytes from TALi-SSQ microstructures were fabricated 

by mixing with the lithium salt and EC and evaluate the electrochemical properties of these 

biodegradable silica-based organic-inorganic hybrid nanomaterials and compared with the 

properties of biodegradable natural polymers such as cellulose, lignin, pectin, and 

gelatin.12,13,299,300  

Scheme 4. Synthesis schematic of lithium-tannate silsesquioxane (TALi-SSQ) 

microstructures. 

 

TALi-SSQ microstructures were collected after washing multiple times with anhydrous 

ethanol to remove the unreacted precursors and dried under air. The powder was re-dispersed in 

ethanol. UV-visible spectral traces for the microstructures prepared at different base 

concentrations are depicted in Figure 34(c). Tannic acid exhibits a strong UV absorption with 

two characteristic absorption bands at 219 nm and 277 nm, attributed to the π-π* and n- π* 

transitions respectively (Figure 34(c)).105,264 For the TALi-SSQ microstructures prepared with a 

base volume of 0.25mL NH4OH, a red-shift was observed from 219 nm to 240 nm along with a 

less pronounced peak at 277 nm when compared to tannic acid. An additional absorption peak at 

330 nm is an indicative of the lithiation as well as the functionalization of pyrogallol hydroxyl 
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groups with the silane precursor.297 Similar absorption bands at 240 nm and 355 nm were 

observed in TALi-SSQ microstructures prepared at the base amount of 0.5 mL and the peak at 

277 nm seems to have disappeared. For the microstructures prepared at the base amount of 1mL, 

a more pronounced peak at 226 nm was observed when compared to tannic acid’s peak at 219 

nm along with a small shoulder peak at 277 nm and an additional peak at 330nm.  

The FTIR analysis was performed on the dried powder of TALi-SSQ microstructures 

prepared at three different base concentrations and silane precursor (3-APT) concentrations and 

are depicted in Figures 34(a) and 34(b). The strong, broad peak at ~3350 cm-1 in all the TALi-

SSQ microstructures correspond to the residual hydroxyl groups in the tannic acid. The peak at 

~2940 cm-1 corresponds to C-H stretching of alkyl groups of the silane precursor.294 The 

characteristic bands for Si-O-C (1096-1085 cm-1) confirm that the silsesquioxane cores were 

successfully incorporated into the tannic acid structure. Further from Figure 34(b), a gradual 

increase in peak intensity at 1085 cm-1 with increase in silane precursor possibly indicates the 

more incorporation of silane units.  The huge reduction in peak intensity and peak shift from 

1705 cm-1 to 1689 cm-1 assigned to C=O stretching is due to the insertion of lithium ions in the 

tannic acid framework.115,194 The strong peaks observed at 1582 cm-1 and 1498 cm-1 along in all 

the TALi-SSQ microstructures correspond to the aromatic C=C stretching similar to TALi 

complex. The O-H bending and phenolic C-O stretching peaks in tannic acid at 1309 cm-1 shifted 

to 1341-1371 cm-1 in the TALi-SSQ microstructures indicating the lithium-ions coordinated to 

the hydroxyl groups of tannic acid. Further from Figure 34(b), a reduction in peak intensity at 

1341-1371 cm-1 and 1200 cm-1 with increase in silane precursor possibly indicates the lower 

incorporation of lithium ions at the phenolic hydroxyl groups of tannic acid. From Figure 34(a), 
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there was no noticeable variation in the peaks with change in the base contents in the TALi-SSQ 

microstructures.  

Figure 34. (a)-(b) FTIR spectra of TALi-SSQ microstructures prepared at different 3-APT 

content, and NH4OH content respectively, and (c) UV-Visible spectra of TALi-SSQ 

microstructures with variation in NH4OH content. 

 

The influence of the amounts of the base and the silane precursor on the morphology and 

size distribution of TALi-SSQ microstructures was visualized using SEM and are depicted in 

Figure 35.  While keeping the 3-APT volume (2mL) constant, at all three different base amounts 

(1 mL, 0.5 mL, and 0.25 mL), there were no significant changes in particle morphologies and 

particles sizes were ranged between 50-300 nm with the average size between 110-170 nm 
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(Figures 35(g-i)). However, the microstructures with the lowest base concentration showed the 

presence of some hollow particles as marked in Figure 35(c). Similarly, with respect to three 

different volumes of 3-APT precursor, at the base volume of 1mL, there were no significant 

changes in morphologies, but the particle size range reduced to between 50-120 nm with the 

average size between 59-68 nm (Figures 35(j)-(l)). The mean particle size of the TALi-Si-B1 to 

TALi-Si-B3 microstructures increased almost twice as much when compared to TALi-Si-B4 to 

TALi-Si-B6 microstructures, i.e., the particle size increases with incorporation of more 

silsesquioxane cores into the TALi network. The TEM images of these microstructures (Figure 

36) show presence of large void spaces between the aggregated nanoparticles and the darker 

regions in these microstructures indicate the presence of dense silsesquioxane cores.301  

Figure 35. (a)-(f) are SEM images of as-synthesized TALi-SSQ microstructures with 

varying compositions of 3-APT and NH4OH, (g)-(l) are size distribution curves for the 

aggregated particles corresponding to SEM images (a)-(f), respectively.  
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Figure 36. (a-d) TEM images of TALi-Si-B1 microstructures. 

 

Dynamic light-scattering (DLS studies) and zeta potential studies were performed on 

these microstructures in anhydrous ethanol solution, which gave a polydispersity index (PDI) in 

the range of 0.4-0.7, indicating that the particle size distribution is broad and exhibits high 

aggregation in these systems when re-dispersed in anhydrous ethanol solutions. A lower poly 

dispersity index (PDI) of 0.06 and hydrodynamic diameter of 561 nm were observed for TALi-
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SSQ microstructures prepared with 0.25mL 3-APT amount, which indicates the presence of 

smaller aggregates when compared with the other TALi-SSQ microstructures. The 

hydrodynamic diameters of the TALi-SSQ microstructures prepared at varying base and silane 

precursors were in the range of 560-1126 nm as mentioned in Table 5. The zeta-potential studies 

were performed on as-synthesized TALi-SSQ microstructures after re-dispersing them in 

anhydrous ethanol. The zeta potential values were mostly below -30 mV showing that the 

suspensions of these microstructures are unstable, and their low zeta-potentials are indicative of 

aggregation as there is less force to prevent these particles from coming together. A higher zeta 

potential of -41 mV was observed in TALi-SSQ microstructures prepared from 0.25mL base 

concentration (TALi-Si-B3) which is a more stable suspension when compared with the other 

TALi-SSQ microstructures.  

Table 5. DLS size measurements and zeta potential values of TALi-SSQ microstructures. 

Sample Name 3-APT (mL)/ 

NH4OH (mL) 

PDI Hydrodynamic 

diameter (nm) 

Zeta potential 

(mV) 

TALi-Si-B1 2/1 0.6 1068 -26 

TALi-Si-B2 2/0.5 0.6 814 -27 

TALi-Si-B3 2/0.25 0.7 867 -41 

TALi-Si-B4 1/1 0.4 855 -21 

TALi-Si-B5 0.5/1 0.6 1126 -28 

TALi-Si-B6 0.25/1 0.06 561 -29 

To use these microstructures as biodegradable solid-state electrolytes, understanding the 

thermal stability is crucial and hence, thermogravimetric analysis (TGA) was performed. The 

TALi-SSQ microstructures prepared with 2mL 3-APT possessed similar thermal degradation 

profiles. Their maximum weight loss was observed in the temperature range of 250-350 ℃ 

which corresponds to the decomposition of tannic acid, as observed in TALi-complex (Figure 
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37(a)). This implies that variation in the base concentration does not affect the thermal stability 

in these TALi-Si-B1 to TALi-Si-B3 microstructures. Contrarily, rapid weight loss at around 300 

℃ corresponding the decarboxylation of tannic acid was observed, when the 3-APT 

concentration was reduced which indicates a slightly lower thermal stability in these TALi-Si-B4 

to TALi-Si-B6 microstructures (Figure 37(b)). Also, the microstructures in Figure 37(b) have 

the first weight loss starting slightly earlier than the ones in Figure 37(a). Further, a second 

degradation occurred in the region 300 – 450 ℃ in the TALi-Si-B6 microstructures prepared 

with lowest 3-APT amount. This second degradation profile is similar to the TALi which 

corresponds to the simultaneous decomposition of different gallic acid units from different 

branches. 

When compared to TALi’s thermal degradation peak at ~250 ℃,113,195 the TALi-SSQ 

microstructures exhibit better thermal stability as their maximum degradation peak shifted to 312 

℃ (Figure 37(c)) which is due to the silane units introduced into the tannic acid core 

structure.297 The DTG curve for TALi-Si-B3 in Figure 37(c) shows a 4% weight loss at 57 ℃ 

due to the surface absorbed moisture, a second degradation peak at 532 ℃ corresponding to the 

weight loss due to the residual alkoxide groups, and a high char yield of about 30%.294 The char 

yield (Figure 37(a)) in the TALi-SSQ microstructures (B1-B3) prepared with a higher amount of 

silane precursor (2mL 3-APT) and same base concentration was around 30% implying that all 

the three microstructures have similar degradation with change in the base concentrations. While 

the char yield reduced with a reduction in the silane precursor with the lowest being for 0.25mL 

3-APT at about 15% at 600 ℃ (Figure 37(b)). This implies that the microstructures with lower 

silica content degrade faster and at a lower temperature due to lower incorporation of 

silsesquioxane networks into the TALi structure.  
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Figure 37. (a)-(b) TGA thermographs of TALi-SSQ microstructures with variation in base 

and silane precursor contents, (c) TGA and derivative thermograph of TALi-Si-B3 

microstructures. 

  

The integration of silane units and lithiation without altering the tannic acid glucose core 

structure is confirmed by the chemical composition analysis and the XPS survey spectrum of 

TALi-Si-B1 microstructures as illustrated in Figure 38(a). The elemental binding energy spectra 

for C 1s, O 1s, Si 2p, N 1s, and Li 1s are shown in Figure 38(b-f). Figure 38(b) shows three 

characteristic binding energy peaks for C 1s at 284.96 eV, 286.22 eV, and 288.14 eV which are 

assigned to the sp2 bonded carbon of the C phenyl and C ester groups of tannic acid.113,297 O 1s 

spectrum (Figure 38(c)) shows peaks at 531.94 eV, and 533.81 eV from the ester carbonyl and 

phenol groups in the tannic acid core.195 The additional peak at 532.73 eV corresponds to the Si-

O bond from the silane units attached to the tannic acid.297 The N 1s scan (Figure 38(e)) gave 

peaks at 401.43 eV and 399.96 eV corresponding to the amine NH and N-C bonding from the 

silane precursor.302 The Si 2p binding energy spectrum exhibits three peaks at 102.5 eV, 103.14 

eV, and 101.86 eV corresponding to the Si-C (organic), Si-O, and amine groups of the 

alkoxysilane units attached to the tannic acid.297 Similar binding energy spectra were exhibited 

by the TALi-SSQ microstructures prepared with varying 3-APT and base volumes and are 

included in the Appendix A. Table 6 shows the binding energy and FWHM values of the 
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individual elements for all the TALi-SSQ microstuctures. A full-width half maximum (FWHM) 

value of ~ 4.2-4.7 eV for O 1s supports the oxygen chemical bonding state of O−2.261 Further, Li 

1s gave an FWHM of ~3-4 eV for TALi supporting the oxidation state of +1 (Li+) along with its 

binding energy peak at ~55.5 eV.198 Further, Si 2p gave an FWHM values ~4 eV corresponding 

to the silica oxidation state of +4. From Table 7, approximately, 2-4 wt% (4-8 at%) Li and 4-14 

wt% (2-7 at%) Si were incorporated into the TALi-SSQ microstructures. With variation in the 

base concentration, the silane units’ incorporation was almost the same while the lithium content 

changed with a maximum of ~7 at% for TALi-Si-B2 microstructures. Contrarily, the silica 

percentage reduced with a reduction in 3-APT concentration, and lithiation was higher with a 

maximum of 8.4 at% (Table 7).  

Figure 38. (a) XPS survey spectrum and binding energy spectra of TALi-Si-B1 

microstructures for: (b) C1s, (c) O 1s, (d) Si 2p, (e) N 1s, and (f) Li 1s. 
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Table 6. Binding energies of TALi-SSQ microstructures. 

Sample Name 

[3-APT (mL)/ 

NH4OH (mL)] 

Binding Energies (eV) 

[FWHM values] 

Li Si N C O 

TALi-Si-B1 

[2/1] 

55.5 

[3.72] 

101.86, 102.5 

& 103.14[4.15] 

399.96 & 

401.43[4.57] 

284.96, 286.22 

& 288.14[4.88] 

532.73, 531.94 

& 533.81[4.41] 

TALi-Si-B2 

[2/0.5] 

55.43 

[3.61] 

101.95, 102.61 

& 103.29[3.87] 

399.92 & 

401.81[4.45] 

284.84, 286.05 

& 288.18[4.77] 

532.47, 531.47 

& 533.36[4.27] 

TALi-Si-B3 

[2/0.25] 

55.49 

[2.92] 

101.88, 102.59 

& 103.4 [3.79] 

399.82 & 

401.43[4.34] 

284.91, 286.17 

& 288.19[4.58] 

532.68, 531.55 

& 533.42[4.23] 

TALi-Si-B4 

[1/1] 

55.37 

[2.54] 

101.87, 102.61 

& 103.54[4.08] 

399.89 & 

401.63[4.52] 

284.88, 286.21 

& 288.42[4.71] 

532.54, 531.71 

& 533.41[4.39] 

TALi-Si-B5 

[0.5/1] 

55.52 

[3.54] 

101.84, 102.57 

& 103.45[3.89] 

399.86 & 

401.42[4.21] 

284.86, 286.19 

& 288.41[5] 

532.44, 531.83 

& 533.45[4.24] 

TALi-Si-B6 

[0.25/1] 

55.42 

[4.57] 

101.85, 102.67 

& 103.33[4.23] 

399.85 & 

401.5[4.51] 

284.92, 286.31 

& 288.88[5.54] 

532.41, 531.35 

& 533.78[4.75] 
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Table 7. XPS survey analysis and elemental composition of TALi-SSQ microstructures. 

Sample Name 

[3-APT (mL)/ 

NH4OH (mL)] 

Atomic (%) Weight (%) 

Li Si N C O Li Si N C O 

TALi-Si-B1 [2/1] 4.31 7.41 47.92 7.36 33.00 2.07 14.4 39.84 7.14 36.55 

TALi-Si-B2 [2/0.5] 6.56 7.35 46.58 6.67 32.83 3.19 14.43 39.12 6.53 36.73 

TALi-Si-B3 [2/0.25] 4.68 7.68 48.57 6.99 32.09 2.25 14.95 40.44 6.78 35.58 

TALi-Si-B4 [1/1] 3.03 7.13 51.91 7.45 30.48 1.47 13.94 43.39 7.26 33.94 

TALi-Si-B5 [0.5/1] 8.35 4.08 47.67 5.94 33.95 4.23 8.35 41.75 6.07 39.61 

TALi-Si-B6 [0.25/1] 8.29 2.00 48.96 4.71 36.04 4.28 4.17 43.75 4.91 42.89 

6.2.2 BET Measurements 

The pore-size distribution and pore volume obtained from the N2 adsorption-desorption 

isotherms (Figure 39(a-c) using the Brunauer−Emmett−Teller Surface analysis. As shown in 

Table 8, BET surface areas and pore volumes obtained for  TALi-SSQ microstructures were 10-

fold higher compared to the BET surface area and the pore volume of TALi complexes. The 

BET surface areas obtained in these TALi-SSQ microstructures were comparable to some clays 

having mesopores with nanometer-sized slit shaped pores.303 Type IV(a) isotherm with very 

narrow hysteresis was obtained for all the TALi-SSQ microstructures (shown in Appendix D) 

which is typical for mesoporous (2-50 nm) adsorbents.208 This occurs if the pore width exceeds a 

certain critical width depending on the adsorption system and temperature.271 Interpretation of 

physisorption hysteresis is essential for the characterization of pore structure.304 The isotherm 

resembles a Type H3 hysteresis loop, which has pseudo-type II isotherm characteristics due to 

the delayed capillary condensation and the metastability of the adsorbed multilayer.304 The N2 
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isotherm gave a Type H3 hysteresis loop indicating the presence of non-rigid aggregates giving 

rise to slit-shaped pores.271,305 The BJH computational method proposed by Barrett, Joyner and 

Halenda is commonly used for mesopore-size distribution.306 The BJH average adsorption pore 

widths were in the range of 16-39 nm and BJH desorption pore volume ranged from 0.077-0.17 

cm3/g.  

Figure 39. (a) N2 BET Isotherms, (b) BJH Adsorption dV/dw pore volume distribution plot, 

and (c) NLDFT Cumulative pore volume distribution plot for TALi-Si-B1 microstructures. 

 

Table 8. N2 BET surface area and BJH pore distribution analyses of TALi-SSQ 

microstructures.  

 
BET surface 

area (m2/g) 

BJH desorption cumulative 

pore volume (cm3/g) 

BJH adsorption average 

pore widths (Å) 

TALi-Si-B1 21.36 0.106 239.105 

TALi-Si-B2 13.78 0.077 199.86 

TALi-Si-B3 25.39 0.174 159.87 

TALi-Si-B4 22.002 0.153 283.57 

TALi-Si-B5 18.03 0.122 390.9 

TALi-Si-B6 18.695 0.142 235.402 
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6.2.3 Ionic Conductivity studies 

To evaluate the ionic conductivity, TALi-Si@LEC powders were pressed into dense 

pellets having no apparent breaks or splits. TALi-Si@LEC pellets were analyzed using EIS in 

Figure 40(a) and the overall ionic conductivity (σ) of these various pellets obtained at 25 ℃ is 

illustrated in Table 9, normalized by the thickness of each pellet (1.37 – 2.74 mm). The ionic 

conductivity was calculated using the bulk resistance (Rb) value taken at the intercept of the 

semicricle in the higher frequency area on the real impedance axis, from the Nyquist plots. The 

semicircle in the high frequency region indicates the bulk response of the solid electrolyte, and 

the inclined line represents the double layer charges at the solid electrolyte/electrode interfaces. 

The salt concentration was 5wt% for all the TALi-Si@LEC electrolyte pellets measured using 

the EIS system. As observed in Figure 40(a), with increasing silica content (from 2 to 7at%) in 

these microstructures the complex impedance plot first shifted to the left i.e., towards lower bulk 

resistances indicating increasing ionic conductivities. Further, the radius of semicircle reduced 

with increasing silica content indicating decrease in the charge-transfer resistance. The TALi-

SSQ microstructures with a high silica content of ~7at% show absence of semicircle implying a 

very low charge-transfer resistance at the electrolyte/electrode interfaces, and thereby exhibit 

higher ionic conductivities in 10-4 S/cm range. The ionic conductivities of these pellets ranged in 

between 10-4 - 10-5 S/cm with the highest ionic conductivity of 5.16 x 10-4 S/cm for TALi-Si-B2 

microstructures have these optimum values for Si (~ 7at%) and Li (~ 6at%) content. 

Interestingly, these TALi-Si@LEC electrolytes having a higher silica content (~7at%) show 

higher ionic conductivities (~10-4 S/cm) when compared to the TALi@LEC electrolyte (~10-5 

S/cm), i.e., the ionic conduction improved with the incorporation of silsesquioxanes networks 

into the TALi which supports our initial hypothesis. The ionic conductivity of these TALi-



 

  131 

Si@LEC electrolytes at room temperature exceeds most polymer electrolyte systems (e.g., PEO-

LiPF6,
307 PEO-LiClO4

308 and PAN-EC-LiClO4
309,310), and other natural polymer-based 

electrolytes (e.g., pectin-LiClO4,
12 and lignin300).  

Temperature-dependent ionic conductivity studies were performed on the TALi-Si@LEC 

pellets in the temperature range of 25-55 ℃ below the glass-transition temperature (Tg) of the 

solid-pellets. The loss of trapped EC was observed during the temperature-dependent ionic 

conductivity measurements as the LEC@Li-MOF electrolyte pellets turn semi-solid in nature 

with increase in temperature beyond 55 ℃. Figure 41(a-f) shows the log σ versus reciprocal 

temperature (1000/T) plot for the TALi-Si@LEC electrolytes and the experimental data indicates 

that the ionic conductivity enhanced linearly with increasing temperature. The experimental data 

was fitted using the Arrhenius equation and the slope of the linear fit was used to calculate the 

activation energy (Ea) values (Table 9). The experimental data indicates that the ionic 

conductivity with increasing temperature obeys the Arrhenius relationship with slightly lower 

correlation coefficient (R2) in TALi-Si-B4@LEC (R2 =0.96) and TALi-Si-B5@LEC (R2 =0.97) 

which imply poor fits and slightly non-Arrhenius behavior of the data. The activation energy 

values (Ea) values lie in the range of 0.16-0.65 eV which are comparable to the solid electrolytes 

(e.g., PAN-hybrid films309, PMMA-LiBF4 films311 and biopolymers such as pectin312, lignin300). 

The lowest Ea was observed in the TALi-Si-B2 sample having the highest ionic conductivity and 

lowest pore volume, making it easy for Li+-ion hopping due to the shorter diffusion distance in 

smaller pores and hence, more favorable for Li+-ion conduction. A higher activation energy was 

observed in the TALi-Si-B3, TALi-Si-B4 and TALi-Si-B6 microstructures having considerably 

higher pore volumes in the range 0.14-0.17 cm3/g, which increases the diffusion distance in 

larger pores, thereby increasing the energy barrier for Li-ion hopping. The highest activation 
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energy (0.65 eV) was observed for the TALi-Si-B6 microstructures having lowest silica content 

(Si~2at%) indicating strong interactions between the TALi-Si-B6 microstructures and the ions 

within the TALi-Si-B6@LEC electrolyte. 

The ionic conductivity values in TALi-Si@LEC electrolytes with high silica content 

(Si~7at%) and a lithium content (Li~3-6 at%) in the TALi-SSQ microstructures were higher ~10-

4 S/cm and have low activation energies (<0.3 eV). Hence, these TALi-Si-B1@LEC and TALi-

Si-B2@LEC electrolytes can be classified as superionic conductors.313 Cyclic voltammetry (CV) 

was on the TALi-Si-B2@LEC pellet the potential range of −1 to +1 at different scan rates as 

shown in Figure 40(b). The CV curves in Figure 40(b) exhibit a leaf like shape as scan rate 

increased which could be due to the internal resistance due to faradaic reactions. Only an ideal 

supercapacitor possesses a perfect rectangular shape. The curves did not depict any noticeable 

peaks that explained that the system underwent any oxidation/reduction reaction. It can also be 

observed that the charge-discharge of both EDL capacitors occurs almost reversibly at the 

electrode/solid-electrolyte interface. 

Figure 40. (a) Nyquist plots of TALi-Si@LEC electrolytes at ambient temperature and (b) 

CV plot of TALi-Si-B2@LEC pellet at various scan rates from 5-100 mV/s.  
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Figure 41. (a)-(f) Arrhenius plots of TALi-Si@LEC electrolyte and their activation energies 

for lithium-ion conduction, and (g)-(l) Nyquist plots of TALi-Si@LEC electrolytes. 
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Table 9. Ionic conductivity and activation energy values of TALi-SSQ microstructures 

Sample 

Name 

3-APT 

(mL)/ 

NH4OH 

(mL) 

Ionic Conductivity 

at 25 ℃ (S/cm) 

Activation 

Energy (eV) 

BJH desorption 

cumulative pore 

volume (cm3/g) 

TALi-Si-B1 2/1 (1.87±0.085) x 10-4 0.178±0.029 0.106 

TALi-Si-B2 2/0.5 (8.85±0.961) x 10-4 0.167±0.022 0.077 

TALi-Si-B3 2/0.25 (5.78±0.217) x 10-4 0.367±0.028 0.174 

TALi-Si-B4 1/1 (4.35±0.151) x 10-4 0.396±0.029 0.153 

TALi-Si-B5 0.5/1 (8.85±0.437) x 10-5 0.182±0.029 0.122 

TALi-Si-B6 0.25/1 (5.43±0.492) x 10-5 0.645±0.062 0.142 

6.2.4 TGA measurements on TALi-Si-B1@LEC electrolyte 

The thermal stability of TALi-Si-B1@LEC electrolyte was studied using the TGA 

analysis as shown in Figure 42. Pure EC starts to degrade around 90 ℃ and completely 

decomposes before 150 ℃.236 Addition of lithium perchlorate salt could reduce the 

decomposition temperature and lower the thermal stability of LEC.237 Hence, in TALi-Si-

B1@LEC (Figure 42), the major weight loss of 63% with peak degradation at 124 ℃ (from 

DTG) corresponds to the encapsulated LEC electrolyte in the TALi-Si-B1 microstructures. There 

is an initial weight loss of ~6% with peak degradation from DTG at 36 ℃ which corresponds to 

surface absorbed moisture, as observed in TALi-Si-B3 microstructures. Further the degradation 

profile from 141 ℃ to 600 ℃ is similar to the TALi-Si-B1 microstructures in Figure 37(a) with 

a 7% char yield. From the DTG, the weight loss was observed at 318 ℃ corresponds to the 

decomposition of tannic acid via decarboxylation, as observed in TALi-Si-B1 microstructures 

(Figure 37(a)). 
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Figure 42. TGA thermograph of TALi-Si-B1@LEC electrolyte. 

 

6.2.5 FTIR Spectroscopy Measurements 

FTIR spectroscopy was performed on TALi-Si-B1@LEC, TALi-Si-B1 and EC samples 

to further understand the mechanism of Li-ion conduction in the TALi-Si@LEC electrolytes. In 

Figure 42(a), C=O stretching peaks at 1789 cm-1 and 1768 cm-1 in EC shifted to higher 

wavenumbers at 1794 cm-1 and 1770 cm-1 which corresponds to the interactions of EC’s carbonyl 

groups with the mobile Li+ ions due to solvation. Additionally, the reduction in aromatic C=C 

stretching in TALi-SSQ at 1582 cm-1 and the CH2 bending vibrations in EC at 1554 cm-1  

indicate the interactions of Li+ nodes of TALi-SSQ microstructures and EC carbonyl oxygens. 

Figure 42(b) shows reduction in intensities of C-O-Li+ absorption peaks along with slight peak 

shifts to 1366 cm-1 indicating the strong binding interactions of EC’s carbonyl groups with the 

O-Li+ sites of TALi-Si microstructures. From Figure 43(c), the EC’s C-O peak shifts at 1146 

cm-1 and 1058 cm-1 to 1152 cm-1 and 1061 cm-1 in TALi-Si-B1@LEC correspond to the 

interactions between the ether oxygens of EC and Li+ ions from LiClO4 salt due to solvation.222 

In Figure 43(d), there was a reduced absorption peak of EC’s ring breathing mode at 891 cm-1 

and the shift in EC’s ring bending mode at 710 to 715 cm-1 along with the intensity reduction of 

the secondary band at 687 cm-1 confirm the free Li+ binding to EC’s ether oxygens. The aromatic 
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C=C bending mode in TALi-SSQ microstructures at 762 cm-1 disapperared to a slight shoulder 

peak at 753 cm-1 in TALi-Si-B1@LEC corresponding to the interactions of the mobile Li+ of the 

salt with the residual phenolic oxygens and ester carbonyl groups of TALi-SSQ microstructures. 

Further, the reduced absorption of the aromatic C-H bending modes of TALi-SSQ at 862 and 

832 cm-1 are also indicative of mobile Li+ ions interacting with the oxygens of the TALi-SSQ 

microstructures. Additionally, the peak at 623 cm-1 belonging to one of the vibrational mode of 

𝐶𝑙𝑂4
− anion along with a weak shoulder peak at 644 cm-1 confirms the interactions of 𝐶𝑙𝑂4

− anion 

with EC molecules.224 Hence, the FTIR spectra of TALi-Si-B1@LEC confirms the EC’s 

interations with LiClO4 salt result in dissociation of the salt into Li+ and 𝐶𝑙𝑂4
− ions. Further, the 

FTIR spectra also shows strong binding interactions between the EC carbonyl groups and the O-

Li+ groups in the TALi-SSQ microstructures. These mobile Li+ ions of the salt hop along the 

porous channels of the TALi-SSQ microstructures while interacting with the EC’s ether oxygens 

and oxygen functional sites of the TALi-SSQ microstructures. The incorporation of 

silsesquioxane networks into the TALi network could result in restriction of accessible oxygen 

functional sites for the interactions with the mobile Li+ of the lithium perchlorate salt when 

compared to TALi complex. Thereby, favoring the mobile Li+ ions binding to the plasticizer 

EC’s ether oxygen groups over the frameworks oxygen functional sites and promoting the Li+ 

hopping via the EC’s ether oxygens (as coordination sites) along the porous channels of TALi-

SSQ microstructures. Further, the EC molecules in the pores can provide a continuous Li+ 

hopping pathway facilitating Li-ion diffusion through the porous channels. This could be a 

reason for observing lower activation energies and higher ionic conductivities in TALi-SSQ 

microstructures when compared to the TALi complexes.  
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Figure 43. The FTIR spectra of TALi-Si-B1@LEC, TALi-Si-B1@EC, TALi-Si-B1, and EC 

in the region (a) 1900-1500 cm-1, (b) 1500-1300 cm-1, (b) 1200-1000 cm-1, and (d) 900-600. 

 

6.3 Conclusion 

In summary, this study demonstrated the successful synthesis of TALi-SSQ 

microstructures with various base and silane precursor concentrations. An effective base-

catalyzed sol-gel polymerization method was used to synthesize the TALi-SSQ hybrid 

microstructures by introducing a silsesquioxane framework into the TALi which serves as a 

robust backbone while isolating organic segments by connecting them in a well-defined 

structure. The pyrogallol units in the lithium-tannate complex were modified to create sol-gel 

reactive sites with a trialkoxysilane precursor. The UV-visible, FTIR, and XPS spectroscopy 

analysis indicate the presence of lithium coordination as well as the incorporation of 

silsesquioxane units into the tannic acid structure. Varying the molar ratios of base and silane 

precursors resulted in nanoparticles with mean particle sizes in the range of 60-170 nm on SEM. 
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These TALi-SSQ particles possess better thermal stability than TALi and especially, the TALi-

Si-B3 particles give more stable suspensions in anhydrous ethanol. The ionic conductivities of 

the TALi-Si@LEC electrolytes were in the range of 10-4 -10-5 S/cm with activation energies in 

the 0.16-0.65 eV range. The TALi-Si@LEC electrolytes with high silica content (~7at%) showed 

the characteristics of superionic conductors possessing high ionic conductivities~10-4 S/cm and 

low activation energies. The TGA and FTIR analysis of the TALi-Si-B1@LEC electrolyte shows 

the incorporation of ethylene carbonate into the TALi-SSQ microstructures and a possibility of 

lithium-ion conduction via the encapsulated EC in the porous TALi-silsesquioxanes. Thus, novel 

phenolate based lithium-tannate silsesquioxane microstructures were demonstrated as solid-state 

electrolytes possessing properties of superionic conductors for potential applications in lithium-

ion batteries. 
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CHAPTER VII: CONCLUSION AND FUTURE SCOPE 

7.1 Conclusions 

This dissertation's goal was to develop novel solid-state electrolyte systems from the 

carboxylate-based metal-organic frameworks and bio-based coordination polymers by tailoring 

their structure and functionality. This work offers the following contributions. 

• Demonstrated a modified solvothermal method to synthesize an isoreticular series of 

three highly crystalline, porous lithium-based carboxylate frameworks (Li-MOFs) and 

developed novel solid-state electrolytes using these Li-MOF hosts. 

• Demonstrated an environmentally friendly room-temperature approach to synthesize the 

porous lithium-tannate coordination complex and developed bio-based solid-state 

electrolytes. 

• Demonstrated a green sol-gel approach to synthesize porous lithium-tannate 

silsesquioxane microstructures to develop silsesquioxane based solid-state electrolytes. 

There is vast literature on fabrication of solid-state electrolytes with diverse types of 

synthetic polymer matrices using various fillers, plasticizers, and lithium salts to develop solid-

state electrolytes with ionic conductivities in the order of liquid electrolytes (~10-2 S cm-1). 

However, utilizing sustainable natural polymers as the main matrix is a less common approach 

but an expanding area of research to develop novel bio-based solid-state electrolytes which are 

more environmentally friendly and recyclable. Consequently, this work demonstrates the use of 

an oxygen-rich polyphenol, tannic acid, as the main matrix for the development of novel bio-

based solid-state electrolytes, which is very rarely explored. Due to the strong metal chelating 

properties of tannic acid, they can form lithium coordinated-phenolate coordination complexes, 
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which have great potential to produce high ionic conductivities. Further, the silsesquioxane units 

were incorporated into the TALi to increase the porosity, thermal and chemical stability. The 

addition of this silica functionality into TALi enhanced the ionic conductivity of the TALi-SSQ 

microstructures. Additionally, studying the composition, structure, and solid-state ionic 

conduction in Li-based MOFs with isoreticular expansion gave better insights for understanding 

the Li-ion conduction in lithium-tannate-based solid-state electrolytes. 

Aim 1 of the dissertation research work was synthesizing isoreticular series of highly 

crystalline Li-MOFs using a solvothermal approach. This solvothermal approach allowed 

reasonable control with variation in linkers, provided reproducibility, and scalable to achieve 

higher yields. The detailed compositional analysis, morphology and crystallinity confirms the 

formation of three isoreticular Li-MOFs. The isoreticular Li-MOFs had irregular shapes and 

truncated rods with size range in 8-70 µm. These MOFs were highly thermally stable upto 500-

550℃ owing to the rigidity offered by the frameworks. The structure and crystallinity of the 

isoreticular Li-MOFs were confirmed after performing a detailed analysis using the XRD and 

HRTEM. BET measurements showed a bimodal pore distribution for all the three Li-MOFs with 

pore volumes in the range of 0.61-0.71 cm3/g and BET surface areas in the range of 741-894 

m2/g. The plasticizer ethylene carbonate and lithium salt, lithium perchlorate was used to 

develop the LEC@Li-MOF electrolytes. The ionic conductivities of these electrolytes were in 

the range of 1.7 - 6.6 x 10-5 S/cm and activation energy values were in the range of 0.63 – 0.72 

eV. Interestingly, the highest ionic conductivity and lowest activation energy was obtained for 

the LEC@Li-BPDC electrolyte with the longest linker possessing the lowest pore volume. 

According to our initial hypothesis, the isoreticular expansion did not affect the ionic 

conductivities at room temperature significantly but the reticular expansion and pore size of Li-
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MOFs affect the Li+-ion conduction mechanisms. The FTIR spectra of Li-MOF based SSEs 

suggested a ‘pore-filling driven Li ion conduction’ wherein the free/bound states of Li+-ion 

diffuse either via ion-hopping or both ion-hopping and vehicular mechanism. Thus, this work 

contributes significantly to the basic understanding of ionic conduction in Li-MOF-based SSEs, 

paving the path for developing all-solid-state batteries. 

Aim 2 targeted the development of bio-based SSEs using the lithium-tannate 

coordination complex, which were synthesized using a cost-effective, eco-friendly method at 

room temperature. This approach uses the principles of green chemistry avoiding toxic chemicals 

and involves rapid complex formation to produce the TALi complexes. The UV-visible, FTIR, 

and XPS spectroscopy analysis confirmed the random coordination of lithium ions onto tannic 

acid’s hydroxyl groups. XPS analysis also revealed that a 1:20 molar ratio of TA to LiOH 

resulted in approximately 18 lithium bound to each tannic acid’s hydroxyl groups. TALi 

complex showed better thermal stability when compared to tannic acid, and its colloidal solution 

is highly stable in the basic pH range. The high dielectric constant of plasticizer EC favors the 

dissociation of the lithium perchlorate salt favoring the ionic hopping and boosting ionic 

conductivity. The ionic conductivity measurements on the TALi@LEC electrolytes gave ionic 

conductivities in the 1.03 – 8.77 x 10-5 S/cm range. Also, the ionic conductivity in the 

TALi@LEC electrolytes increased with an increase in salt concentration until the optimum salt 

concentration of 10wt% LiClO4. The temperature-dependent ionic conductivity data resulted in 

an Arrhenius fit with an activation energy of 0.85 eV for the TALi@LEC electrolyte (5wt% 

LiClO4). Further, the FTIR spectroscopy investigation of the TALi@LEC electrolyte confirms 

the interactions of EC carbonyls with the TALi and the ether oxygens with Li+ ions of the 

LiClO4. Thus, the most probable ionic conduction mechanism is Li+ ion hopping via the ether 
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oxygens of EC. This work demonstrated the use of the lithium phenolate coordination complex 

as a solid-state electrolyte and shows potential for developing bio-based solid-state electrolytes. 

Aim 3 focused on investigating the ionic conduction properties of the lithium-tannate 

silsesquioxane microstructures. These silsesquioxane networks were introduced into the lithium-

tannate structure using a base-catalyzed sol-gel process. The UV-Visible and FTIR spectroscopy 

analysis confirmed the lithiation and the incorporation of silane units into these microstructures. 

There was an increase in the silica content up to ~7% with an increase in the silane precursor 

amount from 0.25 to 2 mL and maximum lithium incorporation of ~8%. The variation in base 

and silane precursor concentrations resulted in nanoparticles with mean particle sizes of 60-170 

nm. The TEM images showed the presence of large void spaces between the aggregates of these 

particles. The EIS measurements on the TALi-Si@LEC electrolytes gave ionic conductivities in 

the 10-4-10-5 S/cm. Interestingly, the samples with higher silica content (~7at%) showed higher 

ionic conductivities in ~10-4 S/cm and lower activation energies than TALi@LEC electrolyte. It 

can be inferred that the silsesquioxane cores incorporation into TALi structure enhanced the 

ionic conduction depicting the properties of super-ionic conductors. Further, the temperature-

dependent ionic conductivity plots of the electrolytes showed Arrhenius behavior resulting in 

activation energies in the range of 0.16-0.65 eV. The presence of LEC electrolyte in the 

microstructures was confirmed from FTIR and TGA analysis on the TALi-Si-B1@LEC 

electrolyte. The ionic conduction in these TALi-Si@LEC electrolytes could be Li+ ion hopping 

via encapsulated EC in these porous microstructures. Thus, the incorporation of silsesquioxane 

networks into the lithiated tannic acid structure resulted in higher ionic conductivities than the 

TALi complexes and further, the TALi-SSQ based SSEs showed properties of superionic 

conductors which are promising for incorporation into the all-solid-state batteries. 
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7.2 Recommendations for Future Research 

This dissertation has provided a basic understanding of designing solid-state electrolytes 

using coordination polymer systems. These CPF-based SSEs have great potential for all-solid-

state batteries, which is crucial for developing safer, longer-lasting electric vehicles. Herein, this 

section provides some potential future directions that can be pursued for potential applications in 

solid-state batteries. 
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APPENDIX A: XPS DATA OF TALI-SSQ MICROSTRUCTURES  

Figure A1. (a) XPS survey spectrum and binding energy spectra of TALi-Si-B2 

microstructures for: (b) C1s, (c) O 1s, (d) Si 2p, (e) N 1s and (f) Li 1s. 
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Figure A2. (a) XPS survey spectrum and binding energy spectra of TALi-Si-B3 

microstructures for: (b) C1s, (c) O 1s, (d) Si 2p, (e) N 1s and (f) Li 1s. 

  

Figure A3. (a) XPS survey spectrum and binding energy spectra of TALi-Si-B4 

microstructures for: (b) C1s, (c) O 1s, (d) Si 2p, (e) N 1s and (f) Li 1s. 
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Figure A4. (a) XPS survey spectrum and binding energy spectra of TALi-Si-B5 

microstructures for: (b) C1s, (c) O 1s, (d) Si 2p, (e) N 1s and (f) Li 1s. 

     

Figure A5. (a) XPS survey spectrum and binding energy spectra of TALi-Si-B6 

microstructures for: (b) C1s, (c) O 1s, (d) Si 2p, (e) N 1s and (f) Li 1s. 
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APPENDIX B: TEMPERATURE DEPENDENT IONIC CONDUCTIVITY DATA OF LI-MOF 

BASED SOLID-STATE ELECTROLYTES 

Table B1. Temperature dependent ionic conductivity data for LEC@Li-BDC electrolyte.  

Sample Name 
(Thickness of pellet = 1.4mm) 

Temp

eratu

re 

(℃) 

Tem

perat

ure 

(K) 

Ionic Conductivity 

(σ) (S/cm) 

1000/T  

(K-1) 

ln (σ) Standard 

deviation 

of ln (σ) 

Li-BDC-EC-5wt% LiClO4  25 298 (1.72± 0.104) x 10
-5

 3.36 -10.97 0.0596 

Li-BDC-EC-5wt% LiClO4  35 308 (4.8± 1.604) x 10
-5

 3.24 -9.94 0.3413 

Li-BDC-EC-5wt% LiClO4  45 318 (1.18± 0.006) x 10
-4

 3.14 -9.04 0.0049 

Li-BDC-EC-5wt% LiClO4  55 328 (2.17± 0.041) x 10
-4

 3.05 -8.43 0.01908 

 

Table B2. Temperature dependent ionic conductivity data for LEC@Li-NDC electrolyte. 

Sample Name 
(Thickness of pellet = 1.2mm) 

Tem

perat

ure 

(℃) 

Tem

pera

ture 

(K) 

Ionic Conductivity 

(σ) (S/cm) 

1000/T  

(K-1) 

ln (σ) Standard 

deviation 

of ln (σ) 

Li-NDC-EC-5wt% LiClO4  25 298 (3.66± 0.624) x 10
-5

 3.36 -10.21 0.1618 

Li-NDC-EC-5wt% LiClO4  35 308 (7.49 ± 0.871) x 10
-5

 3.24 -9.49 0.1162 

Li-NDC-EC-5wt% LiClO4  45 318 (1.63± 0.305) x 10
-4

 3.14 -8.72 0.1796 

Li-NDC-EC-5wt% LiClO4  55 328 (4.91± 0.293) x 10
-4

 3.05 -7.61 0.0288 

 

Table B3. Temperature dependent ionic conductivity data for LEC@Li-BPDC electrolyte. 

Sample Name 
(Thickness of pellet = 2mm) 

Tem

perat

ure 

(℃) 

Tem

pera

ture 

(K) 

Ionic Conductivity 

(σ) (S/cm) 

1000/T  

(K-1) 

ln(σ) Standard 

deviation 

of ln (σ) 

Li-BPDC-EC-5wt% LiClO4  25 298 (6.66± 0.24) x 10
-5

 3.36 -9.61 0.0357 

Li-BPDC-EC-5wt% LiClO4  35 308 (1.44 ± 0.2) x 10
-4

 3.24 -8.84 0.14013 

Li-BPDC-EC-5wt% LiClO4  45 318 (3.36± 0.375) x 10
-4

 3.14 -7.99 0.11377 

Li-BPDC-EC-5wt% LiClO4  55 328 (6.19± 0.265) x 10
-4

 3.05 -7.38 0.04307 
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Figure B1. Open-circuit graphs of Li-BDC, Li-NDC and Li-BPDC MOFs. 
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APPENDIX C: TEMPERATURE DEPENDENT IONIC CONDUCTIVITY DATA OF TALI 

BASED SOLID-STATE ELECTROLYTES 

Table C1. Temperature dependent ionic conductivity data for TALi@LEC electrolyte. 

Sample Name 
(Thickness of pellet = 1mm) 

Tempe

rature 

(℃) 

Temp

eratu

re 

(K) 

Ionic 

Conductivity (σ) 

(S/cm) 

1000/

T  

(K-1) 

ln (σ) Standard 

deviation 

of ln (σ) 

TALi-EC-5wt% LiClO4  25 298 (5.1± 0.411) x 10-5 3.36 -9.89 0.082 

TALi-EC-5wt% LiClO4  35 308 (1.4± 0.5) x 10-4 3.24 -8.87 0.339 

TALi-EC-5wt% LiClO4  45 318 (4.2± 0.421) x 10-4 3.14 -7.77 0.101 

TALi-EC-5wt% LiClO4  55 318 (1.1± 0.075) x 10-3 3.14 -6.81 0.065 

 

Table C2. Temperature dependent ionic conductivity data for TALi-Si-B1@LEC 

electrolyte. 

Sample Name 
(Thickness of pellet = 1.92mm)  

Tem

perat

ure 

(℃) 

Tem

perat

ure 

(K) 

Ionic Conductivity 

(σ) (S/cm) 

1000/

T  

(K-1) 

ln(σ) Standard 

deviation 

of ln (σ) 

TALi-Si-B1-EC-5wt% LiClO4  25 298 (1.87±0.085) x 10-4 3.36 -8.58 0.045 

TALi-Si-B1-EC-5wt% LiClO4  40 313 (2.79±0.095) x 10-4 3.19 -8.18 0.034 

TALi-Si-B1-EC-5wt% LiClO4  60 333 (4.05±0.041) x 10-4 3 -7.81 0.01 
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Table C3. Temperature dependent ionic conductivity data for TALi-Si-B2@LEC 

electrolyte. 

Sample Name 
(Thickness of pellet = 2.72mm)  

Temp

eratu

re 

(℃) 

Tem

pera

ture 

(K) 

Ionic 

Conductivity (σ) 

(S/cm) 

1000/T  

(K-1) 

ln(σ) Standard 

deviation 

of ln (σ) 

TALi-Si-B2-EC-5wt% LiClO4  35 308 (2.73±0.051) x 10-3 3.24 -5.9 0.017 

TALi-Si-B2-EC-5wt% LiClO4  45 318 (3.43±0.136) x 10-3 3.14 -5.67 0.039 

TALi-Si-B2-EC-5wt% LiClO4  55 328 (4.15±0.109) x 10-3 3.05 -5.48 0.026 

TALi-Si-B2-EC-5wt% LiClO4  65 338 (4.77±0.035) x 10-3 2.96 -5.35 0.007 

 

Table C4. Temperature dependent ionic conductivity data for TALi-Si-B3@LEC 

electrolyte. 

Sample Name 
(Thickness of pellet = 2.03mm)  

Tempe

rature 

(℃) 

Temp

eratu

re 

(K) 

Ionic 

Conductivity (σ) 

(S/cm) 

1000/

T  

(K-1) 

ln(σ) Standard 

deviation 

of ln (σ) 

TALi-Si-B3-EC-5wt% LiClO4  25 298 (5.78±0.217) x 10-4 3.36 -7.45 0.042 

TALi-Si-B3-EC-5wt% LiClO4  35 308 (1.11±0.043) x 10-3 3.24 -6.8 0.039 

TALi-Si-B3-EC-5wt% LiClO4  45 318 (1.71±0.035) x 10-3 3.14 -6.37 0.02 

TALi-Si-B3-EC-5wt% LiClO4  55 328 (2.17±0.076) x 10-3 3.05 -6.13 0.035 

TALi-Si-B3-EC-5wt% LiClO4  65 338 (3.52±0.01) x 10-3 2.96 -5.65 0.003 

Table C5. Temperature dependent ionic conductivity data for TALi-Si-B4@LEC 

electrolyte. 

Sample Name 
(Thickness of pellet = 2.03mm)  

Tem

perat

ure 

(℃) 

Tem

perat

ure 

(K) 

Ionic 

Conductivity (σ) 

(S/cm) 

1000/T  

(K-1) 

ln(σ) Standard 

deviation 

of ln (σ) 

TALi-Si-B4-EC-5wt% LiClO4  25 298 (4.35±0.151) x 10-4 3.36 -7.74 0.034 

TALi-Si-B4-EC-5wt% LiClO4  35 308 (1.04±0.036) x 10-3 3.24 -6.86 0.034 

TALi-Si-B4-EC-5wt% LiClO4  45 318 (1.42±0.015) x 10-3 3.14 -6.55 0.011 

TALi-Si-B4-EC-5wt% LiClO4  55 328 (2.21±0.091) x 10-3 3.05 -6.11 0.04 

TALi-Si-B4-EC-5wt% LiClO4  65 338 (2.92±0.087) x 10-3 2.96 -5.83 0.03 
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Table C6. Temperature dependent ionic conductivity data for TALi-Si-B5@LEC 

electrolyte. 

Sample Name 
(Thickness of pellet = 1.79mm)  

Tempe

rature 

(℃) 

Temp

eratu

re 

(K) 

Ionic 

Conductivity (σ) 

(S/cm) 

1000/

T  

(K-1) 

ln(σ) Standard 

deviation 

of ln (σ) 

TALi-Si-B5-EC-5wt% LiClO4  25 298 (8.85±0.437) x 10-5 3.36 -9.33 0.05 

TALi-Si-B5-EC-5wt% LiClO4  35 308 (1.07±0.005) x 10-4 3.24 -9.14 0.005 

TALi-Si-B5-EC-5wt% LiClO4  45 318 (1.31±0.017) x 10-4 3.14 -8.94 0.013 

TALi-Si-B5-EC-5wt% LiClO4  55 328 (1.6±0.035) x 10-4 3.05 -8.74 0.022 

TALi-Si-B5-EC-5wt% LiClO4  65 338 (2.15±0.119) x 10-4 2.96 -8.44 0.056 

 

Table C7. Temperature dependent ionic conductivity data for TALi-Si-B6@LEC 

electrolyte. 

Sample Name 
(Thickness of pellet = 1.37mm) 
  

Temp

eratu

re 

(℃) 

Temp

eratu

re 

(K) 

Ionic 

Conductivity (σ) 

(S/cm) 

1000/

T  

(K-1) 

ln(σ) Standard 

deviation 

of ln (σ) 

TALi-Si-B6-EC-5wt% LiClO4 25 298 (5.43±0.492) x 10-5 3.36 -9.82 0.081 

TALi-Si-B6-EC-5wt% LiClO4  35 308 (1.2±0.035) x 10-4 3.24 -9.02 0.029 

TALi-Si-B6-EC-5wt% LiClO4  45 318 (2.12±0.153) x 10-4 3.14 -8.45 0.071 

TALi-Si-B6-EC-5wt% LiClO4  55 328 (4.29±0.366) x 10-4 3.05 -7.75 0.086 

TALi-Si-B6-EC-5wt% LiClO4  65 338 (1.05±0.047) x 10-3 2.96 -6.86 0.045 
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APPENDIX D: BET MEASUREMENTS OF TALI-SSQ MICROSTRUCTURES  

Figure D1. (a) N2 BET Isotherms, (b) BJH Adsorption dV/dw pore volume distribution 

plot, and (c) NLDFT Cumulative pore volume distribution plot for TALi-Si-B2 

microstructures.  

 

Figure D2. (a) N2 BET Isotherms, (b) BJH Adsorption dV/dw pore volume distribution 

plot, and (c) NLDFT Cumulative pore volume distribution plot for TALi-Si-B3 

microstructures.  
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Figure D3. (a) N2 BET Isotherms, (b) BJH Adsorption dV/dw pore volume distribution 

plot, and (c) NLDFT Cumulative pore volume distribution plot for TALi-Si-B4 

microstructures.  

 

Figure D4. (a) N2 BET Isotherms, (b) BJH Adsorption dV/dw pore volume distribution 

plot, and (c) NLDFT Cumulative pore volume distribution plot for TALi-Si-B5 

microstructures.  
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Figure D5. (a) N2 BET Isotherms, (b) BJH Adsorption dV/dw pore volume distribution 

plot, and (c) NLDFT Cumulative pore volume distribution plot for TALi-Si-B6 

microstructures.  

 

 

 




